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ABSTRACT: The nanoscaling of metamaterial structures represents a technological challenge toward their application in the
optical frequency range. In this work we demonstrate tailored chiro-optical effects in plasmonic nanohelices, by a fabrication
process providing a nanometer scale control on geometrical features, that leads to a fine tuning of operation band even in the
visible range. Helicoidal 3D nanostructures have been prototyped by a bottom-up approach based on focused ion and electron
beam induced deposition, investigating resolution limits, growth control and 3D proximity effects as a function of the interactions
between writing beam and deposition environment. The fabricated arrays show chiro-optical properties at the optical frequencies
and extremely high operation bandwidth tailoring dependent on the dimensional features of these 3D nanostructures: with the
focused ion beam we obtained a broadband polarization selection of about 600 nm and maximum dissymmetry factor up to 40%
in the near-infrared region, while with the reduced dimensions obtained by the focused electron beam a highly selective dichroic
band shifted toward shorter wavelengths is obtained, with a maximum dissymmetry factor up to 26% in the visible range. A
detailed finite difference time domain model highlighted the role of geometrical and compositional parameters on the optical
response of fabricated nanohelices, in good agreement with experimental results.

KEYWORDS: 3D chirality, focused ion and electron beam induced deposition, nanophotonics, 3D proximity effect compensation,
plasmonic metamaterial, circular dichroism

In the last years, metamaterials have opened new paths in dimensional plasmonic chiral nanostructures, engineered to
photonics applications, introducing properties and function- achieve a large electric dipole moment, have shown an efficient
alities such as negative refractive index, cloaking and nano- interaction with the incident light,ls’l6 However, in order to
lasing.' > Metamaterials are composed of engineered building maximize interaction with light, considering that the prop-
blocks with subwavelength dimensions and exhibit properties of agation of circularly polarized waves occurs through the torsion

interaction with electromagnetic fields not found in nature.*”¢
Recently, renewed interest has focused on chiral metamaterials,
where structural chirality results in a multitude of intriguing
phenomena such as optical rotatory dispersion (ORD; i.e.,
rotation of the polarization state of light) and circular dichroism
(CD; ie., a different transmission level for a left and right
circular polarized light).”™"* Similar effects can be found in
chiral molecules existing in nature (enantiomers). However,
they exhibit small dipole moments performing a weak coupling
to the interacting electromagnetic field and leading to extremely Received: August 28, 2014

faint chiro-optical effects. To overcome such limitations, two- Published: December 2, 2014

of the field vectors, the spatial arrangement of chiral
metamaterials should present an evolution along the third
dimension, that is, along the direction of light propagation, as
occurred either in stacked unit cells realized by multistep
electron beam lithography'” (rosettes,'® split-ring resonators'”)
or in quasi-three-dimensional objects.”*>* The geometric
structure closest to the ideal concept of chirality is the 3D
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Figure 1. (a) SEM representation of the 3D FIBID nanohelix growth as a function of ion energy and step size. At low energies (<20 keV) the
structures fail to detach from the surface for any value of the step size. Increasing the energy, nanohelices evolve along the z axis at different values of
step size, allowing a wide flexibility of this fabrication approach toward design constraints at the nanoscale. The current value and the total dose were
set, respectively, at 1 pA and 100 pC/um. (b) 3D nanohelices realized by FEBID with constant dose (300 pC/um), 10 ym aperture diameter but
variable step size and electron energy. Contrary to FIBID process, at low energies the nanohelix VP increases, while at higher energies it decreases and
the step size threshold gradually moves toward smaller values. (c) In FEBID process, the single loop nanohelix VP strongly depends on the primary
electron acceleration voltage. This dependence is connected to the secondary electrons model*"**~*! for the electron beam, where more secondary

electrons are generated at low energies.

helix. Gansel et al. have realized 3D gold helices by Direct Laser
Writing (DLW).***® The characteristic sizes achieved in these
chiral metamaterials limited their operation as circular polarizers
to the IR range. Most recently, focused ion beam induced
deposition (FIBID)***” was successfully employed for the
realization of nanohelices, showing a large circular dichroism
factor in the near-infrared spectral region.”® This approach
allows realizing nanosystems of any shape and size by a single
technological step with a highly precise spatial localization
directly on the substrate and to control the three-dimensional
evolution of planar structures. Further design flexibility can be
accomplished switching from ion to electron beam induced
deposition, thus shifting the operational photonic range toward
shorter wavelengths.

In addition, focused electron beam induced deposition
(FEBID) process,””**™" being free of sputtering and ion
implantation effects, is suitable for writing on structured
substrates for optical applications (such as semiconductor
heterostructures, photonic crystals) or on soft materials, such as
polymers or biological samples, without inducing damages.*

However, the realization by FEBID and FIBID processes of
complex 3D nanosystems, with spatial extension simultaneously
in all the three space directions, requires a detailed investigation
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on many beam-precursor-substrate interactions resulting from
3D proximity effects that can be neglected in simpler structures
such as dots and pillars, where the deposited volume grows
primarily in one preferred direction.

In this work we show the effective nanoscaling of complex 3D
nanosystems, consisting of single and arrayed platinum chiral
nanohelices (CNH), by employing and comparing the FIBID
and FEBID approaches. The physical and technological issues
affecting this fabrication process were analyzed, emphasizing the
importance of accurately understanding the physical role played
by the experimental parameters in order to take full advantage of
these powerful deposition techniques. Unwanted 3D proximity
effects, which lead to structural deviation from the design, were
controlled and limited, while keeping extremely high resolution
at the nanometer scale. The 3D nanohelices fabricated by the
FIBID and FEBID techniques demonstrated a strong chiral
plasmonic activity, with size and compositional dependent
circular dichroism at the visible and near-infrared frequencies.
The effect of nanoscaling is strongly evidenced by the different
optical behavior of the chiral structures. In particular, FIBID
nanohelices show a broadband circular dichroism of about 600
nm, with a maximum dissymmetry factor value of ~40% at 1000
nm, while the improved resolution of FEBID approach leads to a
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highly selective dichroic band shifted toward shorter wave-
length, reaching a maximum value of 26% at 600 nm.

A Finite Difference Time Domain (FDTD) model was
developed to reproduce the transmittance spectra measured
with left- and right-handed circularly polarized light, in relation
to actual dimensions and composition of the investigated
metamaterial, providing powerful guidelines for the custom-
ization and tailoring of a surface plasmon polariton helix-based
metamaterials.

B RESULTS AND DISCUSSION

3D Growth Dynamics and Structural Control for Pt
Nanohelices by FIBID and FEBID Techniques. In order to
fulfill design criteria for chiral metamaterials acting in a wide
spectral range, with an operation band shifted to shorter
wavelengths, a detailed comparison of the two approaches and
related growth dynamic is of key relevance. In fact, FEBID,
where the smaller size of the electron probe as compared to the
ion beam probe provides nucleation sites of reduced area, can
lead to a reduction of the achievable wire diameter (WD), which
in turn allows shrinking both the external diameter (ED) and
the vertical pitch (VP) of the helix due to a smaller filling factor
(defined as the ratio between the platinum structure volume and
the cylinder volume enclosing the nanostructure).

The first step toward the realization of 3D nanohelices was
based on the achievement of highly controllable shape evolution
by the two bottom-up techniques, FIBID and FEBID,
respectively, employing an ion and an electron beam for metal
deposition. So far, the investigation of the shape-dependent
resolution limits and growth control in FIBID and FEBID
applications was performed on structures with an unidirectional
growth. Instead, the growth of more complex 3D nanostructures
is heavily dependent on a complex system of beam—precursor—
nanostructure interactions and on additional process parameters
that govern the uniformity degree and spatial extension of the
nanostructure in all directions by controlling the nucleation
processes. Therefore, in this work, an extensive study on the
dynamics of growth and on the beam and pattern parameters
has been carried out for both techniques, in order to explore
their resolution limits in relation to the key dimensional
parameters of the 3D nanohelices (WD, ED, and VP). This
study allowed us to develop a highly controlled fabrication
method for manufacturing large array of 3D chiral nanostruc-
tures with strong optical activity in the visible range.

For the growth of a single 3D nanohelix we start from a planar
empty circle scheme, with nanoscale features determined by the
ion beam current and the accelerating voltage. In particular, the
ion current monotonically affects the beam probe diameter and
the number of particles, which are scattered during the writing
process (sputtered atoms, ions and secondary electrons),
determining the efficiency of the local precursor gas
decomposition. The vertical evolution is then obtained by a
proper balance of the beam and pattern parameters. In Figure 1a
the 3D evolution as a function of ion energy and step size is
illustrated. Here, the current value was kept constant (1 pA) for
each value of accelerating voltage, whereas for each value of step
size, the dwell time was adjusted in order to obtain a constant
dose (100 pC/um) at every beam energy. As is evident from
Figure 1a, in this phase the role of ion energy is crucial. At low
ion energy, the step size control does not allow the
nanostructures to evolve into the third dimension, resulting in
planar rings with increased wire radius. Only by increasing the
ion energy, the basal ring starts to detach from the surface rising
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along the vertical axis, with a pitch value gradually increasing
with energy. According to the model shown in refs 33—35, the
increase in ion energy provides an increased amount of active
material that leads to a higher vertical growth rate, improving
also the localization of the deposited volume and, consequently,
the resolution. Furthermore, at higher energies, the maximum
step size allowing continuous structure evolution moves toward
higher values (up to 40 nm for 30 keV energy), making the
geometrical and technological parameters more flexible. Beyond
these thresholds the overlap degree between successive spots
becomes insufficient and leads to random generation of
multibranches due to the structure breakage in several points.

In Figure 1b, the same analysis is reported for the 3D
evolution of the single loop nanostructure, obtained by FEBID,
as a function of the step size for increasing electron beam
energies, fixing the dose at 300 pC/um (by adjusting the dwell
time accordingly). The beam aperture diameter was kept
constant at 10 ym, with the electron current increasing with
accelerating voltage. Contrary to the FIBID process, the
nanohelix VP decreases with increasing primary electron (PE)
energy (Figure 1c). As already known,"**™*' the vertical
growth rate is directly dependent on the density of secondary
electrons (SE) that is inversely proportional to the energy of the
primary e-beam. In the examined electron energy range a
coherent helix evolution is obtained only for very low step size
values as a consequence of the probe diameter reduction with
electron energy increase. At higher energies, the step size
threshold that allows nanohelices to rush along the z-axis
gradually moves toward smaller values (down to 1 nm for an
energy of 30 keV). For a larger step size, each spot generates
separated nucleation sites since the overlap between two
consecutive spots is no more adequate to provide a continuous
and uniform nucleation. However, at very low energy (1 keV),
the density of the generated SE leads to the appearance of a
secondary helix structure, when the step size values provide the
necessary overlap. In this case, the added nucleation site is
simply due to high density of secondary electrons generated by
the transmitted e-beam through the primary growing helix.**

These preliminary considerations show that the controlled
growth of complex 3D structures is the result of a complicated
interplay between the density of supplied ions or electrons and
the geometrical driving of decomposed material toward suitable
and efficient nucleation sites along the 3D structure. While the
density of nucleation sites is directly related to the step size, the
dwell time finds a physical correspondence in the amount of
deposited material in each deposition spot. A high level of
control in the 3D growth of this kind of nanostructure can be
obtained, first defining the highest nucleation site density (i.e.,
the minimum step size) providing a continuous z-axis structure
evolution, and then providing the optimum deposit volume per
spot (ie., a sufficiently high dwell time) to obtain the desired
vertical pitch, without further increasing the wire diameter (as
described in the Supporting Information).

The understanding of growth dynamics of both FIBID and
FEBID approach enabled us to accurately control the
dimensional features of the proposed 3D nanostructures in a
wide dimensional range, with a consequent shift of their spectral
operating region: the WD can be varied from 130 down to 50
nm, whereas, at the same time, the VP can be scaled down to
200 nm.

Enhanced chiro-optical effects also require broadband
operation which can be obtained by the coupling between a
variable number of vertically stacked single loop helices.*’
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Figure 2. (a) Graphical representation of the different contributions to the shape evolution of multiscattered electrons. (b) SEM view of a two loop
FEBID nanohelix. A WD negative gradient is shown along the vertical direction as the loop number increases. (c) Five-loop nanohelix realized by
FEBID after dose compensation method”® and 10 keV as accelerating voltage.

Gas Injection System

Figure 3. (a) Linear array of nanohelices along the x-axis. The growth process took place from left to right to avoid shadow effect. The gas supply is
situated in front of the array. Precursor molecule reflection effect on each nanohelix, except for the first one, at constant local precursor pressure,
entailing an extra molecule flow on the growing structure, due to the previous neighbor one, that increase the growth rate. The subsequent nanohelices
exhibit a reduced height due to a slow pressure drop by effusion and a depletion of the molecular density in the writing area. (b) Nanohelices array with
constant VP realized by inserting a refresh time of 2 min among the growth of individual nanostructures. (c) Array of 20 X 20 nanohelices (3 loops, ED
=400 nm, WD = 130 nm, VP = 300 nm, LP = 700 nm) fabricated by FIBID. (d) Array of 40 X 40 nanohelices (3 loops, ED = 215 nm, WD = 60 nm,
VP =350 nm, and LP = 400 nm) realized by FEBID. Both arrays are compensated by implementation of a refresh time to facilitate the precursor gas
replenishment and to restore the lost pressure in the reservoir for effusion during a time-consuming process.

Therefore, after the investigation of 3D evolution for single loop by focused ion beam, a negative gradient of the vertical pitch,
nanohelix, a detailed analysis was performed on the growth of
N-loop structures and periodic array of closely spaced nano- o ]
objects by FIBID and FEBID in order to get a significant signal- corrected by a properly optimized dose compensation

. . . . . . 28
to-noise ratio in their optical response. For nanohelices grown technique.

due to 3D proximity effects, was already observed and fully
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Figure 4. (a) Measured transmission spectra of right- and left- handed circularly polarized light at normal incidence performed on the array shown in
Figure 3c. (b) Measured transmission spectra of right- and left-handed circularly polarized light at normal incidence performed on the array shown in
Figure 3d. (c, d) Dissymmetry factor g of transmitted spectra for FIBID (Figure 3c) and FEBID (Figure 3d) nanohelix array, respectively.

Similar proximity effects in a single structure are also acting in
FEBID process, as an interplay between enhanced multi-
scattering processes. During 3D deposition on a pre-existing
loop (Figure 2a), according to the ref 44, the PE and the
secondary electrons produced by the incident beam (SE') are
responsible for the vertical growth, while backscattered electrons
(BSE) and secondary electrons induced by BSE (SEM)
contribute to a radial enlargement of the structure, promoting
further nucleation on the lateral surface. Moreover, increasing
the acceleration voltage, it is known that PE penetrate better
into the deposited material. This results in enhanced multi-
scattering processes, where forward scattered electrons (FSE)
are generated. FSEs may cross several times the vacuum/grown
structure interfaces, generating additional scattering effects, able
to finally reach the substrate. This involves a greater amount of
deposit and a widening of the nanohelix base and WD.>""** For
the fabricated nanohelix with two loops, a WD enlargement with
respect to the single loop value (from S0 to 70 nm, as shown in
Figure 2b) can be observed by increasing the loop number. A
proper balance between generation of SE" and penetration in
the grown structure was achieved with accelerating voltage of 10
keV along with the dose compensation procedure employed in
FIBID*® (Figure 2c).

For the growth of single nanostructures, 3D proximity effects
related only to multiscattered particles must be considered. The
situation is different when arrays with a large number of
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elements should be realized. Figure 3a shows a fabricated linear
array of 9 elements by FIBID, spaced by 700 nm, where Pt
deposition starts from the left side of the picture and proceeds
toward the right side. The figure illustrates the two main effects
related to the growth of multiple element arrays and affecting in
the same way both the FIBID and FEBID techniques. First of all,
we note a slight increase (about 5%) in height from the first
nanohelix to the following ones, since the first structure behaves
as a mirror for a large portion of precursor gas molecules not
ionized by the incident beam,”®* thus, increasing the effective
molecular flow near the subsequently growing structure. This
variation, related to proximity effects, is followed by an
additional negative gradient, depending on a slow pressure
drop. As a general rule, if the local gas pressure is kept constant
during the deposition, all subsequent structures should maintain
the same geometric relationships.

The local pressure of gas precursor is strongly interlinked to
the writing direction with respect to the gas injection system
(GIS)* and the area covered by the gas. Optimized flow
conditions have been achieved by properly setting the GIS arm
lateral and vertical distance, respectively, from the writing zone
and from the substrate (see Experimental Section), together
with the dose compensation technique®® to get uniform VP
along the nanohelix loops. However, these conditions proved to
be effective for small arrays (e.g, S X S elements in ref 28) where
gas pressure drop can be considered negligible, but not for larger
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Figure S. (a) Simulated transmission spectra for the FIBID array shown in Figure 3¢ of LCP (solid line) and RCP (dashed line) light waves, at normal
incidence, as a function of atomic Pt/C concentration. (b) Transmission differences between LCP and RCP light calculated at various Pt percentages.
Increasing the Pt content, the resonance and the crossing point red-shifts while the AT rises. (c) Simulated transmission spectra for the FEBID array
shown in Figure 3d of LCP (solid line) and RCP (dashed line) light as a function of atomic Pt/C concentration. (d) Transmission differences between
LCP and RCP light calculated at various Pt percentages. Increasing the Pt content, both resonant wavelength and AT increases.

array sizes, where the local pressure reduction becomes
significant. Considering the platinum precursor with Knudsen
number (Kn) = 1.3”7 and the gas molecules expansion in the
main chamber where there is a pressure around 107 mbar, the
mean free path value becomes very large and a molecular flow
regime can be expected on the substrate.””* In this condition,
precursor population is related to the diffusion, adsorption, and
source replenishment. In our case, the gas depletion is enhanced
because the multiloop total nanohelix is deposited along the z
axis but using the same local area of precursor gas. Therefore,
the slow pressure drop due to effusion and the local depletion of
the molecular density during the induced deposition proc-

#775% can be counterbalanced only with the insertion of a
refresh time among the growth of individual nanohelices (Figure
3b, where is showed an array realized by inserting a refresh time
of 2 min among the growth of individual nanostructures). This
solution resulted effective to provide accurate size control for
arrays containing even a very large number of elements®® as for
the array with 20 X 20 nanohelices (3 loops, ED = 400 nm, WD
= 130 nm, VP = 300 nm, and Lattice Period LP = 700 nm)
shown in Figure 3c, and for the array with 40 X 40 elements (3
loops, ED =215 nm, WD = 60 nm, VP = 350 nm, and LP = 400
nm) shown in Figure 3d.

The research carried out in order to achieve the full shape
evolution control has paved the way toward the ultimate
resolution limits in the construction of complex chiral
nanohelices by FIBID and FEBID approaches. However, the
optimal conditions found (low currents and high acceleration
voltages) for the achievement of very high resolutions in the
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nanostructure fabrication (necessary for applications in the
optical region), has a negative counterpart in the chemical
composition of the metamaterial, since Pt deposition occurs
through the decomposition of the carbon-rich
(CH;);(CH;CsH,) Pt precursor, strongly affected by the
beam parameters. This results in a reduction of the metallic
concentration,”*~** as will be shown by the analysis of optical
transmittance spectra.

Measurement and Theoretical Interpretation of Nano-
helix Composition-Dependent Optical Activity. In order
to characterize chiral nanohelices array realized by FIBID and
FEBID (Figure 3c,d), the transmission spectra under normal
incidence of right (Tgpcp)- and left (T cp)-handed circularly
polarized light were measured and simulated to evaluate the
dissymmetry factor (g = 2(Ticp — Trep)/(Tice + Trep))
through the structures in a range of wavelength between 480 nm
and 1.4 ym. Figure 4a shows the measured transmission spectra
obtained from a 20 X 20 array of nanohelices by FIBID with
edge-to-edge ED of 400 nm, WD of 130 nm, VP of 300 nm, 3
loops and LP of 700 nm (sample shown in Figure 3c). The
minimum transmission value for RCP is close to 680 nm, while
for LCP there is a quasi-flat minimum zone between 600 and
850 nm, with the crossing point localized approximately at 800
nm. In particular, the dissymmetry factor g reaches its maximum
values of 40% at 4 ~ 1000 nm and 30% at A ~ 650 nm, as shown
in Figure 4c, and a broadband polarization selection of about
600 nm in the near-infrared region.

Figure 4b shows the Tycp and Ticp spectra of the FEBID
array (shown in Figure 3d) consisting of 40 X 40 elements, with
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Figure 6. 3D representation of the current oscillation, at (a) 4 = 680 and 1100 nm for the FIBID structures, excited by RCP and LCP light,

respectively, and (b) 4 = 600 nm for the FEBID helix, excited by LCP light.

ED of 215 nm, WD of 60 nm, VP of 350 nm, 3 loops, and LP of
400 nm. The efficient downscaling obtained by exploiting the
electron beam, leads to a blue-shift of the optical response with
respect to FIBID sample, as theoretically predicted in ref 59 and
60. In fact, the LCP minimum value is blue-shifted down to 600
nm, while the RCP resonance appears much more shifted
toward shorter wavelengths. The curves keep nearly the same
trend with respect to FIBID array with a higher overall
transmission due to the lower density of active material (28%
less than in the FIBID case), while the maximum g factor of 26%
is reached at 4 ~ 600 nm (Figure 4d). Noticeably, with respect
to FIBID array, in this case, the circular dichroism operation
band extends up to 800 nm and exhibits null dichroism for
longer wavelengths,éo thus, providing a spectrally selective
dichroic filtering for circularly polarized visible light in the 480—
800 nm band. In both FIBID and FEBID arrays, it is worth
noting that, since we are analyzing the optical response in the
visible region, very close to the plasmon frequency of the metal
structure, the missing light for the low LCP and RCP
transmittance is mainly absorbed, as can be inferred by the
low reflection spectra (shown in the Supporting Information,
Figure S3), with a consequently small contribution of Bragg
resonances for the vertical building block arrangement.** In
addition, increased losses are associated with the large nanohelix
effective length.

Measured dichroic properties for different nanohelix
dimensions are also reported in the Supporting Information,
Figure S4, showing that the entire visible range can be accessed.

Considering that the optical properties of a metamaterial are
heavily dependent on its chemical composition and that the
actual Pt content of nanostructure strongly depends on the
employed beam parameters, we have performed full-wave
electromagnetic simulations of the transmission spectra of
RCP and LCP light by varying the Pt concentration. For the
FIBID structures, a Pt concentration from 15 to 40% (Figure
Sa)b) was considered, according to the literature.>” With
increasing Pt amount, the T} cp signal undergoes an enhanced

absorption in the near-infrared region, where a large valley
centered at 1100 nm arises, whose depth increases with the
platinum concentration. On the other hand, in the visible region
of the spectrum, the Ticp slightly increases. Conversely, the
reduction of the carbon percentage in the alloy implies a
substantial increase of the Tycp resonance depth in the visible
range together with a redshift of the minimum value. These
variations jointly lead to a gradual increase of the optical activity
(OA), as expressed by the transmittance difference among the
two polarizations (AT) with the Pt concentration over the
whole observed spectral region (Figure Sb). The simulations
also show that a higher metal concentration in the carbon matrix
further enhances the redshift of the crossing point. A good
agreement has been observed between experimental trans-
mission and simulated curves with a Pt content between 15 and
20%, consistent with the used beam parameters.>”

In the FEBID sample (Figure Sc,d), where a Pt concentration
from 10 to 25% was considered, both, LCP and RCP
transmission decrease with increasing Pt content, with a red
shift of the T p minimum comparable to the one observed in
the visible region for the FIBID sample. Accordingly, AT
increases with the metal content (Figure 5d). A good agreement
between experimental transmission and simulated curves has
been observed with a Pt content of 10%.

Together with the effect of Pt content on OA, fabrication
tolerances, and their effect on transmission spectra were also
considered by simulations. SEM inspection of the fabricated
arrays determined a tolerance range of 10% for VP and ED,
which was considered in calculated transmission spectra shown
in the Supporting Information, Figure S6. This analysis shows
the critical role played by the ED in shifting the transmission
spectra, in good agreement with previously reported studies.*”*°
On the other hand, variations of the VP value within the
tolerance range induce a negligible shift of the curves. As far as
WD changes are concerned, the estimated tolerance is less than
5% and, apart from the most relevant geometrical effect on ED,
it is expected to slightly affect the amount of transmitted light.
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These considerations allow us to use the measured mean values
of geometrical dimensions as input for the numerical
simulations.

To clarify the resonance positions, we can also use the
plasmon hybridization model.®" In particular, our three-loop
helix can be considered as a periodic arrangement, along the
third dimension, of a unit cell,®* similar to the structure
discussed in ref 63. The mutual proximity of each unit cell leads
to boosted resonance hybridization of single cell resonance
modes, yielding the broad stop-band observed for both circular
polarizations in the FIBID and FEBID transmission spectra. In
Figure 6 we theoretically analyze the electromagnetic interaction
between circularly polarized light and the helical structure in
terms of plasmon oscillations (electric dipoles in Figure 6, where
the different direction is highlighted by red and blue colors). In
particular, we simulated the current oscillations, excited by
circularly polarized light, at each resonance position found from
transmittance spectra for FIBID and FEBID structures,
respectively. On the basis of the dipole model,® the dipole
arrangement depends on the mutual orientation of the circularly
polarized light and the nanohelix handedness, according to the
frequency under investigation and to the dimensional
parameters. Considering the right-handed FIBID structures,
RCP light is strongly absorbed at A = 680 nm due to a good
matching between RCP light and helix twist. On the other hand,
the LCP light exhibits, at the center frequency of the quasi-flat
band (1100 nm), a local transmittance minimum, since the LCP
light fits well with the arrangement of the dipoles in the
structure at this wavelength. Moreover, analyzing the simulated
current oscillations for FIBID structure in Figure 6a, we note
that the current oscillation at the RCP resonance (4 = 680 nm)
exhibits more nodes than at the LCP resonance (1 = 1100 nm),
resulting in a hiégher energy configuration with respect to the
LCP resonance.” A similar discussion can be carried out for
FEBID structures, where the nanoscaling of the geometric
dimensions has led to a large blue-shift of the transmission
spectra. Here, a hybridized stop band is present for LCP
transmission spectrum with a minimum value at 4 = 600 nm,
with a low number of current oscillation nodes (Figure 6b),
while the RCP stop band seems shifted toward higher
frequencies out of the investigated spectral range.

B CONCLUSION

We have shown the nanoscaling by FIBID and FEBID
techniques of chiral plasmonic structures in the form of 3D
platinum nanohelices with circular dichroism band in the optical
regime, tailored by nanostructure sizes. The study of the shape
evolution as a function of involved technological parameters
enabled us to accurately control the geometrical features of the
proposed 3D nanostructures in a wide dimensional range, thus,
allowing a large control of their spectral operating region with
structure sizes.

Nanohelices with external diameter between 500 and 150 nm,
WD from 130 down to 50 nm, and VP down to 200 nm have
been successfully controlled. Transmission measurements for
circularly polarized light show a maximum dissymmetry factor
up to 40% at A ~ 1000 nm for helix array of larger sizes realized
by FIBID and up to 26% at A ~ 600 nm for the helix array with
reduced sizes fabricated by FEBID. Moreover, a high selectivity
of the dichroic band is evidenced, accompanied by the shift of
operational range toward the visible. In addition, a detailed
FDTD model was developed to explain the interaction of
circularly polarized light with fabricated 3D metallic nanohelices
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at different frequencies, highlighting the role played by
geometrical as well as compositional parameters. Further
developments of this study may include the strong enhancement
of the optical activity by the increment of platinum content. The
presented nanostructures find a natural application in nano-
photonics devices either as integrated nanoscale broadband
and/or wavelength selective circular polarizers in the entire
visible range or for the biological detection based on circular
dichroism spectroscopy.

B EXPERIMENTAL SECTION

Sample Preparation. GaN/AlGaN heterostructures grown
on sapphire substrates were employed for the nanostructure
growth.z&67 Substrates were cleaned with acetone and
isopropanol and loaded in a dual configuration Focused Ion
Beam/Scanning Electron Microscopy (FIB/SEM) system, the
Carl Zeiss Auriga40 Crossbeam, equipped with the Cobra FIB
column and a gas injection system (GIS) with five gas channels.
For both FIBID and FEBID nanohelices, we employed
trimethyl(methylcyclopentadienyl)-platinum(IV) precursor, lo-
cally injected through the nozzle at the upper side of the sample.
The inner and outer needle diameters are 300 and 500 pm,
respectively. The gas pressure was stabilized for 5 min at the
precursor temperature of 80 °C to reduce variations in the
growth rate. The nanohelices were made through a scanning
direction orthogonal to the precursor gas flow, and the gas
injection system main axis is aligned with respect to the upper
side of the deposition area. The vertical and lateral injection
distance from the nozzle to the substrate surface and the
nucleation area were optimized in order to get a gas local density
suitable for controlled 3D growth. For FIBID (FEBID), the
optimized flow conditions have been achieved with the GIS arm
at 100 um (260 ym) away, in the lateral direction, from the
writing zone, 100 ym (100 ym) in height from the substrate,
and with the needle tilt angle of 70° (16°) with respect to the
substrate. Before growth, the chamber pressure was 1 X 107
mbar while, during the whole deposition process, the chamber
pressure ranged from 1 X 107> mbar to 8 X 10~° mbar. SEM
images of the growing structures were taken in the coincidence
point of the ion and electron beam, after adjusting the tilt
eccentricity, to measure loop diameters, vertical pitch, and
horizontal period, taking into account the proper stage tilt. The
Raith Elphy Multibeam pattern generator controlled exposure
parameters of both beams. The base pattern layout consists of
an empty circle that is scanned several times by the ion or
electron beam.

Optical Transmittance Spectroscopy. Transmission
spectra on nanohelices array have been performed in a confocal
configuration by usin% a 10X objective lens with numerical
aperture (NA) = 0.45”° under normal incidence illumination of
a tungsten lamp. RCP and LCP light have been generated using
a linear polarizer coupled with an achromatic quarter waveplate.
Light was focused on the sample by means of a condenser lens
with NA = 0.3. All measurements have been taken with the
microscope iris diaphragm as close as possible (S mm diameter
pinhole) to illuminate a circular area having a 200 ym diameter
with a light cone of approximately 18° semiaperture angle. At
the exit of the microscope, a slit has been placed in the focal
plane, in order to select the signal coming from the nanohelices
array. The selected real image is reconstructed and directed to a
CCD camera (Hamamatsu Orca R2) coupled with a 200 mm
spectrometer for measurements in the visible spectral range or
to an InGaAs detector coupled with a 300 mm spectrometer for
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measurements in the near-infrared region of the spectrum. All
transmission measurements were normalized to the optical
response of the substrate.

Simulations. To evaluate the spectral properties of the
FIBID-class helix samples, we simulated the electromagnetic
response in the visible and infrared range of a periodic
arrangement of helices virtually composed of a carbon—
platinum alloy. The material permittivity (discussed and
shown in Supporting Information, Figure SS5) has been
evaluated retrieving the measured values of the two distinct
components (Pt and C) in literature®* and then by mixing them
with the Maxwell-Garnett approach.®®® All the simulations
have been performed in Lumerical FDTD Solutions, and the
postprocessing of data have been completed by means of several
Matlab codes. The helix type have been performed varying
linearly the WR starting from 65 nm for the bottom layers to 55
nm to the top layers, with a VP of 300 nm, a skeleton radius
(SR) of 105 nm, loop number of 3 and the helices mutual
distance in the periodic square grid of 700 nm. To reduce any
spurious scattering at sharp borders, we smoothened the
terminal tips at both sides of the helix by making them round.
The substrate has not been included in the simulations.
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Detailed dependences of the geometrical features on the pattern
parameters used for efficient nanoscaling of the nanostructures,
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