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Abstract: The robustness of the modal degeneracy for phofinac-cone can be engineered by
designing all-dielectric pillar arrays giving onighplatform of zero index material for any

wavelength regime. We demonstrate this concepefecom regime.
OCIS codes:(160.3918) Metamaterials; (230.5298) Photonictatgs (230.0230) Optical devices

1. Zero index material (ZIM) based on “photonic Dirac-cone” at thel” point

Zero index material (ZIM) has been developed akatigom for novel applications in photonic suchcisaking
[1], super coupling [2], and phase-mismatch-frealinear optics [3]. Epsilon-near-zero (ENZ) matknigth
infinite impedance behaves like mirrors, which hgsor impedance match to free space and wavefg]ideased
on “photonic Dirac-cone” at the center of the Builin zone [ point in the photonic band diagram), ZIM can
achieve a finite impedancew /&)™ to optimize the optical coupling with other wavisgs [1]. And in order to
have compatibility for mass production utilizing @8 processes, the structure should be as simgesathle. In
this work, we demonstrate that a square-latticgilir array can show impedance-matched zero indéxunusual
structural robustness in terms of the modal degeyeio form the Dirac-cone, which is significant the practical
applications.

2. Super robustness in All-dielectric ZIM (ADZIM)
We’ve demonstrated metallic ZIM for telecom bandhose structure is shown in Fig. 1(a) [4]. And, warfd
that the Dirac-cone is formed by the combinatioranfelectric monopole mode and a transverse magdigible
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Fig. 1 Comparison of the robustness of the modgederacy at the gamma point against the pillanelier variation between (a) metallic
ZIM and (b) ADZIM. The left-side schematics illusteathe cross-section of the unit cell in the sirtiala Insets show the top view of the
E; (color) andH, + Hy (arrow) field for monopole and dipole modes in timét cell. (c) Photonic band diagrams for ADZIM idlifferent
2r. Other structural parameters are correspondirig)to
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mode. However, the degeneracy of those two modigshappens at one specific pillar diameterf@ a given set
of pitch a and pillar thicknesss;, Fig. 1(a), which means achieving an exact Dimagecis not so practical. This is
because the slopds\/A2r (structural sensitivity) of both modes are diffareBut if we make it all-dielectric with
simple structure as shown in Fig. 1(b), the sloges be almost the same since their modal equivaldek in the
unit cell can be comparable by choosing a properbiation of the pitcla and pillar thicknesss;. Fig. 1(c) shows
photonic band diagrams with different @ verify that unusual structural robustness. Fthese diagrams, Dirac-
cone is maintained and shifting with. 2f we define “near Dirac-cone” whose wavelengifietlence between the
monopole and dipole modes is less than 5 nm, tbeable range of 2can be maximized > +50 nm. In addition,
the tuning of the zero index wavelengths can beeseld with the same. It is useful for broadband operation
without any geometric optimization. Since the ofieraregime of this robustness is also scalablearit be called as
“super robustness’ in ADZIM. Although the pillar shape tends to bepered due to the fabrication error from the
dry etching process, we confirmed that ADZIM dtileps its robustness considering the tapered shapeally the
robustness is improved when the tapered angle-ig°2which is convenient for practical applications

3. Demonstration of super robust ADZIM

To experimentally confirm this robust behavior, fabricated the prism devices with different thorough e-
beam lithography and RIE-ICP dry etching on sili@ominsulator wafer whose thickness of the Si lagenodified
by Si regrowth technique. SEM pictures of the fedied device are shown in Fig. 2(a) and (b). Therprs coupled
to a tapered Si waveguide with 45° tilted angléhasinput and to a SU8 semicircular slab wavegagléhe output.
Tapered Si waveguide is designed to input TM-poéatilight (electric field parallel to the pillariaxinto the prism
with low radiation loss. When we input the lasghtiinto the tapered Si waveguide, the refractepudubeam is
scattered onto the edge of the slab waveguide@grsim Fig. 2(c). By observing this refraction amglaccording
to the center of the scattering point, we can eggnthe effective index of the prismg; using Snell’s law rfes; ~
Nsug SiNY'sin45°). Therefore wheng; = 0, we observe the refraction widh= 0° (zero index refraction). When we
gradually change the wavelength of the input latbat, zero index refraction has been observeg, at 1560 nm. So
we've demonstrated the existence of the zero imd@ur proposed structure. In order to verify thbustness, the
further measurements with different@&e on-going. Those experimental results will tespnted in the talk.

4. Summary

We proposed the super-robust ADZIM based on “phiot@irac-cone” with the simplified structure, and
experimentally demonstrated the zero index of ADAIWusing prism geometry. The concept of the rabesd can
give us an on-chip ZIM platform, which is scalalbbeany wavelength while keeping its simplicity. Btilizing
ADZIM for phase matching, on-chip nonlinear optigi become simpler and more efficient.
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Fig. 2 Demonstration of ADZIM operation. (a) SEMfpire of fabricated ADZIM prism with coupling wavedes. White lines and arrow
denote the definition of the refraction angle(b) Magnified SEM picture around the ADZIM prisnt) (Observed near infrared image
around the SU8 slab waveguide wiA;, = 1560 nm. The white dotted curve indicates the edglee SU8 slab waveguid



