Concepts for oblique semi-guided waves:
integrated optics with negative effective permittivity
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A reflector for semi-guided waves

ny = 1.45, ng =3.45, d =220nm, A = 1.55um
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A reflector for semi-guided waves

TM, 6 =55° w=211nm
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Snell’s law

~ eiw’, w = kc =2mc/A
® Incoming slab mode {Ni,; Wi}, (E,H) ~ ¥iy(x) e—i(kyy + kzz)’
incidence angle 6, kzNiZn = k§ + kzz, ky = kNjy sin 0.

e y-homogeneous problem: (E,H) ~ e~ ikyy everywhere.

Overview

Oblique semi-guided waves

® Snell’s law, critical angles
o Effective permittivity

® Semi-guided beams

® Power dividers, mirrors

® High-contrast gratings

e Step-shaped optical via

e Excitation of OAM modes

Snell’s law

¢ Qutgoing wave {Nout; Your}, (E,H) ~ Wou(.) o i(kyy + kgﬁ),
N2y = K2+ K2, ky = kNiy sin 6.
® K°Ngy > ki ke = kNour cos fou, Wave propagating at angle Gout,

Nout Sin Ogye = Nip sin 6.
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® Outgoing wave {Now; Wou}, (E,H) ~ Pou(.) e (ky +kel) ® Outgoing wave {Now; Cou}, (E,H) ~ Wou(.) e 1k +ke€)
K*N3y = ki + Kk, ky = kN sin 6. kN2, = k2 + k2, ky = kNip sin 6.
® Scan over 6:
® KNoy < kf Doke =i k% — k2Ngy,, &-evanescent wave, change from ¢-propagating to &-evanescent if k2N2, = k*NZ, sin” 6
the outgoing wave does not carry optical power. <~ mode {Nout; Pour} does not carry power for ¢ > O,
critical angle O, sin ¢ = Nout/Nin.
o = 4 o =

Critical angles Critical angles

ng > np, ng > Ny,

. T™M, .
TE, i VWWWY single mode slabs, Ntg > Ntm > np, * VWWY single mode slabs, Ntg > Ntm > np,
in: TEy. in: TMp.
® Propagation in the substrate and cladding relates to effective indices Noy < np ® Propagation in the substrate and cladding relates to effective indices Noy < 1y,
~> Rrg+RMm+TE+Tm=1 for 6 > 6’b, sin 01, = nb/NTE. ~> Rrge+RmM+TmE+Tmm=1 for 6 > 91,, sin Gb = I’Lb/NTM.

e TM polarized waves relate to effective mode indices Noye < Ntm
~~» Rmm=Trm =0, Rrg +Trg =1 for 6 > 6mm, sin M = NTM/NTE-



Formal problem, effective permittivity Solvers

V xE = —iwuofl, V xH= iweeQE,
® Vectorial quadridirectional eigenmode propagation (VQUEP)
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2-D domain, transparent-influx boundary conditions.
e Where dy¢ = 0,¢ = O: ® Vectorial hybrid coupled mode theory (VHCMT)
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Power dividers
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Power dividers
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TM, 6 = 55°, w = 653nm

Laterally limited input

(2.5-D) 0ye =0, (E,H) ~ exp(—ikyy), ky, ~ sinf

Laterally limited input

(3-D) dye =0, (E,H) = [(.)exp(—ikyy)dk,
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Power dividers, excitation by semi-guided beams

Power dividers, excitation by semi-guided beams
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High-contrast waveguide Bragg gratings Gratings, spectra

A =420nm, g = 10 nm,
0 = 45°,in: TE,,
bandgap at ~1.55 pm, width 136 nm.

ny = 1.45 (Si0y), ng = 3.45(Si), d = 0.22 um, variable A, g, N; TE excitation at 0 = 45° for A € [0.8,2.2] pm.
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Gratings, fields

N=5, A=1550um
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Gratings, incoming semi-guided beams

(electromagnetic energy density)
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Gratings, incoming semi-guided beams
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ng =34, my =145 d=025um, A =1.55um; TEinput: 6, = 30.45°, 6y = 51.14°.



Corner

Step-shaped optical via
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Step-shaped optical via

ng = 3.4, n, = 1.45, d = 0.25 um, variable o, A = 1.55um;  TEinput: 6, = 30.45°, v = 51.14°.

Step-shaped optical via
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05 10, 15 20 Ris < 001, Rosg — 0.
Trg > 0.99, Tty = 0.



Step-shaped via, excitation by semi-guided Gaussian beams

X =-1.20um x =1.20um
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0() = 680, Wb =180 wm, RTE = 0.03, RTM = 0, TTE = 0.97, TTM =0.

Orbital angular momentum modes

(f,) (r.0,7) = (@(r) e 17 e~ ikNmy

angular order [ € Z, effective index Np,;
degenerate modes OAM(!, . ) and OAM(—1, . ).

neing ine=1.45:3.45:1.0,
a=022um, p=2pum, A =1.55um:
TE(0, 1), TE(0, 2), TE(0, 3),

TM(0, 1), TM(0, 2), TM(0, 3),
1,2,...,20,
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OAM(#1,6);

90 orthogonal modes.

High-contrast slab & coated fiber

ns = 1.45, ng =3.45, nc = 1.0, d =022 um; nr = 1.45, na = 3.45, a = 0.22 um, p = 2 um; variable g.
TE excitation at A = 1.55 um, varying 6.

TE input: 0. = 20.88°, 0, = 31.13°, Opm = 41.94°.

Oblique resonant excitation of the fiber

The fiber supports a guided mode with effective index Ny,

C» Resonant interaction with the waves in the slab expected at 0 ~ 0y,
where ky, = kNtgsinf ~ kNp, sin 0y = Npm/Nte  (TE input).



Angular spectrum
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Excitation by semi-guided beams
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(¢ = 200nm, TE input, target mode OAM(—13,1); absolute electric field |E|)

max, Pr ~ 0.8 (purity ~ 0.9999).

Integrated optics of semi-guided waves

Concluding remarks

Oblique semi-guided waves

Early concepts of integrated optics in a high-contrast framework:

® casily configurable power dividers,

® Jossless waveguide gratings,

® step-shaped optical vias,

® cvanescent excitation of guided OAM waves,

° .. (... exceptionally simple structures).
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