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Silicon nanoantenna for controlling the polarization direction
of radiation from standalone quantum light source
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Abstract. The emission control of standalone quantum sources has recently attracted the
interest of the scientific community due to the growing technological capabilities for fabrication
and on-demand positioning of these emitters. Here we report on simulation of silicon-on-
insulator prismatic nanoantenna possessing resonantly induced bianisotropy that provides a
strong dependence of its emission on the location of the quantum emitter inside the system.
Obtained results could potentially be used in sensing, nanoscale light control, and quantum
computing applications.
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AnHotanusa. B nmocienHee Bpemsl yhpaBieHME BSMUCCHUE OIMHOYHBIX MCTOYHMKOB
M3JIy4YeHUsl TIPUBJIEKAET MHTEPEC HAyYHOTO COOOILECTBA B CBSI3U C POCTOM TEXHOJOTMUYECKUX
BO3MOXHOCTEH MO CO3JaHUI0 U MO3UIIMOHUPOBAHUIO TAKUX U3nydaTteseii. B aToil pabote Mbl
coob1iaeM 0 MOJIeJIMPOBAHUM HAHOAHTEHHBI B BUAE MPU3Mbl Ha 0a3e KpeMHUsI-Ha-U30JISTOpE,
MOoAIe PXKUBAIOLIECH pe30HAHCHO BO30Y:KIaeMblil 0MaHU3O0TPOMHBII OTKJIMK 1 00ecTieunBalolieit
CUJIbHYIO 3aBMCHUMOCTb XapaKTePUCTUK U3JyYEHUs OT MOJIOXKEHMSI KBAaHTOBOIO W3JaydaTelist
BHYTPU HaHOCTPYKTYypbl. [lonydeHHbIe pe3yabTaTbl MOTYT TMPUMEHSITbCS B 00JacTu
30HAMPOBAHMS, YIpPaBJIeHUS CBETOM Ha HaHoMmacluTabe M, B IMEPCHEKTUBE, ISl CO3IaHUS
KBaHTOBBIX KOMIMBIOTEPOB.

KioueBble ciioBa: KBaHTOBbIE OCTpPOBKH, KpE€MHUEBasA HaHOAHTCHHA, aIMarpaMma
HanpaBJI€HHOCTH, MOJiApUu3alud, YUCICHHOC MOACINPOBAHUEC, HaHO(l)OTOHI/IKa
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Introduction

The creation of efficient compact photon emission sources has a wide range of potential
applications, primarily in optical communication lines and information processing systems,
including quantum computers. To increase variability of procedures that can be performed on a
single chip, the number of independently controlled emitters should be reduced — at best to unity.
Only recently it became possible to create standalone emitter, located on demand, in silicon wafer
[1]. Herewith, silicon-on-insulator-based nanostructures attract great scientific interest due to the
possibility of efficient light control at the nanoscale via excitation of both electric and magnetic
Mie-type resonances [2, 3, 4].

Here we study silicon nanoresonators placed on an insulator substrate with an individual
emitter precisely located inside and focus on the effect how polarization in the far field zone
depends on the light source position. It is favorable for developing efficient emission sources with
controllable polarization in the measurable zone [5—6].

We have previously studied the effects of induced bianisotropy in asymmetric nanoresonators and
nanoclusters in [7, 8], and have shown that the coupling between electric and magnetic multipoles
in such structures results in interesting effects, including polarizability-dependent modes excitation
and directional scattering. These concepts can be applied and developed to control the emission
from the quantum islands in silicon nanostructures. Based on our discussions with colleagues,
proposed designs can be manufactured with accuracy £10 nm by the methods of electron beam
lithography and plasma etching from a bare layer with controllable positioned emitters. The last
one can be obtained via techniques discussed in [1] which can be briefly represented as follows: the
structure is grown at 600 °C using molecular-beam epitaxy on a SOI substrate with buffer layer and
contain several layers of Ge(Si) QDs interspersed with intermediate Si layers.

Materials and Methods

Different polarizations of incident electromagnetic wave can excite different modes inside the
prismatic nanoparticle at the same frequency. Moreover, degenerated modes have completely
different field distribution, corresponding to the transverse electric and transverse magnetic types
(see Fig. 1,c). It becomes possible due to bianisotropy induced in the nanoresonator. Bianisotropy
appears in resonators with a lack of the inversion symmetry and manifests itself in the excitation
of multipoles inside a resonator which are not presented in the incident plane wave [9]. In the
case when the resonator’s optical size is comparable with the incident wavelength, bianisotropic
response can be easily presented in the following form:

(M

_ T R
m=¢,a""H+—a"E,

where E and H are the electric and magnetic fields of the incident wave at the dipoles
coordinates, c is the speed of light, Z is the free space impedance, €, is the vacuum permittivity,

and o, a0, 0™ are the second rank polarizability tensors.
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Fig. 1. Scheme of a silicon prismatic nanoresonator with an embedded point emitter:
COMSOL model view (a); the inset shows a prismatic nanoparticle with a single emitter,
artistic view; cut plane of the prism parallel to the substrate (b); the asterisks mark different positions
of the emitter. Electric field distributions on the cut plane shown in Fig. 1,5 excited in the prism
illuminated by plane waves with two orthogonal polarizations (c¢)

The last figure was adopted with permission from [8]

By tuning the geometrical parameters, it is possible to create a structure where bianisotropic
excitation of the magnetic dipole from the incident wave’s electric field arises resonantly at the
same frequency with the simple electric dipole resonance in the orthogonal polarization (see [§]
for details). Due to the reciprocity principle, different modes excited in the nanoparticle have
different polarization in the emitted far field. In order to enhance modes with different field
distributions it is necessary to place the emitters differently inside the nanoresonators. In this case,
the coupling between the emitter and the resonator modes strongly depends on its location and
orientation, and the desired mode can be excited.

We carried out numerical calculations of the characteristics of the proposed nanosystem on
a substrate in the COMSOL Multiphysics software. The emitter was modelled as a point dipole
source oriented parallel to the substrate’s surface and located inside the silicon nanoparticle at
various positions. The material properties of crystalline silicon were emulated via refractive index
equal to 3.5, which silicon has in the infrared range, and the refractive index of quartz substrate
has taken to be 1.5. Particle’s environment was air.

Results and Discussion

Fig. 1,a,b shows the scheme of a considered structure, a silicon triangular prism on a quartz
substrate. Parameters of the structure were chosen in accordance with optimized geometry from
[7]. Here, H = 382 nm, R = 282 nm, B = 40°. Point dipole was located in a plane parallel to the
substrate at a distance H/2 from it, different positions of the emitter along the triangle symmetry
axis with different values of shift § from the base side were modeled. The corners of the prism were
smoothed in the simulation, as there will be no sharp corners in the fabricated samples.

Simulations showed that the radiation from the structure goes predominantly into the substrate,
however, the experimental setup, for which we developed the design of the nanostructure, collects
the light from the ambient air side. Therefore, it is more important to analyze the radiation in the
upward direction. Its features depend strongly on the location and orientation of the emitter. Thus,
it is possible to find the location where emission in the upward direction has only y-polarization
(e.g. along prism triangle’s height), no matter how the emitting source is polarized. Fig. 2 shows
emitted light polarization maps in the far field zone area above the investigated nanostructure for
two positions of the source, 150 nm and 300 nm away from the short side of the triangle at the
prism base and for different orientations of the emitter. As seen in the first row of Fig. 2, radiation
in the considered area have both two polarizations in the observation direction upward from the
substrate, along the triangle base and along its height. And the second row shows that for another
emitter position both x- and z-oriented dipoles bring y-polarized contribution to the emitted
light, while contribution of x-oriented dipole into the far field radiation is negligibly small. The
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Fig. 2. Maps showing the electric field direction on the half-spherical surface above
the structure in the far field wave zone. White arrows indicate direction and magnitude
of the light’s electric field in the upward direction. Two rows correspond to the two different
emitter locations, three columns correspond to the three different emitter orientation directions

x-dipole radiation dominates over the y-dipole one, meanwhile in the second row the y-dipole
dominates over the two other orientations. The z-dipole radiation in the upward direction is low
in both considered cases.

The direction of the dipole moment of the electron transition in the experimentally fabricated
nanoislands strongly depends on shape and geometry and, thus, can be assumed unknown, so we
consider all three polarizations of quantum emitter. It means that x-, y- and z- dipoles are excited
with the same probability. However, if radiation at a chosen angle can “choose” the orientation
of the dipole depending on its location, and we can manipulate and control the emitter location
inside the nanostructure, we can use this mechanism to obtain the photoluminescence polarized
on demand. Moreover, the luminescence signal of Ge-Si nanoislands is characterized by a
large width [1], which makes it possible to interact with non-degenerated nanoresonator modes
depending on their location. It expands the scope of possible designs sufficiently and opens a new
route to design active metadevices.

These results are of a big interest of author’s collaborators and the first experiments with
standalone quantum nano-islands have been already performed based on the designs shown in
this paper.

Conclusion

We have demonstrated a prismatic nanoresonator on a substrate in which different
electromagnetic modes can be excited depending on the location of the incorporated light
emitter. Different modes radiate into the far field zone in a different manner, and the dominant
polarization is strongly dependent on the emitter location. This result can be used for generation
of a polarized luminescence signal as well as for determining the emitter location by analyzing
the polarization of the radiation.

Acknowledgments

The authors acknowledge A. V. Novikov, M. V. Stepikhova, V. A. Zinovyev, Zh. V. Smagina for
fruitful discussions.

238



Physical opti
4 ysical optics >

REFERENCES

1. Smagina Zh.V., Novikov A.V., Stepikhova M.V., Zinovyev V.A., Rodyakina E.E., Nenashev A.V.,
Sergeev S.M., Peretokin A.V., Kuchinskaya P.A., Shaleev M.V., Gusev S.A., Dvurechenskii A.V.,
Luminescence of spatial ordered single and groups of Ge(Si) nanoislands embedded in photonics
crystals, Semiconductors (2020) 54, 8, 708—715.

2. Staude I., Pertsch T., Kivshar Yu. S., All-Dielectric Resonant Meta-Optics Lightens up, ACS
Photonics (2019) 6, 4, 802—814.

3. Kuznetsov A. 1., Miroshnichenko A. E., Brongersma M. L., Kivshar Y. S., Luk’yanchuk B.,
Optically resonant dielectric nanostructures, Science (2016) Vol. 354, No. 6314, aag2472.

4. Staude 1., Khardikov V. V., Fofang N. T., Liu S., Decker M., Neshev D. N., Luk T. S., Brener
I., Kivshar Yu. S., Shaping Photoluminescence Spectra with Magnetoelectric Resonances in All-
Dielectric Nanoparticles, ACS Photonics (2015) 2, 2, 172—177.

5. Rutckaia V., Heyroth F., Schmidt G., Novikov A., Shaleev V., Savelev R. S., Schilling J., Petrov
M., Coupling of Germanium Quantum Dots with Collective Sub-radiant Modes of Silicon Nanopillar
Arrays, ACS Photonics (2021) 8 (1), 209—217.

6. Zinovyev V.A., Zinovieva A.F.; Nenashev A.V.; Dvurechenskii A.V., Katsuba A.V., Borodavchenko
0.M., Zhivulko V.D., Mudryi A.V., Self-assembled epitaxial metal-semiconductor nanostructures with
enhanced GeSi quantum dot luminescence, Journal of Applied Physics (2020) 127, 243108.

7. Markovich D., Baryshnikova K., Shalin A., Samusev A., Krasnok A., Belov P., Ginzburg P.,
Enhancement of artificial magnetism via resonant bianisotropy. Scientific reports (2016) 6, 1—8.

8. Evlyukhin A. B., Poleva V. A., Prokhorov A. V., Baryshnikova K. V., Miroshnichenko A. E.,
Chichkov B. N., Polarization switching of quasi-trapped modes and near field enhancement in
bianisotropic all-dielectric metasurfaces, Laser Photonics Rev. (2021) 15(12), 2100206.

9. Poleva, M., Frizyuk, K., Baryshnikova, K., Bogdanov, A., Petrov, M., Evlyukhin, A., Multipolar
theory of bianisotropic response. arXiv preprint arXiv:2205.01082 (2022).

THE AUTHORS

BARYSHNIKOVA Kseniia PETROYV Mihail
k.baryshnikova@metalab.ifmo.ru m.petrov@metalab.ifmo.ru
ORCID: 0000-0002-3753-3543 ORCID: 0000-0001-8155-9778
SERGAEVA Olga

o.sergayeva@metalab.ifmo.ru
ORCID: 0000-0003-0922-8768

Received 29.08.2022. Approved after reviewing 01.09.2022. Accepted 08.09.2022.

© Peter the Great St. Petersburg Polytechnic University, 2022

239



