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ABSTRACT
Hybrid structures that combine dielectric resonators with plasmonic structures hold great promises due to the diversity of
optical modes they possess. Here, we explore the physics underlying the scattering response of a hybrid nanoantenna
made of a metal disk placed on top of a dielectric cylinder and study the hybridization of the different modes excited in
the dielectric and metallic parts. Surprisingly, we note that the signature of an anapole state – usually only seen in high
refractive index dielectrics – can be observed in the metallic part of the system. The Cartesian multipoles excited in the
dielectric and metal interfere in a complex manner, leading to an unexpected high-order vector spherical multipolar
response in the far-field. These effects are thoroughly studied in terms of the near-field and absorption enhancements.
We also show that very fine control over the multipoles’ resonant positions can be achieved by varying the geometry of
the structure. This flexibility renders this system very promising for sensing applications. Based on these developments,
we have designed and fabricated such hybrid nanoantennas using silicon and aluminum and measured a preliminary
sensitivity of 160 nm/RIU, which is competing with conventional sensors based on localized surface plasmon
resonances.
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1. INTRODUCTION
Optical sensing at a desired wavelength has recently attracted significant interest. The techniques based on localized
surface plasmon resonances have reported a sensitivity of hundreds of nm/RIU.1,2 In these experiments, sensing of a
refractive index variation is performed by tracking the variation of the scattered light resonance energy position. In this
case, thanks to the resonant collective oscillations in metallic nanoparticles, an extremely high field enhancement can be
reached, effectively increasing the sensitivity to the analytes’ refractive index variations.3 The sensitivity in these cases is
determined by the quality factor of the resonances.
For a particular resonant particle geometry, that can take practically any shape such as spheres, stars, fractals, rods and
many others, the form and the quality factor of the resonances mainly depends on the symmetry and sharpness of the
edges of the structure and less on the sizes of the objects.4-9 This is, however, not the case when several resonant particles
are brought about in a close proximity to each other.10,11 For two metal particles, the hybridization takes place leading to
the emergence of additional high-quality factor resonances. However, as soon as the overall amount of metal is
increased, so do also increase the losses, especially at the resonance frequencies. Quite interestingly, when hybridization
is performed between metal and dielectric, the situation is expected to change. Low losses of dielectric should decrease
the overall absorption of a hybrid system, whereas the magnetic type resonances should contribute to the resonant
scattering characteristics, making the scattering response of the system more versatile. Indeed, in recent publications, the
ability to manipulate the positions of the scattered field resonances has been shown on an example of a silver disk
stacked on top of a silicon cylinder.12 These developments helped designing and experimentally realizing an optimized
structure with very high quality factor scattered field resonances that showed sensing at a level of 200 nm/RIU.13
In this paper, we make a comprehensive complementary work to Refs. 12,13 and analyze the hybridization effects in a
similar geometry of stacked silicon-silver cylindric geometry in terms of the additional scattering peaks appearance,
near-field and absorption enhancements.
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2. RESULTS
In this section, we study the scattering response of a hybrid system made of an Ag disk placed on top of a Si cylinder as
sketched in Figure 1(a). The Ag disk and Si cylinder share the same radius of 235 nm, with the heights of 24 and 88 nm,
respectively. We model the refractive index of Ag with the experimental data fit obtained from Johnson and Christy14
and the refractive index of Si was set as 13 without losses. A Si cylinder is chosen to be lossless to clearly estimate the
absorption enhancement of a hybrid structure as compared to an isolated Ag disk, as shall be seen below. The hybrid
system is illuminated with a planewave propagating along the symmetry axis of the structure, as depicted in Figure 1(a).
For a hybrid structure, the total scattering cross section along with its vector spherical harmonic (VSH) contributions15,16
is presented in Figure 1(a). Form Figure 1 (a), two distinct electric dipolar resonant peaks (E1) are observed at 980 and
1100 nm. Two scattering minima are observed at 850 and 1087 nm and marked with dashed grey vertical lines. To
understand the origin of these resonant features, we plot the scattering cross sections of isolated Si cylinder and Ag disk
in Figure 1(b) and 1(c), respectively. The illumination condition for these plots is kept the same as in Figure 1(a).
For a Si cylinder, Figure 1(b), we observe a strong electric dipolar resonance at 1060 nm and observe a part of a curve
associated with the higher-energy dipolar resonance located at 760 nm. The resonance dip at 940 nm is attributed to the
anapole state effectively excited in Si.17,18 The scattering cross section of an isolated Ag disk, Figure 1(c), has only one
electric dipolar resonance at 1250 nm within the chosen frequency range.

Figure 1. The scattering cross section with the VSH multipolar decomposition for (a) hybrid geometry of stacked Ag disk
and Si cylinder (b) an isolated Si cylinder with a radius of 235 nm and a height of 88 nm, (c) an isolated Ag disk with a
radius of 235 nm and a height of 24 nm. (d) Field enhancement at a point marked with a red star (located in the xOz-plane, 7
nm from the right top edge of the structure).

By comparing Figure 1(a)-1(c), we observe that the scattering of a hybrid geometry mainly inherits the scattering cross
section line shape from a Si cylinder. The anapole state in a hybrid structure experiences a blueshift as compared to the
position of the anapole state in Si. The electric dipole mode seen at 1060 nm for a Si structure is split into two modes at
980 and 1100 nm for a hybrid structure forming a Fano resonance.6 This happens because the dipole mode at 1060 nm in
Si effectively couples with the dipole mode in Ag at 1250 nm. This can be verified further by inspecting the charge
distribution of Si and of a hybrid structure at 1050 and 1200 nm (below and above the position of the dipolar resonance
in Si), Figure 2(a) and (b). We plot the charge distribution of isolated Si in Figure 2(a) and Figure 2(b), where it can be
clearly seen that isolated Si shows the same charge distribution for the two selected wavelengths, whilst a hybrid
structure clearly possesses two distinct resonance charge distributions, Figure 2(c) and Figure 2(d).
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Figure 2. Real part of the normalized bound charge distribution. Red color stands for positive charges and blue for negative.
(a) and (b) charge distributions for isolated Si cylinder at 1050 nm and 1200 nm. (c-e) charge distributions for a hybrid
geometry at 1050 nm, 1200 nm and 1087 nm, respectively.

As can be noted from Figure 1(a), the scattering cross section of a hybrid geometry has a very sharp SCS resonance dip
at 1087 nm. In the same time, we observe an effective enhancement of the magnetic dipole (M1) and electric quadrupole
(E2) modes at this wavelength. In Figure 2(e) we plot the surface charge distribution for this resonant frequency that
clearly points to an effective excitation of a resonant mode at this wavelength. It can be clearly noted that the phase of
the charge on the Si and Ag parts of the hybrid structure are shifted by a factor of p , that is predicted by Fano resonance
models.6 Since the quality factor of the resonance at 1087 nm is very high, a significant field enhancement is expected at
this wavelength. In Figure 1(e), we plot the field enhancement factor for isolated Si, Ag and a hybrid structure at a point
that is located in the xOz plane at 7 nm from top right corner of the structure. It can be noted that for a hybrid system, the
field enhancement is effectively lower as compared to that of Ag but higher than of Si. Hovewer, in the case of a hybrid
system the enhancement is achieved at very particular wavelengths: at 850 and 1087 nm we see very distinct field
enhancements.

Figure 3. Absorption scattering cross sections of isolated silver disk (grey line) and of a hybrid system (dark blue).

Let us now analyze how dielectric affects losses in a hybrid system. In Figure 3, we plot the absorption scattering cross
section for an isolated Ag disk and for a hybrid geometry (Si is not plotted as being lossless). It can be clearly seen that
losses are significantly enhanced (about 50 times stronger) for a hybrid system at the position of the resonances. This can
be explained by a penetration of strong volumetric electric fields from the dielectric structure into the metallic one,
thanks to the continuity of the tangential component of the electric field across the boundary. Indeed, from Figure 4, we
notice that for a hybrid system excited at 850 nm, the characteristic divergence-free field distribution of the anapole
mode (that is usually seen in dielectric) can now be observed in metal.

Proc. of SPIE Vol. 11797 117970E-3

Figure 4. Electric field distribution (vectors) and intensity colormap. (a) At the geometrical center of a Si cylinder. (b) At the
geometrical center of an Ag cylinder.

Quite interestingly, the positions and the magnitudes of the resonant features presented above can be finely controlled by
varying the geometrical parameters of the structure. The analysis of the link between the magnitude/position of the
individual multipolar components of the structure and geometrical parameters has been done in our recent work.12 We
would like to summarize its main results here. Let us call the height of the Si cylinder “ H ” and its radius “ R ”. Let us
also call the thickness of the Ag disk “ t ”. In this case, we note that an increment of either R or H (or simultaneous
increment of R & H ) generally leads to an increment of the amplitude of the electric and magnetic dipole resonances
with a simultaneous redshift of the resonance positions.12 The increment of the height t of Ag, on the contrary, leads to a
blueshift of the resonant positions and barely affects their amplitude, also leading to the emergence of high-quality
resonances observed previously.12
The knowledge about these behaviors is very beneficial and helps us optimize and fabricate larger resonant structures.
The fabricated optimized system is a periodically repeated unit sell having the size of 670x670 nm 2 . Each cell consists
of a Si cylinder and an Al disk having a height of 220 nm and 60 nm, respectively and sharing the same radius of 235
nm, see Figure 5(a). In order to further enhance the electric field produced by the structure, we introduce an additional 75
nm SiO 2 gap between Si and Al. It has been recently shown that the introduction of such a gap barely affects the
magnitude of the resonances, while significantly affecting their positions.10,12 Aluminum was chosen as the metallic
component of a fabricated hybrid system instead of silver to ease the fabrication process. Moreover, the use of Al and Si
makes the structure CMOS compatible.
We measure the transmittance spectrum of a designed structure suspended in air and in a glucose solution of varying
concentration, corresponding to different refractive indices, Figure 5(b). See Ref.12 for the technical details of the
experiment. In Figure 5(b), we track the redshift of the resonant peak as the refractive index of the solution increases. By
interpolating this dependence with linear regression, we estimate a preliminary accuracy of sensing at a level of 160
nm/RIU.
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Figure 5. (a) SEM image of the fabricated structure. (b) Transmittance spectra of the designed structure performed in various
environment.

3. CONCLUSIONS
We performed theoretical and experimental analysis of a hybrid structure made of a metal disk placed on top of a
dielectric cylinder. Theoretical analysis revealed sharp multipolar resonance dips in the scattering spectrum of the hybrid
structure appearing due to the emergence of the Fano resonance. In comparison between isolated metallic/dielectric parts
and a hybrid structure, the latter shows very sharp resonance peaks, leading to strong field enhancements at particular
wavelengths. In the meantime, ohmic losses are found to be increased by a factor of 50 at the same wavelengths.
A hybrid structure with additional spacing between metal and dielectric was fabricated and tested for sensing
applications. Preliminary sensing at a level of 160 nm/RIU was detected.
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