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Giuseppe Nicotra,c Iolena Tarantini,b Angelo Melcarne,b Vittorianna Tasco, *a

Maria Losurdo d and Adriana Passaseoa

In this work we report the local growth of ordered arrays of 3D

core–shell chiral nanohelices based on plasmonic gallium metal.

The structures can be engineered in a single step using focused ion

beam induced deposition, where a Ga+ ion source is used to shape

the metallic nanohelix core, while the dielectric precursor is dis-

sociated to create dielectric shells. The solubility of gallium in the

different investigated dielectric matrices controls the core–shell

thickness ratio of the nanohelices. The chiral plasmonic behaviour

of these gallium-based nanostructures is experimentally measured

by circularly polarized light transmission through nanostructure

arrays and compared with numerical simulations. Large chiroptical

effects in the visible range are demonstrated due to the plasmonic

effects arising from gallium nanoclusters in the core.

1. Introduction

The need to extend the functionalities of optical components
for advanced light manipulation and control1–8 is driving
research towards novel nanophotonic structures, where the
material choice, complexity of nanostructure geometry and
pattern of assembly are continuously expanding.9 Plasmonics
is searching for alternative non-noble metals to achieve a larger
spectral tunability and improved stability.10–14 Recently, the
non-noble metal gallium has demonstrated its potential for
plasmonics with tunablility from UV to NIR and thermal stability
as well as resistance to oxidation.15–17 Moreover, the combination
of metals with dielectrics to form hybrid core/shell configurations

represents another degree of freedom in tailoring light–matter
interaction.18 Indeed the presence of electric and magnetic
dipoles in high symmetry systems such as nanospheres or
nanowires can lead to novel phenomena such as directional
scattering,12,19–22 enhanced absorption,19 or broadband spin Hall
effects.23 When switching to lower symmetry shapes, as in the
case of chiral nanostructures, the possibility to also get a non-
homogenous composition would represent a unique platform to
finely tune matter interaction with circularly polarized light of
different handedness.

It should be remarked that, independent of the material
architectures, the manufacturing of chiral structures, the arche-
typal shape of which is a helix, is a challenging and multi-step
technological issue. Ordered and compact arrays of micro
helices were made for the first time in 2009 using the direct
laser writing (DLW)24 technique combined with gold electro-
plating and showed broad polarization stop bands at the IR
frequencies, because of the diffraction limit for this technology.
The most recent development of shadowing deposition combined

a CNR NANOTEC Institute of Nanotechnology, Via Monteroni, Lecce 73100, Italy.

E-mail: marco.esposito@nanotec.cnr.it, vittorianna.tasco@nanotec.cnr.it
b University of Salento, Department of Mathematics and Physics Ennio De Giorgi,

Via Arnesano, Lecce 73100, Italy
c CNR IMM Institute for Microelectronics and Microsystems, Strada VIII,

Catania 95121, Italy
d CNR NANOTEC Institute of Nanotechnology, Via Amendola, 122/D, Bari 70126,

Italy

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0mh01078b

Received 2nd July 2020,
Accepted 21st October 2020

DOI: 10.1039/d0mh01078b

rsc.li/materials-horizons

New concepts
In this work we report ordered arrays of 3D core–shell nanohelices
exhibiting intrinsic chirality based on plasmonic gallium metal. The
structures can be engineered in a direct writing single step using focused
ion beam induced deposition, where the Ga+ ion source is used to shape
the metallic nanohelix core, while the dielectric precursor is dissociated
to create a dielectric shell. The controlled fabrication of core–shell
nanostructures offers improvements in terms of time-consumption and
resolution. The solubility of gallium in the various investigated dielectric
matrices drives the core–shell thickness ratio of the nanohelices. The
chiral plasmonic behavior of these gallium-based nanostructures is
experimentally measured by circularly polarized light transmission and
compared with numerical simulations. Large chiroptical effects in the
visible range are demonstrated due to the plasmonic effects arising from
the gallium nanoclusters in the core. The proposed approach provides
new perspectives in the manufacturing of materials at the nanoscale
paving the way to wider application fields such as biosensing, chemistry,
miniaturized photonics and optoelectronics.
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with colloidal nanolithography has led to the first downscaling
of these systems to the nm range,25 with chiro-optical response
in the visible range. Immediately after, focused ion/electron
beam induced deposition26 was successfully used for the devel-
opment of helix-based miniaturized circular polarization optical
filters13,27,28 and, very recently, even subwavelength polarization
optics29 with operation ranges from VIS to UV.

Therefore, as opposed to highly symmetric systems, such as
nanospheres or nanowires, that can be more easily obtained
using a number of physical and chemical methods, core/shell
nanohelices are accompanied by relevant technological chal-
lenges and their realization requires multiple steps, such as the
conformal coating proposed by Kosters et al.30 In this case, it
was demonstrated that, by varying the aspect ratio in dielectric
core/metal shell nanohelices, circularly polarized light differ-
ential transmission can be effectively tuned both in intensity
and in the narrow spectral range towards on demand and
highly spectral selective operation promising for biosensing.

So far, plasmonic systems based on Ga have focused on
symmetrical spherical or hemispherical nanoparticles (NPs)
obtained using gas-phase31 or colloidal32 self-assembly, and
the issue of organizing Ga in more complex ordered shapes to
enable additional plasmonic functionalities, such as chirality
still remains to be solved.

In this work, we explore a new class of chiral nanohelices
with a Ga metallic core and dielectric (SiO2-like or carbon-
based) shell, realized in a single nanofabrication step using
focused ion beam deposition, taking advantage of directly
employing the non-noble metal Ga as a part of the nanofabrica-
tion approach to achieve plasmonic chiral structures.

This technique enables the direct growth of any nanostruc-
ture shape, even multiply-branched, at a deterministic sub-
strate position. The generation of high-energy ion beam
generally from liquid gallium is the basis of this technology.
Ga+ ions are incorporated into the nanostructures during the
growth process, thus affecting the nanostructure composition.33–35

The distribution of incorporated gallium is driven by the interplay
between beam parameters and the chemical characteristics of the
host material. In particular, when host media with a low atomic
or molecular weight are used, Ga accumulates in the inner part
of the deposit forming a metal-rich core, enclosed by the
dielectric host material.33,36 This effect can be exploited to
envision controlled Ga-based17,37–41 complex shape nanostruc-
tures with extremely high transmission selectivity with respect
to circularly polarized light in the visible range.30,42

In this work, we employed silicon dioxide and amorphous
carbon as host materials for the focused ion beam induced
deposition and we obtained complex chiral deposits incorpor-
ating a high percentage of metallic Ga in the core alloy and
dielectric host material in the shell alloy. Detailed structural
composition analysis is presented to address the material
complexity and as input for a customized numerical model,
translating the observed nanocomposite structures into artifi-
cial material dispersions, to predict and fit optical experiments
upon interaction with circularly polarized light. The core-to-
shell ratio (CSR), defined as the ratio between the gallium core

diameter and dielectric shell thickness depends on the host
material, leading to photonic-like structures for a thick and
more absorbing shell, obtained with C matrix, and to plasmo-
nic behavior for the thin and less absorbing shell, obtained
with SiO2 matrix. This methodology paves the way towards a
novel class of gallium based chiral nanophotonic systems with
a core/shell architecture.

2. Results and discussion

Carbon based helical systems were built using phenanthrene
(C14H10) gaseous precursor.36 The scattering length of Ga ions
inside the carbon matrix is around 20 nm while the generated
secondary electron dispersion length is 30 nm,43 leading to a
Ga rich core alloy, composed of Ga-clusters with an average
diameter of approximately 9 nm, embedded in a thick amor-
phous carbon-shell as shown by the cross-sectional scanning
transmission electron microscopy (STEM) analysis (Fig. 1a and b)
and the qualitative element maps shown in Fig. 1c, reporting
Ga and C distribution in the nanowire core of Fig. 1b. The energy
dispersive X-ray (EDX) linescans superimposed on Fig. 1b
turn out the average atomic percentage of elements as sensed
by the e-beam crossing the nanowire of the helix. The max-
imum Ga atomic percentage is about 30% and decreases to a
null value in proximity to the nanowire outer surface that is
composed mainly of C, approaching an atomic percentage of
100%. TEM investigation assessed the overall volume composi-
tion across the nanowire section of the fabricated nanohelices.
In particular, we combined the EDX spectroscopy data with the
geometrical information supplied by high-angle annular dark-
field (HAADF)-STEM shown in Fig. 1b. Actually, the EDX line
scan provides the average atomic percentage of each element
along the column crossed by the e-beam mixing the atomic
composition of the core and shell regions. By exploiting
the radial symmetry possessed by the nanohelix-section, it is
possible to identify the volume composition profile of the core
and accordingly of the shell. The results are shown in Fig. 1d,
which reports a 66% Ga/34% C core (diameter of about 40 nm)
and 100% C shell (average thickness around 30 nm).

Another scenario appears when a Ga ion beam is used to grow
the silicon dioxide nanohelices (for growth details, see Methods
section). As shown by the cross-section STEM-HAADF images and
EDX qualitative maps, the nanowire still exhibits a core–shell
architecture with respect to Ga content (Fig. 2a and b). The
maximum Ga atomic percentage measured using the linear scan
is approximately 50%, with the peak positioned at the nano-
structure center and approaching a null value in the outer shell.
The O-to-Si atomic ratio is about 2 (Fig. 2b), corresponding to
stoichiometric SiO2, and it is constant throughout the whole
structure. Thus, the outer shell is an alloy mainly composed by
amorphous silicon dioxide (Fig. 2d).

A similar approach used for the carbon-based system was
also applied to evaluate the volume concentration profile across
the SiO2 based nanowire. Fig. S1 (ESI†) reveals a 68% Ga/28%
SiO2/4% C core (110 nm thick) and an 8% Ga/88% SiO2/4% C
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shell (average thickness around 10 nm). The core is mostly
featured by well evident metallic Ga-clusters with an average
diameter of about 12 nm (Fig. 2c). Moreover, the Ga-core is
thicker within the SiO2-nanohelix than within the C-nanohelix.

The incorporation of Ga ions depends on the scattering
efficiency and diffusion length of scattered ions inside the host
matrix, and this represents the limiting factor for the core
dimensions. Similar composition profiles have been found for
carbon nanopillar growth using focused ion beam induced
deposition (FIBID).44 Moreover, our results are consistent with
those of the previous studies regarding the interaction between
a 30 kV focused Ga+-ion beam and silicon,45 silicon oxide46 and
amorphous carbon as host materials.47

In the silicon-based material, Ga implantation starts at the
surface because of the large interaction between Ga+ and Si
nuclei,45 similar to our SiO2-based helical system where the Ga

core is in close proximity to the wire surface (Fig. 2b). On the
other hand, for amorphous carbon, McKenzie et al.47 observed
that the Ga concentration peak shifted below the surface of the
implant by tens of nanometers. Actually, such a shift was also
observed in the growth of C-based free-space wires by using
the FIBID technique.44 Similar results are also noticeable in our
C-based nanohelices where the center position of the Ga core is
at about 50 nm far from the wire surface, and slightly down-
shifted with respect to the processing beam. The rationale for
this is the negligible solubility of carbon in Ga:48,49 actually,
liquid Ga works as a photocatalyst for the growth of carbon
multiwall nanotubes, where Ga is confined and localized in the
nanostructure.49 Noteworthily, this intrinsic plasmonic Ga-core
can photocatalyze the growth of the carbon nanohelices, thus
representing another advantage of the proposed one-step direct
synthesis.

Conversely, silicon is more soluble than C in liquid Ga.50

This, in combination with the poor tendency of Ga liquid
clusters to retain oxygen, rather than silicon, favours the
diffusion of metallic Ga-clusters in a SiO2-matrix, resulting in
a larger Ga core, as compared to that in the C case.

Therefore, the difference in behaviour of Ga-clusters
with silicon dioxide and carbon can be used to tailor different
core-to-shell thickness ratios. In particular, a CSR value of
approximately 11 was evaluated for SiO2, which is almost an
order of magnitude larger than that achieved for carbon-based
system (CSR = 1.3). It is worth noting that here we are reporting
the fundamental effect of material interactions on the CSR of
nanohelices fabricated under optimal conditions: the FIBID
process was focused on the growth of carbon- and SiO2-based
nanohelices by using the Ga+-ion dose allowing controlled
evolution of the nanohelices in the third dimension to be
obtained, with a vertical pitch (VP) (Fig. 4c) of about 500 nm.
In the supporting section (Fig. S2, ESI†) we show the effect of
ion dose deviation from the optimal value on the helix mor-
phology; small dose variations can lead to a dramatic effect on
3D nanohelix growth. Therefore, because of such constrictions,
we can argue that process parameters such as ion energy
or beam current in the very narrow optimal ion dose window
can lead to variations of the nanohelix CSR, but in a limited
amount.

Fig. 2e, top panel, highlights Ga patches distributed all over
the helix wire where oxygen was not detected, as reported in the
bottom panel. Conversely, oxygen and silicon show the same
spatial distribution (bottom and middle panel), suggesting the
preferential bonding of O with Si rather than with Ga, and the
consequent formation of SiO2. Thereby, it seems reasonable
that Ga is present in the metallic phase. This is consistent with
the study reported in ref. 46, where it is demonstrated that,
for high Ga+ implantation doses in SiO2, the electronic configu-
ration of the embedded Ga assumes a metallic valence, forming
metallic agglomerates.

The metallic phase of Ga-clusters is highlighted by the detec-
tion of Ga plasma frequency obtained by electron energy loss. The
spectra in Fig. 2f are collected in two distinct regions, as reported
in the STEM-HAADF survey image (Fig. 2b): corresponding to the

Fig. 1 (a) STEM image of the C/Ga nanohelix fabricated with a phenan-
threne (C14H10) gaseous precursor. (b) Thickness normalized EDX line scan
profile across the nanohelix section reported in the same panel showing
the average atomic percentage of elements as sensed by the e-beam
crossing the helix wire. (c) EDX qualitative elemental maps of panel (b). (d)
Schematic view of the wire cross section and related Ga and C volume
composition profiles.

Materials Horizons Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 8

/2
2/

20
24

 3
:5

7:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0mh01078b


190 | Mater. Horiz., 2021, 8, 187--196 This journal is©The Royal Society of Chemistry 2021

Ga-cluster inside the core and on the shell. From the core portion,
a narrow peak originates at around 14 eV, corresponding to the
plasma frequency of Ga in the metallic form.17,31

Furthermore, the high resolution STEM did not indicate any
lattice fringes inside the Ga-clusters; therefore, we infer that the
Ga-clusters are liquid and/or amorphous. This represents an
advantage for their plasmonic behavior, since the polymorph-
ism of Ga has been recently optically analyzed by Gutierrez
et al.51,52 demonstrating that liquid and amorphous Ga have a
perfect Drude response, allowing resonances to be tuned from
UV to NIR. On the other hand, crystalline phases, predicted to
be stable at room temperature, such as a-Ga and b-Ga, are
indeed characterized by intraband absorption at photon ener-
gies below 2.2 eV contributing to plasmon resonance quench-
ing in the VIS and NIR regions. Furthermore, both liquid and
amorphous Ga, contrary to crystalline forms, have the advan-
tage of being free from crystalline defects such as grain
boundaries that quench and broaden plasmonic resonances
and decrease the free electron lifetime.

With a large plasma frequency of about 14 eV, Ga isolated
clusters are known to provide localized surface plasmon reso-
nances in the UV spectral range. However, in our nanostruc-
tures, Ga-clusters are embedded in a dielectric matrix, with a
large refractive index that could lower the oscillation frequency
of conduction electrons in the metallic clusters, similar to
metal-core/oxide-shell nanoparticles.53,54 We have used Mie
theory55 to predict the effect of the matrix and of the dispersion
on the Ga localized surface plasmon resonance. As shown in
Fig. 3, a single Ga NP under vacuum, with the Ga-cluster size
inferred using TEM analysis (12 nm average diameter, see
Fig. 2b and c), shows a resonance at 200 nm (Fig. 3a), which

red-shifts up to 280 nm when considering the NP embedded
in a SiO2 matrix (Fig. 3b). Collective interactions between
plasmonic dipoles, induced by the small or null interparticle
distance within the helix nanowire, are expected to red-shift

Fig. 2 (a) STEM image of the SiO2/Ga nanohelix. (b) Thickness normalized EDX line scan profile across the nanohelix section showing the average atomic
percentage of elements as sensed by the e-beam crossing the helix wire. Higher magnification HAADF-STEM image on the (c) core and (d) shell regions,
as indicated by the red and blue dotted squares in panel (b). (e) EDX qualitative elemental maps of panel (c). (f) Electron energy loss spectroscopy (EELS)
measurements performed along the nanowire cross section of the core–shell and only the shell. The Ga bulk plasma frequency is detected at around
14 eV and only in correspondence of the core region.

Fig. 3 Calculated extinction, scattering and absorption cross sections for:
(a) a single Ga NP (12 nm diameter) in vacuum, (b) a single Ga NP (12 nm
diameter) in a SiO2 matrix cylinder (diameter of 100 nm and height of
15 nm), and (c) a random distribution of Ga NPs (12 nm diameter) in a SiO2

matrix cylinder (diameter of 100 nm and height of 100 nm).
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and broaden the plasmonic resonance. We performed finite-
difference time-domain (FDTD) simulations considering a
cylindrical element (diameter of 100 nm and height of
100 nm) of the helix nanowire with interacting Ga NPs
embedded in a SiO2 matrix. The Ga NPs were assumed with a
random distribution, therefore including the possibility of null
interparticle distance and/or compenetration. As shown in
Fig. 3c, the absorption collective resonance red-shifts up to
400 nm and undergoes a significant broadening from UV to
NIR. Hence, the assembly of the achiral Ga-nanoclusters in a
chiral fashion along the helical path is expected to result in
circular dichroism and optical activity from UV to NIR.

The two core–shell architectures were shaped into right-
handed (RH) nanohelices periodically arranged into 20 mm �
20 mm square arrays (Fig. 4).

Transmission spectra under normal incidence of right
(TRCP)- and left (TLCP)-handed circularly polarized light through
the samples were collected (Fig. 4a and b top panel) and the
related circular dichroism (CD), expressed in terms of the
ellipticity as:

CD ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffi
TLCP

p
�

ffiffiffiffiffiffiffiffiffiffiffi
TRCP

p
ffiffiffiffiffiffiffiffiffiffiffi
TLCP

p
þ

ffiffiffiffiffiffiffiffiffiffiffi
TRCP

p (1)

was also calculated (Fig. 4a and b bottom panel).
To understand the difference in the transmission behavior

of the two systems, it is worth noting that the evanescent fields
promoted by the core surface plasmon waves at the core–shell
interface are strongly affected by the material dispersions
and shell thickness. In particular, the near-field exponentially

decays into the dielectric shell with distance |z| from the core–
shell interface:54

E = (Ex, 0, Ez)exp(�kzz)exp[i(kxx � ot)], (2)

and the penetration depth into the shell is represented by the
following relation:

dshell ¼ 1=kz ¼
1

k

eshell þ ecore
�eshell2

�
�
�
�

�
�
�
�

1=2

(3)

where

eshell ¼ eshell
0 þ ieshell

0 0

ecore ¼ ecore
0 þ iecore

0 0
:

(4)

A simple calculation, by considering the optical dispersion
values shown in Fig. S4 (ESI†) at 500 nm and 560 nm for C- and
SiO2-based materials (optical constant calculation method
reported in Fig. S3, ESI†), respectively (corresponding to the
wavelength of maximum CD in the VIS for C- and SiO2-based
nanohelices as reported in Fig. 4), led to d values of 40 nm for
C and up to 450 nm for SiO2, respectively. Therefore, in the
C shell case, we expect the inhibition of plasmon propagation
to the surface, since the decay length of the plasmon is
comparable with the shell thickness. On the other hand, the
extremely thin and low loss SiO2 shell can efficiently support
plasmon propagation. The above mentioned calculations
clearly indicate how the suppression of plasmonic phenomena
makes the optical behavior of the carbon-based system compar-
able to that of a template triggered by photonic mechanism.
Indeed, if the incident light wavelength matches the pitch of

Fig. 4 Transmission spectra under normal incidence of right (TRCP)- and left (TLCP)-handed circularly polarized light (top panels) and CD expressed in
degree units (bottom panels) for (a) C- and (b) SiO2 helical systems. The simulated CD curves are superimposed with the experimental ones in the bottom
panels. The insets report scanning electron microscope (SEM) images of array portions. (c) Illustrative scheme of the geometrical parameters of the helix
arrays. The arrays consist of nanohelices with VP of 500 nm, 1 loop, lattice period (LP) of 500 nm, external diameter (ED) of 340 nm, and wire diameter
(WD) of 130 nm for the SiO2 helices array, while ED of 280 nm, and WD of 100 for the C-one.
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the dielectric helix,24,56 resonances at different wavelengths
arise for both the incident circular polarizations. In particular,
depending on the mutual handedness between the nanohelix
and incident light, a stronger field confinement is obtained
when both exhibit the same rotation sense.

On the other hand, the SiO2-based core–shell nanohelices
exhibit a very sharp resonance at 560 nm; here the transmission
level is lower than that of the C-based system, as a result
of the enhanced core plasmonic absorption, and the CD is
significantly boosted up to 111 (Fig. 4b bottom panel). A direct
comparison can be made with platinum-based systems,36

realized by using the same Gallium ion beam in combination
with a metalorganic precursor of Pt, and with exactly the same
set of geometrical features. Because of the larger amount of
metal embedded in the core of the helix through our optimized
fabrication procedure, as well as the reduced system losses, the
measured CD in the same spectral range is nearly doubled. As
discussed in the introduction, another method for the manu-
facture of continuous and well separated metal nanohelices
that operate in the VIS range is the shadow growth from
ordered seed elements.25 In a wafer standing configuration,
these chiral thin films have demonstrated their highest CD
value of 6 degrees at 600 nm from nanohelices in Ag/Cu alloy,
with VP = 55 nm, N = 2, ED = 32 nm, and LP = 53 nm.57 Other
technologies based on chemical synthetic techniques and where
the helices are dispersed in solution have instead reached VIS CD
values of the order of hundreds of millidegrees.58,59

The measurements for both architectures were also com-
pared with the simulated spectra (Fig. 4a and b bottom panel),
obtained by considering each helix to be composed of two
nanohelices: the helixcore, characterized by the optical disper-
sions as shown in Fig. S4a and b top panel (ESI†), and
the helixshell featured by the optical dispersions as shown in
Fig. S4a and b (ESI†) bottom panel. A good agreement is
gathered between the measured and simulated spectra with
the used electromagnetic model.

The origin of the large CD value in SiO2-based core–shell
nanohelices was also investigated by comparing the optical
response of FIBID nanohelices (Fig. 4b, top panel) with that
obtained from nanohelix arrays fabricated using a focused
electron beam induced deposition (FEBID) approach, comple-
tely free of gallium, with similar structural features of the FIBID
ones in terms of wire diameter, vertical pitch and external
diameter. Such helical shape nanostructures were realized by
using a TEOS precursor and resulted as completely dielectric as
reported in the TEM analysis of Fig. S5 (ESI†). In particular, the
thickness normalized EDX line scan profile radially performed
along the helix nanowire (Fig. S5a, top panel, ESI†) shows a
constant signal level for Si, O and C (Fig. S5a, bottom panel,
ESI†). It can be concluded that the radial distribution of these
elements is constant along the nanohelix section. Moreover, the
Si atomic percentage is found to be half of that of oxygen,
suggesting an O-to-Si atomic ratio of about 2, likely corres-
ponding to the SiO2 composition as already observed for the
above mentioned FIBID approach. The high resolution STEM
analysis (Fig. S5b, ESI†) did not remark any lattice fringes

inside the helix wire emphasizing the amorphous structure
of those nanostructures fabricated by means of the FEBID
approach. In that dielectric frame, the nanohelix array provides
a very poor CD (Fig. S5c, ESI†) with respect to the Ga-rich helix
counterpart (Fig. 4b, bottom panel) confirming the fundamen-
tal role of gallium as the plasmonic element.

As already pointed out, in the SiO2-based nanostructures,
the near-field extends beyond the small dielectric shell, allow-
ing plasmon propagation to the surface and plasmonic mode-
hybridization. The latter can be experimentally highlighted
with the observation of resonance broadening induced by
plasmon dipole–dipole interactions60,61 in the SiO2-based helix
arrays with identical structural features and different pitch
numbers N,36 varying from 0.25 to 1 (Fig. S6 and S7, ESI†).

For our geometry, a quarter pitch helical element did not
exhibit circular dichroism (Fig. S7a, ESI†), whereas a metallic
half pitch helical element shows a resonant chiral behavior,
indicating the formation of a light-interacting plasmonic dipole
moment and suggesting the half pitch helix as the fundamental
unit element. Fig. S7a (ESI†) shows the bandwidth increase due
to plasmonic mode hybridization obtained with two unit ele-
ments vertically stacked (N = 1),36 in a good agreement with the
simulation of Fig. S7b (ESI†). Therefore, the continuity between
the two above mentioned unit elements maximizes the cou-
pling strength60,61 and boosts the CD to about 111.

3. Conclusions

In summary, we report the realization of gallium chiral nanos-
tructures using a direct one-step nanofabrication. The struc-
tures are grown using focused ion beam induced deposition,
and the metal deposit originates from the Ga liquid ion source
of the system. The combination of the ion beam with a properly
selected host matrix enables the fabrication of Ga-core/
dielectric-shell 3D nanostructures with tailorable optical beha-
vior in the visible range. A thick shell of highly absorbing
medium, such as amorphous carbon, strongly screens the
plasmon propagation promoted by the Ga core, inducing a
photonic behavior in the chiral nanostructures. Conversely,
very efficient 3D Ga plasmonic architectures were obtained
with low absorbing and tiny SiO2 dielectric shell, significantly
thinner than the decay length of the evanescent field promoted
by the surface plasmon waves at the core–shell interface.
The reported results pave the way towards the development of
nanostructures with increasing compositional and structural
complexity and allow a new class of gallium-based core–shell
3D chiral nanostructures for polarized light handling to be
envisioned.

4. Methods
Sample fabrication

A copper TEM grid was used as the substrate for single helix
growth in order to perform compositional and structural inves-
tigation. In particular, it was locked in a home-made sample
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holder and loaded in a dual configuration Focused Ion Beam
(FIB)/SEM system, the Carl Zeiss Auriga40 Crossbeam,
equipped with the Cobra FIB column and a gas injection system
(GIS) with five channels.

First, we partially milled the copper grid reducing its thick-
ness in order to avoid the shadow effect during cross sectional
TEM analysis. We have used a Ga+-ion beam with a beam
current of 16 nA and an accelerating voltage of 30 keV.

After phenanthrene [C14H10] and tetraethyl orthosilicate
(TEOS) [Si(OC2H5)4] precursors were locally injected into the
samples, we optimized the injection distance between the
copper grid and nozzle to obtain high growth control by a
suitable gas density. The nanohelices were grown with a Ga+-
ion beam current of 1 pA, an accelerating voltage of 30 keV, and
a step size of 10 nm and dwell time of 400 ms for the C-based
helical system and a step size of 1 nm and dwell time of 120 ms
for the SiO2 one.

In order to both perform optical transmittance spectroscopy
and prevent charge effects, arrays of carbon and SiO2-nanohelices
were made on an indium tin oxide-on-glass substrate.

The chamber pressure ranged from 8 � 10�6 to 4 � 10�6

mbar during the deposition time of each row of arrays. To
recover the pressure drop induced by effusion and the local
depletion of the precursor density, we set a refresh time among
consecutive rows of arrays. This stratagem allows high-dimensional
uniformity to be obtained between nanohelices.62–64

TEM/EDX characterization

TEM and EDX analyses were performed on single nanohelices
directly grown on a copper TEM grid using a Cs-probe-corrected
TEM JEOL ARM200CF microscope operating in scanning mode
at a primary beam energy of 200 keV and equipped with a
100 mm2 silicon drift detector for energy dispersive X-ray
spectroscopy. In order to obtain Z contrast sensitiveness from
the images, the microscope was configured in high-angle
annular dark-field mode with a convergence angle of 33 mrad
and a collection angle between 68 and 280 mrad (inner and
outer collection angles of the dark-field detector). STEM-EDX
spectroscopy was performed on a helix section. The signal was
collected by scanning the same region multiple times with a
dwell time of 1 ms. A GATAN GIF Quantum ER was used for
electron energy loss spectroscopy measurements in the low-loss
region.

Optical characterization

In order to quantify the CD of chiral arrays, the transmission
spectra were recorded using a confocal configuration by
illuminating the sample with light (450–850 nm) from a tung-
sten lamp focalized by using a condenser with numerical
aperture (NA) o 0.1 and collecting the transmitted light using
a 40� objective lens with NA = 0.9. Circular polarization
excitation was achieved using a combination of a linear polar-
izer and an achromatic quarter-wave plate. The microscope
output image is collected and reconstructed on the entrance
slits of a 200 mm spectrometer coupled to a charge-coupled
device camera for measurements in the VIS/NIR spectral range.

The light transmission was calculated with respect to light
transmitted by the unpatterned substrate.

Numerical simulations

To evaluate the spectral properties of the helix samples, we
simulated their electromagnetic response at optical frequencies
using commercial FDTD-based software (Lumerical FDTD Solu-
tions) and the post-processing of data was completed by means
of several Matlab codes. The substrate was not included in the
simulations.
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M. S. Maza, F. de la; González, A. S. Brown, H. O. Everitt,
H. O. Everitt, J. Junquera, F. Moreno and F. Moreno, Dielec-
tric Function and Plasmonic Behavior of Ga(II) and Ga(III),
Opt. Mater. Express, 2019, 9(10), 4050–4060, DOI: 10.1364/
OME.9.004050.

53 C. Langhammer, M. Schwind, B. Kasemo and I. Zorić,
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