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Maxim Elizarov and Andrea Fratalocchi

PRIMALIGHT, Faculty of Electrical Engineering, Applied Mathematics and Computational Science
King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi Arabia

Email: maxim.elizarov@kaust.edu.sa

Abstract—We demonstrate that it is possible to surpass current
limitations of nanophotonics and plasmonics by designing an ar-
tificial material which can emulate user-defined spatial refractive
index distribution. The effective optical property of the material
is engineered through the deformation of reflective substrate
via transformation optics approach. We provide one of possible
applications - subwavelength optical waveguide coupler device
based on this technique.
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I. INTRODUCTION

In the past two decades, photonics has gained a lot of
momentum in research on subwavelength light manipulation
at the visible range. One of the directions in this research is
to utilize the propagation of surface plasmon polaritons (SPP)
at the metal-dielectric interface. It provides waveguiding at
the nanoscale, and a high concentration of light at the sub-
wavelength scale. Generally, the downside for this is low
propagation lengths and high metallic absorption. Another di-
rection is to use the effects of electromagnetic wave interaction
with low-loss all-dielectric structures. Despite their efficiency
and large propagation lengths, the light confinement is largely
diffraction-limited in all-dielectric structures compared to plas-
monic materials.

In this work, we present a framework that allows overcom-
ing both the issue of ohmic losses of plasmonics and the
issue of the diffraction limit of all-dielectric nanophotonics
by engineering an artificial material with a significantly high
contrast of refractive index for strong light confinement. By
applying inverse design to the transformation optics method,
we demonstrate that it is possible to create desired distribution
of refractive index (virtual domain of a flat substrate) by
geometrical deformation of a reflective substrate (physical
domain). As a possible application, we propose a waveguide
coupling device based on a high refractive index nanoresonator
that captures incident radiation and channels energy outside of
the high-index deformation orthogonally to the incident light.

II. THEORY OF INVERSE DESIGNED METERIALS VIA
GEOMETRICAL DEFORMATIONS

We study the realization of the material characterized by
the inhomogeneous, nondispersive, and anisotropic refractive
index n(r) =

√
ϵ(r)µ(r), by using a conformal deformation

of coordinates r = Ω(r′) (fig.1a). In the transformed space r′,
Maxwell equations remain identically the same with the in-
troduction of a new material with dielectric permittivity ϵ′(r′)
and magnetic permeability µ′(r′) expressed by transformation

Fig. 1: a – conformal mapping concept; b - spatial configuration of
the waveguiding device; c – corresponding complex refractive index
distribution; d – energy distribution inside the waveguiding device
under the illumination of CW source (FDTD simulation);

optics formulas via Jacobian matrix ∇Ω [1]. This material
generates a transformed refractive index n′(r) =

√
ϵ′(r)µ′(r)

that incorporates the effects of the geometrical deformation Ω.
The main idea of this work is to inverse design the deformation
Ω so that the transformed refractive index is that of a vacuum,
with n′(r′) = 1. We prove that the deformation is found by
solving Eq.(1) in the scalar limit with ϵ and µ described by a
single arbitrary scalar component for a desired refractive index
distribution.

n2(r) =

∣∣∣∣dΩ(u)du

∣∣∣∣2 . (1)

We solve this equation for user-defined profiles of refractive
index n(r) by statistical learning via nonlinear regression.

III. OPTICAL WAVEGUIDING

We demonstrate that it is possible to design an artificial
material with desired distribution of refractive index, e.g ultra-
high index deformation with refractive index profile reaching
n ≈ 100. According to FDTD simulation results, this high-
index nanoresonator is capable of efficient energy trapping.
We setup an optimization problem to identify an appropriate
design for skin-depth waveguiding device based on this struc-
ture. As a result (fig.1b-d), we achieve a subwavelength waveg-
uiding without plasmonic losses by trapping and channeling
incoming light through the artificial material with tailored
refractive index profile.
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