Reducing radiation loss of near zero-index metamaterials
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Abstract: We design a near zero-index metamaterial that reduces radiative loss
through partially destructive interference of multiple loss channels, resulting in a
bound state in the continuum. This design consists of silicon pillars array. By
adjusting the unit cell dimensions including radius, pitch and height, we can
partially eliminate the out-of-plane radiation.

1. Introduction

Optical metamaterials—composite materials made of nanoscale building blocks—
can achieve unconventional effective index of refraction by engineering the
geometry of the building blocks. In extreme cases, the effective index can
approach zero, resulting in infinite phase velocity and spatial wavelength [1,2]. By
integrating with on-chip photonic circuits, zero-exponential phenomena can
provide unprecedented phase control over a large spatial extent, with applications
in nonlinear and quantum optics [3]. However, because of the zero index
corresponds to an electric monopole mode and two magnetic dipole modes
degenerating at the center of the Brillouin zone, which is innately above the light
line, opening a loss channel to the direction perpendicular to the substrate, i.e. the
guided wave propagating within the zero-index metamaterial can couple to a plane-
wave radiating in the out-of-plane direction (the direction perpendicular to the
substrate). Here we eliminate this out-of-plane radiation loss via the destructive
interference between the plane waves radiating upward and downward, forming a



bound state in the continuum [4].. A zero-index metamaterial design with a
reflector that reduces radiation loss through the destructive interference of multiple
lossy channels, resulting in bound states in continuum [5, 6]. The design includes a
silicon pillar array and a planar reflector. By adjusting the distance between the
reflector and the pillars, out-of-plane radiation can be eliminated completely.
However, for near zero-index metamaterials (ZIMs), there is no similar design and
method to reduce the out-of-plane radiation losses.

In this paper we present a near zero-index metamaterial that reduces radiative
losses through destructive interference of multiple loss channels, resulting in a
bound state in the continuum [5, 6]. This design consists of a silicon pillar array,
and by adjusting the unit-cell dimensions including radius, pitch and height, we
can partially eliminate the out-of-plane radiation.

2. Design and results

Fig. 1. Reducing radiation loss near zero-index modes. The structure consists of a
3D silicon pillar array. Near zero-index modes are supported by a finite silicon
pillar array.



We design a low-loss near zero-index metamaterial composing of an array of
silicon pillars without a reflector (Figure 1). Under an in-plane TM excitation, the
pillars support two Bloch modes at the center of the Brillouin zone: an axial
electric monopole mode, and a transverse magnetic dipole mode. By adjusting the
radius and pitch of the pillar array, we can achieve the degeneracy of these modes
at center of the Brillouin zone and a given operating wavelength, in our case 1525

nm [1-3].
By comparison, the ZIM consists of a square array of 850-nm-tall silicon pillars,

with a radius r = 240 nm, and pitch a = 918 nm (supplementary a).

Q factor

Fig. 2. the quality factor of the propagating mode 3 as the function of the pitch of

metamaterials.

In order to get a high Q factor, the design consists of a square array of circular
pillars with radius r = 240 nm and pitch a = 918 nm. 850-nm-tall silicon pillars,

and tune silicon pillars height from 830nm to 930 nm (supplementary b). The



quality factor of the propagating band 3 by sweeping the pitch of metamaterials
(Fig.2). We selected pitch a =872 nm and keep 850-nm-tall with a radius r = 240

nm as our design (Fig.2), where Q factor is about 4*10™.
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Fig. 3. (a)The photonic bands at the center of the Brillouin zone. The colorbar
represents the quality factor of the propagating mode (band I, band II, band III
separately from top to bottom). (b) Mode profiles of the three zero-index modes at
the I' -point, corresponding to a monopole (M, band III) and two dipoles (Dx band
I and Dy band II). The colormap shows the out-of-plane electric field on a cross-

section through the unit cell.

To characterize the optical modes of the designed metamaterial, we calculate its
band structure in the plane of the array. Figure 3(a) shows the photonic

bandstructure of the presented metamaterial. The effective index of the propagating

: k, :
modes can be approximated by Ty where k is the Bloch wavevector.

Near the center of the Brillouin zone, the three bands correspond to a monopole

mode and two orthogonal dipole modes, respectively.
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Fig. 4. (a) Q contours show that the quality factor is near the design wavelength (b)
Isowavelength contours show that this metamaterial is isotropic around the design

wavelength.

This is demonstrated by the band structure in the reduced Brillouin zone. Figures
4a, 4b show the dispersion surfaces, and indicates the Q factor at each point in k-

space[7-11].

Bloch modes near the I'-point can always be
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Fig. 5. (a) The color represents the quality factor of the propagating mode 3, which
is strongly peaked. (b) The color represents the quality factor of the propagating

mode 3.

Figure 5 shows the photonic dispersion surfaces of the optimized metamaterial,
near the center of the Brillouin zone, indicating near zero effective index.
Isofrequency contours show that this behavior is isotropic near the design
wavelength. The quality factor is strongly peaked near this wavelength (Fig. 2c).
The optimized design achieves Q > 10% more than two orders of magnitude
improvement over previous designs [3]. The all-dielectric approach allows for
large-area implementation of integrated zero-index phenomena, including

supercoupling [12] and simultaneous phase-matching in nonlinear optics [13].
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Fig. 6. (a) The photonic band of mode 3 at the center of the Brillouin zone. Linear
dispersion indicates finite impedance, even at the I'-point. (b) refractive index

versus kx.

Phase velocity describes the speed and direction of the phase of a wave. In terms of
the wave's angular frequency o, which specifies angular change per unit of time,
and wavenumber (or angular wave number) k, which represents the proportionality

between the angular frequency o and the linear speed (speed of propagation)
[0
U= ; (D

U, 1s what matters with interference.

the refractive index of a material n is a dimensionless number that describes how

light propagates through that medium. It is defined as Ui . In our case it is 0.059

P

shown in Fig.6(b).
Group velocity describes the speed and direction of the envelope of a pulse.

do
U= % (2)

where o is the wave's angular frequency (usually expressed in radians per second),
and k is the angular wavenumber (usually expressed in radians per meter). In our

case it is 3.1*10"7 m/s.

In analogy with the refractive index, the group index (or group refractive index)

n, of a material can be defined as the ratio of the vacuum velocity of light to the



C
group velocity in the medium. The group index 7, is defined as N In our case it
g

is 8.78. The group velocity is related to the curvature of the band [14-15],
approaching U,=0when the band is parallel to the horizontal axis. In the context of
the effective index, this corresponds to a rapid change in index with increasing

frequency. Fig.6 shows the refractive index of our design, and Fig.7 shows group

velocity versus and group index.

The group index is used, e.g., to calculate time delays for ultrashort pulses
propagating in a medium, or the free spectral range of a resonator containing a

dispersive medium.
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Fig. 7. (a) group velocity versus kx. (b) group index versus wavelength.
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Fig. 8. (a) In-plane profile of the metamaterials. The field profile shows the
vertical component of the electric field through a horizontal cross-section of the
array. (b) Out-plane profile of the metamaterials. The field profile shows the

vertical component of the electric field through a vertical cross-section of the array

Electric field distributions of the Bloch mode at different wavelengths is
corresponding to positive (lambda = 1530 nm), zero (between 1530 nm to 1565
nm), and negative index (lambda = 1565 nm). In all cases, electromagnetic energy

propagates from left to right.

The high Q condition depends on the free-space wavevector, and therefore can
only be satisfied for a single wavelength. As a result, the Q factor is finite and
decreases as the operating frequency is detuned from zero index. The imaginary
index signals the return of radiative loss for positive and negative index modes.

Bound states at the Dirac-point propagate as lossless zero-index modes, which can
exhibit exotic optical phenomena over large areas. These effects have so far been
limited to hypothetical bulk media or infinitely tall metamaterial arrays. Due to the
finite extent of near ZIM, propagation loss can now be reduced in planar devices
and integrated with on-chip photonics. For example, we simulate a slab of near
ZIM which is illuminated by a planar silicon waveguide.
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Fig. 9. (a) In-plane profile of the metamaterials. The field profile shows the vertical
component of the electric field through a horizontal cross-section of the array. (b)
Out-plane profile of the metamaterials. The field profile shows the vertical

component of the electric field through a vertical cross-section of the array.

For comparison, we also simulate the propagation through pillar array of ZIM. The
unit cell dimensions are altered to ensure degeneracy of monopole and dipole
modes at the operating frequency. The “unbound” zero-index mode exhibits the
same phase-free propagation, and the energy decays exponentially as the wave
propagates due to radiative loss (fig 9a,9b).

Q factor




Fig. 10. (a) The color represents the quality factor of the propagating mode 3,
which is strongly peaked near the Dirac point with pitch a =866 nm. (b) pitch a
=878 nm. (c) pitch a =884 nm.

We propose a design consisting of a square array of 850-nm-tall silicon pillars,
with a radius r = 240 nm and pitch a =866 nm, a square array of 850-nm-tall silicon
pillars, with a radius r = 240 nm and pitch a =878 nm, and a square array of 850-

nm-tall silicon pillars, with a radius r = 240 nm and pitch a =884 nm.

Fig.10 shows the quality factor of the propagating mode 3, which is strongly
peaked near the Dirac point with pitch a =866 nm, pitch a =878 nm and pitch a
=884 nm.

3. Conclusion



We present a near zero-index metamaterial design that reduces radiative loss
through destructive interference of multiple loss channels, resulting in a bound
state in the continuum. The design includes the silicon pillar array, and by only
adjusting the unit cell dimensions (radius, pitch and height), we can partly quench
the out-of-plane radiation. For further improvement of radiative loss around near
ZIMs, we can achieve confinement through destructive interference of the radiated

light, creating a bound state in the continuum.
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