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A dielectric step
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A dielectric step

ng = 3.4, n, = 1.45,
d=025um, h =2.15um,
A = 1.55 um, in: TE. -3 -2 -1 0 1 2 3
z [um]
Tte > 0.99, Rrg < 0.01, Typm =0, Ry = 0.




A dielectric step
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Oblique incidence ! z [um]
Tte > 0.99, Rtg < 0.01, Trm =0, Rym = 0.



Oblique semi-guided waves

Overview

Snell’s law, critical angles

Waveguide junctions

90°-corners, step configurations

Strip resonator

Semi-guided beams




Snell’s law

~ ei"‘”, w =kc =2mc/\

e Incoming slab mode {Niy; ¥in}, (E,H) ~ ¥iy(x) e—ilkyy + kzZ)’
incidence angle 6, k*NZ = k§ + k2, ky = kN, sin 6.
o—iky

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




Snell’s law

e Outgoing wave {Nou; Your}, (E,H) ~ Wou(.) e_i(kyy + kﬁf),
N3y = ky + Kz, ky = kN sin 6.

out



Snell’s law

b N\
<
N

e Outgoing wave {Nou; Your}, (E,H) ~ Wou(.) e_i(kyy + kﬁf),
N3y = ky + Kz, ky = kN sin 6.

out
° kzNgut > kﬁ: ke = kNoy cos 0oy, Wave propagating at angle Oy,

Nout $in Oy = Nip sin 6.



Snell’s law

b N\
<
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e Outgoing wave {Nou; Your}, (E,H) ~ Wou(.) e_i(kyy + kﬁf),
N3y = ky + Kz, ky = kN sin 6.

out

o N3, <kj: ke =—iy/kZ —k>N3,. E-evanescent wave,

the outgoing wave does not carry optical power.



Snell’s law

e Outgoing wave {Nou; Your}, (E,H) ~ Wou(.) e_l(kyy + kﬁf),
kN3, =k + k. ky = kNip sin 0.
e Scan over 0:
change from ¢-propagating to &-evanescent if kN2, = kzNizn sin® 0
~~> mode {Nou; Wou} does not carry power for 6 > 6,
critical angle O, sin 6 = Nout/Nin-



Critical angles

ng > Ny,
T WWW\, single mode slabs, Ntgg > Ntmo > np,
in: TEy.




Critical angles

ng > Np,
single mode slabs, Ntgg > Ntmo > np,
in: TEy.

e Propagation in the cladding relates to effective indices Noy < np
~~  Rrpo + Rtmo + Tteo + Trmo = 1 for 6 > 6, sin @, = ”lb/NTEO-

e TM polarized waves relate to effective mode indices Noy < NTmo
~~ Rreo+ Tteo = 1, Rrmo = Ttmo = 0 for 6 > O, sin O = N1mo/NtEO-



Formal problem, effective permittivity

V xE = —iwuoff, V xH = iweeoE,
& Oye=0,

& ( >(x,y,z)=<f,> (x,2)e Y, ky = kN sin

b



Formal problem, effective permittivity

V xE = —iwuoff, V xH = iweeoE,
& Oye=0,

E E ik, :
& (ﬁ) (x,y,2) = <H> (x,2)e 1y, ky = kNj, sin ¢

1 2 1 _
g < ax€8x€+az axﬁaze azax) (EX) +k2€eff (Ex) :Os

8Z%8x6 — 0,0, 02+ 8Z%816 E, E,
eefr(x,2) = €(x,2) — N2 sin® ),

2-D domain, transparent-influx boundary conditions.



Formal problem, effective permittivity

V xE = —iwuoff, V xH = iweeoE,
& Oye=0,

E E ik, :
& (ﬁ) (x,y,2) = <H> (x,2)e 1y, ky = kNj, sin ¢

1 2 1 _
g < ax€8x€+az axﬁaze azax) (EX) +k2€eff (Ex) :Os

81%8)56 — 0,0, 8)% + (‘91%816 E, E,
eefr(x,2) = €(x,2) — N2 sin® ),
2-D domain, transparent-influx boundary conditions.
e Where Oce = 0,6 = O:
(2 +02) ¢+ Kerp =0, ¢ = Ej, Hy.



vQUEP solver

V

Vectorial Quadridirectional Eigenmode Propagation (vVQUEP)*

* Optics Communications 338, 447-456 (2015)

metric.computational-photonics.eu


https://metric.computational-photonics.eu/

Abrupt waveguide junction

0y

ny = 1.45, ng = 3.45, d = 0.22 um, r = 0.05 pm,
A = 1.55 um, in: TE,.



Abrupt waveguide junction

2y

ny, = 1.45, ng = 3.45, d = 0.22 pum, r = 0.05 pum,
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Abrupt waveguide junction, fields

X [um]




Abrupt waveguide junction, fields

X [um]




Coated waveguide junction

ny = 1.45, ng =3.45, d = 0.22 um, r = 0.05 um,
A = 1.55 um, in: TEy, 6 = 33°.



Coated waveguide junction

ny = 1.45, ng =3.45, d = 0.22 um, r = 0.05 um,
A = 1.55um, in: TEy, 6 = 33°.
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Coated waveguide junction

ny, = 1.45, ng = 3.45, d = 0.22 pum, r = 0.05 pum,
A = 1.55 um, in: TE,,
h=0.16 pm, w = 0.40 pm.

Oy = 30.9°, Ormm = 31.2°, Op 1g = 37.7°, Or 1w = 46.3°.
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Coated junction, field

X [um]

T>0.995




Corner

ng = 3.4, n, = 1.45,
d =0.25um, A = 1.55um, in: TEy.




Corner

ng = 3.4, n, = 1.45,
d =0.25um, A = 1.55 um, in: TE,.
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Corner

|E|

X [um]

0
z [um]
Rtg = 0.01, Rtm = 0.01,
Ttg = 0.17, Ttm = 0.21.




Corner
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Resonances




Step




X [um]
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Rrg < 0.01, Rt =0,
Tte > 0.99, Ttm = 0.

0
z [um]

0 =68° h=2.15um
1 2 3




Oblique resonant excitation of a dielectric strip

ng = 3.45, ny = 1.45,
d =0.22um, XA = 1.55um, in: TEy;

h=0.22um, w= 0.5 pm.



Oblique resonant excitation of a dielectric strip

Ty

ng = 3.45, ny = 1.45,
d =0.22um, XA = 1.55um, in: TEy;

h=0.22um, w = 0.5 pum,
Nm = 2.419, Ay = 1.55 um.

The strip supports a guided TE-like mode with effective index Ny @ A\ = A,



Oblique resonant excitation of a dielectric strip

ng = 3.45, ny = 1.45,
d =0.22um, XA = 1.55um, in: TEy;

h=022pum, w=0.5um, g,
Nm = 2.419, Ay = 1.55 um, 6, = 58.99°.

The strip supports a guided TE-like mode with effective index Ny, @ A = Ay

C» Resonant interaction with the waves in the slab expected at 0 =~ 0y,
where ky, = kNiy sinf ~ kNp, sin 0 = N /Nin.



Strip resonator, fields

R <<0.01, T=0.99
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Strip resonator, fields
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Strip resonator, fields

6 = 58.02°

(|E|, g = 200 nm)



Strip resonator, fields

6 =58.27°
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Oblique resonant excitation of a dielectric strip
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Oblique resonant excitation of a dielectric strip

(A=1.55um m
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Oblique resonant excitation of a dielectric strip
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Oblique resonant excitation of a dielectric strip
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Oblique resonant excitation of a dielectric strip
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Strip resonator, resonance properties

A =1.55um

2 2 3
IE,P/IE P10
>

AB[]

—_

58

0]

56

0.1 0.2

0.4

0.5

6 = 58.99°

- -
]
o1 01 O

0.1 0.2

g [um]

0.4

0.5




Strip resonator, resonance properties
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Excitation conditions




Excitation conditions




Semi-guided beams

¢ Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.

(E,H)(x, z)=

‘I’in(kyQ x) e_ikZ(ky)(Z —20) + p(ky;x, 2)



Semi-guided beams

¢ Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.

(E,H) (x,y,2) =

(‘I’in(k)’;x) e Hhelk) (2= 20) 1 p(iysx, Z)) e~1k(y=0)



Semi-guided beams

¢ Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.

(E.H) (x,y,2) =
. (ky - kyO)z
2 . .
A/ e Wy (lIlin(ky; x) e_lkz(ky)(z - ZO) + p(ky;x’ Z)) e_lky(y - yO) dky
Focus at (yo, 20),

primary angle of incidence 6,
ky() = kNin sin 9().



Semi-guided beams

¢ Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.

e Incoming wave, “small” wy: 5
k
((y Yo) — 25z — ZO))
2A _i _ _
(B.H),, (v.3.2) =V € (W72 alhyg) e ol = 0] +Role = 20)

Focus at (yo, 20),

primary angle of incidence 6y,

kyo = kNin sin 90,

ko = kNj, cos 6y,

width Wy, (full, along y, 1/e, field, at focus),

Yot

Wy = 4/Wk.



Semi-guided beams

e Superimpose 2-D solutions for a range of &, / a range of 6,
such that the input field resembles an in-plane confined beam.

e Incoming wave, “small” wy:

c?

24 W .
(E,H) (x,y,z):\/%w € (Wcr/z)z lI’in(kyOSX) e lkle
y

in

Focus at (yo, 20),

primary angle of incidence 6y,

ky() = kNin sin 90,

ko = kNj, cos 6y,

width Wy, (full, along y, 1/e, field, at focus),
width W, (full, cross section, 1/e, field, at focus),
Wy = 4/wi, Wer = W, cos by.




Abrupt waveguide junction, wave bundles
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s 90 =33° T=0.94




Coated junction, wave bundles

y [um]

[HI, 6, =337, T>0.98




Corner, wave bundles

X [um]
y [um]

-15 -10

-5
z [um]

Wy =27um, Wer = 10um, Rrg = 0.72, Rpm = 0, T1g = 0.28, Tty = 0.



Step, wave bundles

x =1.20um
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0o = 68°, W, =27 um, Wer = 10 pum, Rrg = 0.66, Rrm = 0, Trg = 0.34, Ty = 0.



Step, wave bundles

X =-1.20um

y [um]
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(Cw) 6, = 68°
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Op = 68°, W, =481 um, Wer = 180 um, Rrg = 0.03, Rpm =0, Trg = 0.97, Ttm = 0.



Concluding remarks

Oblique semi-guided waves

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

e short, quasi-lossless tapers,

e optical vias,
open dielectric resonators with infinite Q, “bound states in a continuum” (BICs)
o . ..? (... exceptionally simple structures).
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