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Bioinspired self-similar all-dielectric antennas:
probing the effect of secondary scattering centres
by Raman spectroscopyf

Ivano Alessandri, (2 *3°¢ Luca Carletti,” Matteo Ferroni,”® Costantino De Angelis®
and Irene Vassalini®-®

All-dielectric optical antennas offer unique advantages in fabrication of highly reproducible Raman
probes and light management at the meso- and nano-scale. Hot-spot engineering is a key step for
enhancing the local field and promoting light channelling from far- to near-field. However, unlike the
case of plasmonic antennas, hot-spot design and implementation in all-dielectric systems is still largely
underdeveloped. Inspired by building-up principles that govern absorption, trapping and scattering of
visible light in a variety of biological structures and guided by finite element optical simulations, here we
explored the potential of self-similar dielectric optical antennas in light coupling with Mie-type modes.
The systems investigated were based on the combination of primary and secondary antennas, made of
micron- and nano-sized TiO, nanoshells. Different types of configurations, including randomly and
hierarchically organized antennas were tested. Raman experiments revealed that hierarchically ordered
structures offer superior SERS performances in terms of field enhancement and reproducibility in
comparison to the randomly arranged counterparts, which are in turn more efficient, yet less
reproducible, than simple micro-sized antennas taken as a reference. These results open the door to
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1. Introduction

Optical antennas are intensively investigated for a wide range of
applications that can take advantage of their unique capability
to concentrate free-space propagating light within extremely
localized spatial regions (hot-spots)." In particular, hot-spot
engineering can remarkably enhance Raman scattering and
photocatalysis in plasmonic nanostructures.>”’

Optical antennas based on semiconductors or, in general,
dielectrics, are gaining ever-increasing interest for Surface Enhanced
Raman Scattering (SERS) and optical sensing, because of their
multiple edges over the plasmonic counterparts in terms of low
invasiveness, reproducibility and recycling.® For example, SiO,/TiO,
core/shell (T-rex) colloids enabled plasmon-free enhanced Raman
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further investigations in view of developing next-generation platforms for SERS and photocatalysis.

scattering, allowing chemical reactions to be monitored under real-
world conditions, as well as unique multimodal detection in
combination with mass spectrometry or optical sensing.”* At the
heart of those systems is the optical cavity obtained by alternating
low-refractive index cores and high-refractive index shells, which
promotes efficient light trapping and direct exploitation of
morphology-dependent resonances. Our pristine study on T-rex
systems demonstrated that the replacement of silica cores with
air, which gives rise to TiO, hollow shells (T-horex), provides a
systematic further enhancement of the Raman response. This effect
is associated to the change of the core refractive index, which, at the
wavelengths between 600 nm and 700 nm, decreases from
1.45 (SiO,) to 1 (air), determining a consequent increase of
the shell/core refractive index ratio.’

However, the study of non-plasmonic systems for SERS and
photocatalysis is still at its infancy, making optical mode
engineering very important. All the spectroscopic techniques
based on microscopy (micro-Raman, micro-FTIR, micro-
fluorescence. . .) operating through backscattering setups lever-
age on the efficient channelling of light from far- to near-field
and vice versa. At the excitation stage, the incoming light should
be collected and concentrated within subwavelength regions,
maximizing its interaction with that part of substrate surface
and any adsorbed molecular species (in-coupling). On the other
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hand, backscattering collection of the outcoming light passes
through the same reverse pathway, in which the optical signal
originated from near-field enhancement should be efficiently
returned to the microscope objective and conveyed to the
detector (out-coupling). Finding a way to optimize in-and out-
coupling of light is a key step to improve the overall performance
of those methods.

Biological systems offer many sources of inspiration in this
regard, as most of them are organized with integrated sets of
optical components that are able to collect and steer incoming
and outcoming light. Animal eyes, exoskeletons and skins are
only a few examples of sophisticated optical systems that have
been able to solve most of the problems discussed above.'*™8
In particular, opal-made colloidal crystals and chitin spherules,
which determines structural colors in many insects, offer a very
simple strategy for light management that is based on the physics
of photonic crystals.'® The basic units of different architectures are
sub-micron spheroidal units. Playing with size, refractive index
contrast, length-scale, periodicity and dimensionality, light can be
selectively absorbed, emitted or reflected, giving rise to fascinating
optical effects that open a variety of intriguing applications.*

The combination of building blocks with identical shapes
but different size results in the formation of self-similar structures,
which can be either randomly or hierarchically organized.

Inspired by those biological examples, in this work we investi-
gate the effects of combining micron- and nanosized T-horex in
view of generating self-similar non-plasmonic antennas that could
be applied for SERS and photocatalytic purposes.

2. Experimental

2.1. Fabrication of self-similar optical antennas

The fabrication of pum-sized TiO, hollow shell spheres (T-horex)
utilized as primary antennas in all the experiments of this work
follows the general strategy utilized to prepare SiO,/TiO, core/
shell T-rex and described in detail in our previous papers.’
Briefly, dielectric cores made of polystyrene spheres (size: 2 pm)
were conformally coated with either a 100 or 120 nm thick layer
of TiO, by Atomic Layer Deposition (ALD). Annealing at 715 °C
in air for 4 h decomposes the polystyrene cores, yielding to the
final hollow-shell structures. Self-similar antennas resulted
from the combination of ~2 pm-sized TiO, hollow shell
spheres (air core size: 2 pm-sized, TiO, shell layer: 100 nm)
with smaller (105 or 411 nm-sized) polystyrene cores spheres
that were further coated with a 20 nm-thick overlayer of TiO,.
The samples were annealed at 715 °C in air for 4 h. The
fabrication of randomly dispersed (M.o.S. type I and II) or
hierarchically ordered (HT-horex) self-similar antennas was
based on the control of concentration of small particles suspension.
In particular, HT-horex were obtained by soaking T-horex in 1 wt%
suspension of polystyrene spheres overnight, with subsequent
deposition of TiO, and annealing operated as described above.
0.5 wt% suspensions of 105 or 411 nm-sized polystyrene spheres
were utilized to prepare multimer-on-sphere (M.o.S.) type I and II,
respectively. A more general and detailed introduction to surface
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relief patterns that can be achieved by the combination of binary
spheres can be found in ref. 27.

2.2. SEM characterization

The scanning electron microscopy (SEM) secondary-electrons
images were acquired by means of a field emission SEM LEO
1525 (ZEISS, Germany) operated at low beam voltage (3-5 kV
range) without any sample preparation, in order to observe the
pristine sample morphology.

2.3. Optical simulations

Optical simulations of the fields scattered by the antennas were
run using finite element method implemented in the Wave
Optics module of COMSOL, version 5.3a. The incident light is a
plane wave propagating in the orthogonal direction with
respect to the substrate normal (z-axis) and with a linearly
polarized electric field. The structures are modelled exploiting
their axial and rotational symmetries to reduce the computational
load. T-horex and sphere-on-sphere (S.0.S.) structures are modelled
using 2D simulations with axial symmetry around the z-axis. Plane
wave expansion using cylindrical coordinate system is implemen-
ted to simulate plane wave incident field. Dimer-on-sphere (D.0.S.)
structures are modelled using 3D simulations exploiting axial
symmetries at the xz and yz planes. The discretization of the
structures is performed using a tetrahedral mesh with maximum
element size of one fifth of the wavelength. Smaller geometrical
features are discretized reducing the element size down to one
fiftieth of the wavelength. Further details are reported in Results
and discussion session.

2.4. Raman experiments

Raman spectra were acquired with a LabRam HR-800 microRaman
(Horiba, Jobyn-Yvon). Laser source: He-Ne (632.8 nm), microscope
objective: 100x (N.A.: 0.9). The Raman spectra analysed in Fig. 4
were acquired from 10 different individual spheres per sample,
selected from mono- or multilayers directly supported by the
silicon substrate. The reference spectra of the TiO, planar films
were acquired in flat regions nearby the spheres. The spectra
reported in the figures are raw data. Before the analysis of the
intensity ratio the spectral background was fitted and subtracted
by means of the instrument software Labspec6™.

3. Results and discussion

The rationale for the fabrication of self-similar dielectric antennas
is given by the optical simulations shown in Fig. 1. Apart from the
reference, represented by a ~2 um diameter TiO, hollow shell, all
types of the antennas are formed by the combination of primary
(um-sized) and secondary (nm-sized) hollow shell antennas
(T-horex). The following configurations were considered (Fig. 1):

(1) ~2 um-diameter TiO, hollow shell (T-horex). The core is
a 2 um-sized sphere of air (refractive index: 1), shell is made of
120 nm-thick layer of TiO, (anatase, refractive index: 2.5). This
is taken as a reference for primary antennas.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Comparison between two dimers with the same size deposited on either planar substrates or T-horex primary antennas. (a) Dimer-on-sphere,
type [; (b) dimer-on-sphere, type Il. The spatial map of the electric field distribution at the enhancement maximum is shown for both the configurations.

See the main text for details.

(2) ~2 pm-diameter sphere-on-sphere antenna, type I. This
antenna consists of a 125 nm-sized T-horex (secondary antenna),
made of an air core (diameter: 105 nm) and TiO, (anatase) shell
layer (20 nm), which is placed on the top of a 2.1 pm-sized T-horex
(primary antenna, air core: 2 pm, TiO, shell: 120 nm).

(3) ~2 pm-diameter sphere-on-sphere antenna, type II. This
antenna consists of a 431 nm-sized T-horex (secondary antenna),

This journal is © The Royal Society of Chemistry 2020

made of an air core (diameter: 411 nm) and TiO, (anatase) shell
layer (20 nm), which is placed on the top of a 2.1 pm-sized T-horex
(primary antenna, air core: 2 pm, TiO, shell: 120 nm).

(4) ~2 pm-diameter dimer-on-sphere antenna, type 1. This
antenna consists of a dimer of 125 nm-sized T-horex (secondary
antenna), which is placed on the top of a 2.1 pm-sized T-horex
(primary antenna, air core: 2 pm, TiO, (anatase) shell: 120 nm).

Mater. Adv., 2020, 1, 2443-2449 | 2445
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Each sphere of the dimer is made of an air core (diameter:
105 nm) and TiO, shell layer (20 nm).

(5) ~2 pm-diameter dimer-on-sphere antenna, type II. This
antenna consists of a dimer of 431 nm-sized T-horex (secondary
antenna), which is placed on the top of a 2.1 pm-sized T-horex
(primary antenna) air core: 2 pm, TiO, (anatase) shell: 120 nm.
Each sphere of the dimer is made of an air core (diameter:
411 nm) and TiO, shell layer (20 nm).

The antennas lay on a single crystal silicon substrate (refractive
index: 3.5) and surrounding medium is air. We used the finite
element method implemented in COMSOL to numerically obtain
the fields scattered by the antennas. Fig. 1b plots the averaged
intensity enhancement of the electromagnetic field, defined as
[|E(r)[’ds/(ZE) where the integral [ds is a surface integral
limited to the antenna outermost surface, X is the antenna outer-
most surface area, and E, is the amplitude of the incident electric
field of each system for wavelengths from 630 nm to 700 nm. This
simulation reproduces the conditions of a microRaman experi-
ment carried out using a He-Ne laser source (1 = 632.8 nm)
focused through the objective of an optical microscope (numerical
aperture, N.A.: 0.9), spanning the Raman shift range 0-1517 cm ™.
The intensity enhancement follows a qualitatively similar trend for
all configurations, showing oscillations with local maxima around
640 and 660-665 nm. The increasing shoulder at 685 nm suggests
the presence of further oscillations at 4 > 700 nm. A quantitative
comparison between T-horex and self-similar antennas with
different configurations reveals that the use of single small spheres
(sphere-on-sphere, S.0.S. type I and II) does not result in a
significant enhancement of the local field (average enhancement
intensity <1). On the other hand, the use of dimers (dimer-on-
sphere, D.o.S. type I and II) has a pronounced effect on field
enhancement, which is more than doubled at 665 nm. This
result is further investigated by comparing the surface field
enhancement achieved by dimers directly placed on flat silicon
substrates (dimer-on-planar substrate, D.o.P.S., type I and II)
with that of D.o.S. type I and II (Fig. 2). To provide a fair
comparison between the two configurations, the intensity
enhancement is calculated by considering only the surface X’
of the dimer, thus ignoring the large core-shell in dimers-on-
spheres type I and II.

The field enhancement produced by dimers in the absence
of T-horex is almost constant in the case of dimer-on-planar
substrate type I and shows a monotonic increase for dimer-on-
planar substrate type II. On the other hand, the optical modes of
T-horex couple with those of dimers to give rise to a remarkable
increase of the surface field, which is maximum for dimer-on-
sphere type I (~11.5 at 645 nm). These data confirm that
T-horex is at the origin of the field oscillation and its optical
coupling to dimers can be a key factor to generate local
“hot-spots” on the antenna surface. The simulations of the
field distribution at the resonant wavelengths of dimer-on-
sphere type I and II (Fig. 2) reveal that the field is strongly
concentrated at the dimer-T-horex touching points, as well
as at the T-horex-silicon substrate interface. Dimer-on-sphere
appears to be a more advantageous configuration to enhance
the electric field intensity compared to the sphere-on-sphere.

2446 | Mater. Adv., 2020, 1, 2443-2449
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Fig. 3 SEM images of the four types of antennas considered in this work.
(a) T-horex; (b) multimers-on-sphere type I; (c) multimers-on-sphere type II;
(d) HT-horex. Scale bars: 1 um.

This is due to the lower intensity enhancement achieved by the
single sphere compared to the dimer.

The optical simulations suggest that self-similar dimer-on-
sphere antennas could offer advantages in light coupling and
management from far- to near-field and back. In order to assess
those predictions, different types of colloidal antennas were
prepared and tested in Raman experiments.

Fig. 3 shows some representative SEM images of the antennas.
In addition to the primary antennas (i.e. the ~2 pm-sized T-horex
spheres), which are the reference samples (Fig. 3a), three different
types of self-similar samples were prepared. Fig. 3b shows the
primary antenna decorated with secondary antennas, which have
been distributed on its surface before titania coating. The
secondary antennas have the same size of type I architectures
(105 nm before and 125 nm after TiO, coating) and are
assembled with a random distribution of single-, dimeric- and
multimeric aggregates. These samples encompass the design of
both sphere-on-sphere and dimers-on-sphere type I, providing a
higher density of dielectric hot-spots on the T-horex surface. For
this reason, they will be referred as multimer-on-sphere (M.0.S.)
type I samples.

Analogous considerations apply to multimer-on-sphere type
II samples, obtained by coupling ~ 430 nm-sized small spheres
with the primary micron-sized antenna (Fig. 3c). In this case the
larger size of the secondary antennas enabled a better control
of their distribution on the 2 pum-sized T-horex. As a result,
monomeric (S.0.S.) and dimeric (D.0.S.) secondary antennas are
the prevalent types of configurations observed in these samples,
and both types of antennas typically coexist in individual
spheres. The combination of random self-similar scattering
centres was already explored as a strategy to localize light in
disordered media by Wiersma and co-workers.>"*>

This journal is © The Royal Society of Chemistry 2020
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Finally, a third type of architecture (Fig. 3d) was fabricated.
This takes direct inspiration from the hierarchical organization
of many biological structures with optical functions, like those
involved in realizing structural colours. Here primary antennas
are assembled to form either monolayers or three-dimensional
colloidal crystals. Trimers or, in general, multimers made of
~430 nm-sized small spheres are precisely located at the inter-
section between the primary antennas, giving rise to an ordered,
hierarchical distribution of primary and secondary antennas in a
photonic crystal. This type of structures, which will be referred as
hierarchical T-horex (HT-horex), will give us the opportunity to
investigate the influence of precise spatial ordering of secondary
antennas, comparing the effects of hierarchical and random
distributions.

The first level of comparison was addressed to the Raman
analysis of individual antennas in monolayers deposited on
silicon substrates. The evaluation of the spectral intensity of
the anatase modes provides a straightforward indication on the
absolute efficiency of Raman scattering in these systems in the
absence of any other effects (charge transfer, adsorption...)
related to the presence of a given analyte. Moreover, the direct
contact of the antennas with the silicon substrate allows to obtain
useful information on light trapping/dissipation by inspecting
the silicon Raman modes.”** Fig. 4 shows an example of the
typical Raman spectra obtained from different samples. Ten
different antennas of each sample were analysed. We note that
the spatial resolution of the laser beam utilized for excitation is
below 2 pm, which means that each self-similar antenna can be
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individually selected and analysed. All the antennas exhibit the
typical TiO,-anatase Raman modes, at about 143 cm ™" (Eg)),
192 cm ™! (Egz), 396 cm ! (Bygq), 518 ecm ! (Agg + Byg(p), hidden
by the overlapping main peak of Si in spectra acquired from
single antennas, yet observable in spectra acquired from multi-
layers, vide infra) and 638 cm™ ' (Eqy().”** As already reported in
our previous work, the spherical antennas exhibit a systematic
strong enhancement of the Raman intensity in comparison to
planar thin films with the same thickness. For example, based on
the analysis of the Ey4) mode of TiO,-anatase, the signal of
T-horex exceeds that of planar titania by a factor of ~100
(30000/300 counts), and this factor further increases for the
other antennas. In particular, hierarchically ordered antennas
(HT-horex) shows a remarkable enhancement of the Raman
spectra (the intensity of Ey4;) mode saturates and that of By
and E,(3) modes is about three times that of the corresponding
modes of T-horex). These results are particularly relevant and
deserve further analysis. First of all, we note that during Raman
acquisition the exciting laser is focused on the region of primary
antenna (T-horex). From this viewpoint, the situation is identical
to that experienced by a normal T-horex. However, the presence
of secondary scattering centres, represented by the small antennas
hierarchically organized around the T-horex borders, contributes
with a further confinement of light on the surface of the sample,
which is expected to play a major role in determining the strong
enhancement of the Raman signal. These results also demonstrate
the importance of controlling the spatial localization of secondary
antennas in self-similar aggregates, as already observed in many
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bioinspired optical systems.>>*® On the other hand, the Raman
response of multimer-on-sphere type I and II is more complex. In
general, these types of antennas do not exhibit any relevant Raman
enhancement in comparison to T-horex. On the other hand, they
are significantly outperformed by the hierarchically organized
systems (HT-horex). Going back to the optical simulations shown
in Fig. 1, we note that the averaged enhancement of the field at
632.8 nm (the wavelength of the laser utilized as source for the
Raman analysis) is not significant (~1), which may suggest the
origin of such a negligible improvement. Moreover, unlike T-horex
and HT-horex, which are both characterized by a quite low relative
standard deviation of the Raman intensity (~4%, which is com-
parable with that reported for silica-based T-rex), multimer-on-
sphere samples exhibit larger values (ranging between 12-17%).
For a more general comparison, we observe that the relative
standard deviation values for conventional plasmonic SERS
typically exceed 20%. Such a relative decrease of reproducibility
can be probably ascribed to the random distribution of the
secondary antennas on the T-horex surface. In addition, the
intensity ratio between Ey() and By(g;) modes, which is about 2
for both T-horex and HT-horex, is 2.5 in the case of multimer-
on-sphere samples. These data suggest that multimer-on-sphere
type I and II antennas boost the intensity of the Eg(3) mode. The
wavelength associated to this mode is ~660 nm, which is very
near to the enhancement peak predicted by simulations shown
in Fig. 1. In parallel, the By mode corresponds to a wave-
length of 650 nm, which is a local minimum between the two
maxima for both T-horex and multimer-on-sphere samples. In
this regard there is a very good quantitative agreement between
the experimental intensity ratios and the values extracted from
numerical simulations. These observations suggest that the
local enhancement of the Raman field around 660 nm could
be at the origin of the anomalous intensity of the E4(;y mode and
quantitatively accounts for the Eg(;)/B;(gq) intensity ratio.

Finally, the intensity of the modes associated with the Si
substrate measured in the case of HT-horex and T-horex is
significantly lower than those observed in the case of multimer-
on-sphere samples.

Interestingly, the analysis of the acoustic silicon mode at
300 cm ™' clearly reveals that the intensity of silicon supporting
the multimer-on-sphere samples is even higher than that
observed from planar samples, which suggests that multimeric
secondary antennas distributed on the T-horex surface are more
effective in channelling light through the primary antenna,
creating a sort of “lens”-effect.

This analysis indicates that, among the configurations taken
into account, the hierarchically ordered (HT-horex) antennas is
the most efficient in light harvesting on the surface of primary
antennas, giving rise to superior Raman enhancement and
reproducibility of the signal. In view of obtaining bioinspired
colloidal platforms for SERS purposes, the case of three-
dimensional (3D) colloidal crystals were also considered. In
general, due to the maximization of light trapping and reduced
optical losses through the substrate, 3D colloidal crystals of
T-rex and T-horex spheres are characterized by superior Raman
efficiency in comparison to the monolayered counterparts.'***
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Fig. 5 Raman spectra of 3D colloidal crystals made of T-horex (black) and
HT-horex (red). Acquisition time: 2's, N.A: 0.9.

This evidence is confirmed also in the case of HT-horex
antennas, which exhibit remarkable Raman signals even for a
limited time of acquisition (2 s, Fig. 5). The Raman spectra of
3D HT-horex are characterized by a significant enhancement in
comparison to 3D T-horex samples taken as a reference. However,
more in-depth analysis reveals that the relative enhancement ratio
between HT-horex and T-horex reduces from ~ 3 to ~2 by moving
from the 2D to 3D case. This indicates that 3D assembly allows the
Raman spectra of T-horex to reach excellent levels of efficiency
and, in parallel, that the hierarchical organization of secondary
and primary antennas is more efficient in enhancing the field at
the surface of the colloidal crystal.

In view of possible applications of all-dielectric self-similar
antennas in Raman sensors, we have compared the performances of
HT-horex in detection of environmental CO, (ESL+ S1). These data
further confirm the superior Raman enhancement that can achieved
by using self-similar dielectric antennas in HT-horex configuration,
which suggests many possible applications for sensing.

4. Conclusion

This study investigated the role of the distribution of secondary
antennas in self-similar all-dielectric colloids that could be
applied as plasmon-free SERS-active substrates or photocatalytic
supports. Optical simulations indicated that multimeric secondary
antennas are effective in promoting the concentration of the
electromagnetic field on the surface of primary antennas.
Experiments carried out on randomly and hierarchically organized
self-similar antennas revealed that the Raman scattering can be
significantly influenced by the presence and distribution of the
secondary antennas, both in terms of overall signal intensity and
efficiency of backscattering of Raman radiation originated by
specific vibrational modes that are directly coupled to the local
field enhancement. In particular, hierarchically ordered antennas
exhibit a remarkable enhancement of Raman scattering, which is
superior to that obtained by the random-distributed counterparts.
These preliminary results open exciting perspectives for non-
plasmonic sensing”® and photocatalysis***® and deserve further
experimental and theoretical investigations.

This journal is © The Royal Society of Chemistry 2020
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