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Abstract

Chirality is a property of certain molecules, materials or artificial nanostructures, which 
enables them to interact with the spin angular momentum of an incident light. This provides a 
different optical response, depending on the incident polarization, which gives rise to chiral optical 
spectroscopies. However, low-detection limits require an enhanced chiral light-matter interaction. 
Here, we propose a novel type of resonant chiral optical nanoantenna based on high-index 
dielectric (Cu2O) spherical nanoparticles arranged in a trimer geometry. We demonstrate both 
numerically and experimentally that this trimer nanoantenna exhibits resonantly enhanced optical 
dichroism and light hotspots, which are associated with this geometry. Moreover, we apply near-
field optical microscopy to measure the near-field peculiarities of the proposed nanoantenna. The 
ability of changing the nanoantenna near field scattering by varying the light polarization is shown.

1. Introduction

Optically resonant high-index dielectric nanoparticles (DNs) and nanostructures have been 
attracted much attention in the last years as a more effective alternative to plasmonic counterparts. 
It has been demonstrated that their optical response can be treated via the Mie scattering theory 
predicting the existence of electric and magnetic resonant optical modes 1–7. All-dielectric resonant 
nanostructures allow the localization of both electric and magnetic light components in nanoscale 
dimensions possessing low dissipative losses in visible and IR ranges due to the lack of free carriers 
8–11. These intrinsic properties of resonant all-dielectric nanostructures make them highly attractive 
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for many vital applications ranging from surface-enhanced Raman scattering 12,13, fluorescence 14, 
second- and third-harmonic generation 15,16,17, sensing 18 to nonlinear nanophotonic 19.

Mie resonances in DNs strongly depend on their size, shape and optical properties of the 
surrounding medium. Nanoparticles made from different dielectrics have been studied, both 
numerically and experimentally 20,21. It has been already demonstrated that gallium arsenide 
(GaAs) 22, germanium (Ge) 23, silicon (Si) 8,24–26 and copper oxide (Cu2O) 27–29 nanoparticles 
exhibit sharp electric and magnetic optical responses, simultaneously. Moreover, different sizes 
and shapes, in particular, spheres 4,7,30,31 and disks 26,32–34, have been considered with the aim to 
adjust the resonant wavelengths and to control the nanoparticles interactions. The symmetrical 
arrangement of such nanoparticles, in particular, dimers and trimers, opened up a way to construct 
collective optical modes 4,25,35 and Fano resonances with potential application in sensing 36–39 and 
photonic devices 31,40–42. It has been also demonstrated that these arrangements may exhibit optical 
chirality 43.

Chirality is widespread in nature, from galaxies to human DNA, and it is related to the 
absence of mirror-symmetry planes or a center of symmetry 18. These noteworthy structures 
interact differently with an incident optical beam if it is right-handed or left-handed circularly 
polarized, giving rise to effects like the optical activity (OA) and circular dichroism (CD) 44. While 
several natural molecules and amino-acids have a chiral geometry 45–47, engineered artificial 
structures exhibit resonantly enhanced chirality. They have led to the extremely boosted optical 
activity and circular dichroism effects at the nanoscale 48, which contribute to many applications 
49,50,51. The chiral artificial nanostructures may be arranged by convenient compounds of 
nanoparticles, either three-dimensional or planar 45,52 or by combining nanoparticles with 
molecular compounds 50.

In this work, we study the optical response of chiral nanoantennas based on relatively high-
index dielectric (Cu2O) spherical nanoparticles arranged in a trimer geometry. Although chiral 
nanostructures based on nanoparticles may be performed by combining particles with different 
materials 52, in this case, the principle of symmetry breaking is imposed by considering different 
particles sizes (substitutional chirality). As the component DNs are susceptible to support Mie 
resonances producing an optically resonant structure, we explore the potential resonant 
enhancement of the optical dichroism. In particular, we are interested in magnetic Mie resonances, 
which can be excited in dielectric materials. We analyze the different distributions of the scattered 
electric and magnetic fields producing the expected enhanced chirality, in order to evaluate their 
influences and weights. We use ASNOM (apertureless scanning near-field optical microscopy) to 
analyze the optical response of the experimental nanoantennas. Additionally, we utilize full-wave 
numerical simulations (FDTD) either to verify the experimental results or to discuss and 
understand the inner phenomenon. We analyze how the distribution of light along the geometry 
and the interaction between the components strongly change under rotations of the system or 
variation of the incident polarization, allowing a controlled manipulation of the emerged hotspots.
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2. Results and Discussion

The structure under investigation is a trimer arranged by three Cu2O subwavelength 
dielectric nanoparticles. Particle sizes were chosen different (Fig. 1(a)), breaking any symmetry 
and making the structure chiral. Additionally, sizes have been elected to excite Mie resonances in 
constituting DNs. We mainly consider the excitation of magnetic dipolar resonance, which is the 
fundamental resonance of high-index DNs. The excitation of magnetic resonances in the 
nanostructure is expected to lead to a resonant enhancement of its optical activity (OA). 

The experimental samples of trimer nanoantennas have been fabricated by a cost-effective 
chemical method (for details see Methods). The typical scanning electron microscopy (SEM) 
image of fabricated trimer nanoantennas is presented in Fig. 1(b). The SEM image shows that the 
shapes of constituting DNs are mainly spherical and particles diameters have been estimated as 
128 nm (DN #1), 210 nm (DN #2) and 150 nm (DN #3). Hereinafter, we use these values in the 
numerical simulations.

Figure 1. (a) Schematic presentation of the all-dielectric chiral trimer nanoantenna 
arranged on a SiO2 substrate. The nanoparticles diameters are 128 nm (DN #1), 210 



4

nm (DN #2) and 150 nm (DN #3). The light incidence angle is 30º with respect to 
the substrate. (b) SEM image of the Cu2O trimmer nanoantenna; the length of scale 
bar is 500 nm. (c) Distribution of scattered electric field amplitude obtained by the 
ASNOM at an incident wavelength of 632 nm. (d) Distribution of scattered electric 
field calculated by using the FDTD at 632 nm.

We start our analysis with the study of the near-field optical response of the nanoantenna 
arranged on a SiO2 substrate. Fig. 1(c) shows the apertureless scanning near field optical 
microscopy (ASNOM) measurement results. The excitation laser beam with the wavelength of 
632 nm falls on the structure with the incidence angle of 30º (with respect to the substrate). We 
normalized the color bar scale with respect to the maximum value in order to compare the 
experimental and simulation results as shown in Fig. 1(c and d). Fig. 1(d) depicts full-wave 
(FDTD) simulation results of the nanoantenna carried out with CST Microwave Studio. The 
experimental result shows a dominant forward scattering. This is mainly due the DN #2. 
Simulation results show the different contributions with detail. DN #3 also contributes to the 
forward scattering, interacting with that of DN #2. In fact, the asymmetric distribution observed in 
Fig. 1(c) comes from this interaction. On the other hand, DN #1 has a low influence on the whole 
response with the only noticeable effect of the hotspot in the touching point between DNs #1 and 
#2.  Simulations also allow to observe the scattered electric field inside the particles to analyze the 
origin of the resonant behavior. In this sense, the internal electric field in DN #2 shows a defined 
distribution. This will be analyzed in detail later. Simulations have been carried out iteratively in 
order to obtain a convergent result with experimental ones. Despite this, the differences between 
experimental and simulation results may be caused by the roughness of the surface of the trimer, 
some impurities on the substrate, or any unexpected deviation of the size or shape of the 
constituents. This helps us to reach a conclusion that the presence of the scattering signal from 
DN# 1 and 3 in the scattering electric field amplitude experimental result as shown in Fig. 1(c) 
might be due to some kind of near field signal loss in ASNOM imaging process. 

The influence of each constituent particle on the optical response of the nanoantenna has 
been studied deeply. The numerical and experimental results of light scattering for the entire 
nanoantenna and for its individual components are summarized in Fig. 2. Fig. 2(a) shows a scheme 
of the experimental setup (for details see Methods). We use a dark field spectroscopic method to 
measure the spectra for two different polarization configurations, i.e. linear (without quarter wave 
plate) and circularly polarized (with quarter wave plate). The numerical and experimental 
scattering cross sections spectra of the nanoantenna are plotted in Fig. 2(b). It is observed that the 
resonant behavior arises around the target wavelength (632 nm; dashed vertical line). The 
experimental and numerical results are in a good agreement, whereas a small difference is caused 
by a slight difference in size and shape. Fig. 2(c) shows the scattering cross section spectra of the 
individual DNs. Although each DNs is optically resonant, the emerging peak in the scattering from 
the entire antenna is caused by the scattering resonance of DN #2. Due to the smaller size of DNs 
#1 and #3, their corresponding resonances appear at low wavelengths (430 nm and 500 nm, 
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respectively). A theoretical Mie analysis reveals that DN #2 resonance corresponds to a magnetic 
dipolar mode. This is in agreement with the inner distribution of the electric field observed in 
numerical calculations (Fig. 1(d)). Fig. 1(d) shows a transversal plane of a circular displacement 
current of the electric field, which produces an effective magnetic dipole. Consequently, the entire 
structure is optically resonant mainly because of DN #2, which dominates the scattering response 
and the interactions between the particles, while DNs #1 and #3 makes the entire structure chiral. 
Moreover, we will demonstrate below that one may alter the interaction between the DNs and in 
particular the excited hot-spots by rotating the polarization of the incident field. The complexity 
of the system may be increased by excitation of other resonant modes.

Figure 2. (a) Scheme of the experimental setup for scattering spectra measurements. 
(b) Normalized experimental and simulated scattering cross section (SCS) spectra of 
the trimmer nanoantenna. (c) Calculated scattering cross section spectra of the 
individual DNs. 

A chiral structure, which is also optically resonant, leads to a resonant enhancement of the 
circular dichroism. To analyze this effect in our structure, the trimer nanoantenna has been 
illuminated by a circularly polarized light, either left-handed (LCP) or right-handed (RCP), under 
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a normal incidence and the backscattering intensity has been detected. In Figs. 3(a) and 3(b), we 
showed the absolute values of backscattering signals under the LCP and RCP illumination 
independently, using a numerical method or our experimental setup, respectively, as a function of 
the incident wavelength. In addition, the difference of the backscattering intensity between a RCP 
and a LCP excitation is included in Figs. 3(c) and (d). Numerical and experimental values are 
plotted with comparison purposes. These spectra show a good agreement between theory and 
experiment and a resonant behavior of the optical dichroism. In addition, the maximum differential 
response appears at a wavelength very close to our experimental working wavelength. In 
simulation results, the peak arises at 625 nm, whereas in experimental results, it is located at 640 
nm. Again we attribute the slight difference between experiment and theory to mismatches 
between the experimental nanoantenna and the designed structure.

Figure 3. (a, b) Simulated and experimental backward scattering cross section under LCP 
and RCP illumination scheme. (c, d) Measured and calculated differential backward 
scattering cross section under LCP and RCP incident beams.  
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The observed chirality in the proposed nanoantenna lies on the differential interaction among 
the DNs under the incident polarization. In order to demonstrate this, Fig. 4 shows the numerical 
calculation of the scattered electric (upper panel) and magnetic (lower panel) fields, in the near-
field region, as a function of the handedness of the incident polarized light. Figs. 4 (b) and (d) 
correspond to a LCP, while a RCP beam is considered in Figs. 4 (c) and (e). Results show that the 
most remarkable differences appear in the spatial distribution of the scattered electric field. The 
electric field inside the resonant particle (DN#2) slightly differs from one to other polarization. 
Despite this, the interaction between the component particles has a remarkable variation. In this 
sense, the enhanced concentration of electric field around DN #1 under a LCP significantly differ 
from that under a RCP. The influence of the third component (DN #3) is also appreciable in the 
electric field distribution, however, it does not seem as important as that of DN #1. In contrast, the 
magnetic field shows a dominant maximum in the center of the resonant DN, under both 
polarizations. This is in consonance with the excitation of a magnetic dipolar mode.  

Figure 4. (a) Schematic of the illumination of 
nanotrimer under LCP and RCP. The 
numerical spatial distribution of the scattered 
electric [(b)-(c)] and the magnetic [(d)-(e)] 
field under a LCP or a RCP incident field at the 
wavelength of 632 nm. 
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Several FDTD simulations have been carried out to understand the interactions between the 
DNs. Main results are summarized in Fig. 5. The original structure and several spatial reflections 
with respect to the geometrical planes have been considered in order to modify the interaction of 
the incident field with the nanoantenna. A scheme of the structure illumination conditions and the 
considered reflections are depicted in Figs. 5 (a) and (b). The near-field distribution of the scattered 
electric and magnetic field as shown in (Figs. 5 (c)-(j)) have been simulated under these spatial 
views. As expected, the optical response of the nanoantenna is mainly dominated by DN #2, due 
to its resonant response and it is in accordance with the excitation of a dipolar magnetic resonance. 
The circulating electric field produces a current displacement loop, which is the origin of a 
magnetic mode. In addition, the magnetic field distribution resembles that of a magnetic dipole. 
As the orientation of the sample is changed within the incident field, the resonant profile of DN 
#2 slightly changes while its interaction with the other two components is noticeably modified. In 
particular, the hotspots around the structures are affected. This differential behavior is observed 
both in the electric and the magnetic field. This strong variation under the considered reflections 
shows that particles interactions are behind nanoantenna chirality.  

In the electric field profiles of all the mirror geometries, there is involvement of the DN# 1 
and 3 to the DN# 2 differently as shown in Fig. 5(e, g and i). This different hotspot in the mirror 
geometries normal to x, y and z prove the chirality behavior of our trimer nanoantenna due to the 
differential interaction between the components. These mirror geometries have also effects on the 
magnetic field (Figs. 5(h) and 5(j)) tending to a dominant effect of DN #2 and with less influence 
of the other two components. While we have considered reflections of the structure in the incident 
field these effects and the controlled modification of the interaction and spatial distribution of 
intense hotspots can be produced by modifying the incident field. It offers a new interesting tool 
in chiral sensing with an enhanced field around the DNs and a controlled variation. 
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Figure 5. (a) Schematic representation of the original structure and the illumination configurations 
(incidence angle = 30 º) and (b) explaining diagram of the considered reflections of the structure 
in the incident field. (c-j) Near scattered electric and magnetic field spatial distribution for the 
original geometry and the considered reflections with respect a mirror plane normal to x, y and z 
respectively.

3. Conclusion

In summary, we have fabricated and analyzed a resonant dielectric Cu2O trimer 
nanostructure. The DN components have been fabricated with different sizes in order to induce 
chirality in the structure. This provides a differential response depending on the type of a circular 
polarized incident beam followed by circular dichroism. In addition, we have observed that the 
excited magnetic resonance in one of the components produces a resonant enhancement of the 
circular dichroism. We have analyzed in detail numerically and experimentally, the different 
interactions between the DN components and their weights in the chirality of the system. We have 
shown that while the resonant DN is fundamental in the optically resonant response of the whole 
structure, its different interaction with the other two components is responsible for the circular 
dichroism. Additionally, we have also observed that this circular dichroism is more prominent in 
the induced magnetic field than in the electric one, showing the importance of the resonant mode 
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of the structure. This differential interaction allows the controlled manipulation of the hotspots 
around the DNs by modifying the orientation of the nanoantenna on the incident field. 

  

4. Methods

4.1 Sample Preparation

Cu2O nanoparticles were prepared by employing a typical solution route method as 
reported by D F Zhang et al. 29. For the nanoparticle synthesis, research grade reagents were 
purchased, from Sigma-Aldrich, and used as it is in the experiment. In the first step, transparent 
light green color polyvinylpyrrolidone-CuCl2.2H2O solution was prepared by slowly adding 
polyvinylpyrrolidone (PVP) in 100 mL CuCl2.2H2O solution. After that, 10 mL sodium hydroxide 
(NaOH) was added into PVP-CuCl2.2H2O solution and stir it for 30 minutes. In the next step 
ascorbic acid was added into PVP-CuCl2.2H2O solution drop by drop and aged for 3 h. The 
molarities of PVP, NaOH and ascorbic acid were 0.01 mol L-1 (PVPMW 30000), 2.0 mol L-1 and 
0.6 M respectively. All these synthesis steps were performed in the water bath with constant 
stirring and heating. The obtained solution was centrifuged to get the desired precipitate. After 
that, several times, washing was performed with deionized water and ethanol to get rid of 
impurities then followed by drying in an oven for several hours. The above-described Cu2O 
solution growth process gives spherical shape nanoparticles ranging in different sizes. To study 
well shaped single, double and triple spheres of Cu2O first we prepared a solution by mixing Cu2O 
particles in ethanol and then dispersed it on a marked substrate. For further characterization 
required particle’s position was determined with respect to the marks drawn on the substrate. These 
marks were made using the process of photo-lithography with the help of MA/BA6 Süss Micro 
Tec mask aligner.    

4.2 Apertureless Scanning Nearfield Optical Microscopy (ASNOM)

In ASNOM, a probe made of platinum illuminated by a focused light beam is used to scan 
in close proximity of the sample under study to collect the scattered near field signals 53,54. The 
ANSOM images are obtained under the constant gap condition (constant vibration amplitude and 
constant average tip sample distance). Linearly polarized light from a laser (HeNe, 632.8 nm) is 
focused onto the tip-sample junction with an angle of 30° with respect to the sample surface via 
an objective lens. Back-scattered light from the tip-sample junction is collected by the same lens 
and homodyne-detected to give separate intensity and phase information of the scattered field 53,54.

4.3 Dark Field Spectroscopic measurement

In dark field spectroscopic measurement, we used an un-polarized source of the light in the 
visible range. This un-polarized light then converted into the x-polarized light of different 
wavelengths using KURIOS-VB1 “Liquid Crystal Tunable Filter” (LCTF) in a controlled way. 
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We used the 100x Objective lens of 0.90 numerical aperture provided in Olympus BX51 
microscope to obtain the dark field spatial distribution image at a wavelength from 420 nm to 730 
nm spectrum with a wavelength step of 5 nm. After getting the 63 images, we calculated the 
scattering spectra using LCTF analyzer provided by THOR Labs. For CD measurement, we used 
a quarter wave plate at 45o and 135o as shown in Fig 2(a).

4.4 Numerical Simulations

For calculating the scattering cross-section of a single sphere, we used Mie theory. For trimer 
cross-section, backscattered signal and near field profiles under linear and circular polarized 
illumination, we used FDTD method. A plane wave source with the required polarization type and 
incident angle were used. A frequency domain field monitor for the detection of scattering field 
and spectra was used. A converging test is performed by starting the simulation with a coarse mesh 
and reducing the mesh cell size until consecutive simulations produced closely matched results. 
The final mesh cell for the silicon substrate is 10 nm x 10 nm x 1 nm and for the particle is equal 
to Rp/15, where Rp is the radius of the particle. The simulation time was set to 1000fs, which is 
about 10 times larger than the time required by the simulation to converge. At the end of each 
simulation, though, we also ensure that all field components have decayed to zero, which means 
that the simulation has run for sufficiently long time for the Fourier transformation to be valid.
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