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Simple beam splitters for semi-guided waves in integrated silicon photonics

Overview

® Oblique incidence of semi-guided waves

® Facets, reflectance

Power dividers

Bundles of semi-guided waves

Cascaded devices




High-contrast slabs

Ty

ny = 1.45 (Si0y), ny = 3.45 (Si), d = 0.22 um, variable w; TE-/TM-excitation at A = 1.55 pm, varying 6.



Semi guided waves at oblique angles of incidence
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Semi guided waves at oblique angles of incidence

~ ei"‘”, w =kc =2mc/\
¢ Incoming slab mode {Niy; ¥in}, (E,H) ~ ¥iy(x) e—ilky + kzZ),
incidence angle 0, kzNizn = kg + kf, ky = kNj, sin 0.

¢ y-homogeneous problem: (E,H) ~ e 1k everywhere.



Semi guided waves at oblique angles of incidence

¢ Outgoing wave {Nout; Your}, (E,H) ~ Wou(.) e_i(kyy + kﬁg),

kZN gut

= kg + k2, ky = kN, sin 6.
° kzNgut > kg: ke = kNoy cos Ooy, Wave propagating at angle Oy,

Nout sin Oout = Nip sin 6.



Semi guided waves at oblique angles of incidence

¢ Outgoing wave {Nout; Your}, (E,H) ~ Wou(.) e_i(kyy + kﬁg),
K2NZ% = kg + k2, ky = kN, sin 6.

out

® PNy <ki: ke =—iy/k} — k>N, &-evanescent wave,

the outgoing wave does not carry optical power.




Semi guided waves at oblique angles of incidence

® Outgoing wave {Nou; Tour}, (E,H) ~ oy .) e i(ky + kﬁg),
K’N2, = kg + k2, ky = kNy, sin 6.
® Scan over §:
change from ¢-propagating to &-evanescent if kN2, = k2N12n sin’ 6
<~ mode {Nou; Wou} does not carry power for 6 > 6,
critical angle O, sinf¢ = Noyt/Nin.




Critical angles

ng > Ny,
single mode slabs, Ntg > Ntm > np.




Critical angles

Y

Ty

ng > Ny,
TEq R \/\N\N\’ T single mode slabs, Ntg > Ntyv > np,
in: TE().

® Propagation in the substrate and cladding relates to effective indices Noyt < nyp,
~ Rg+RmM+Tre+Tm=1 for 6 > 6, sin 6y = ny/NrE.

® TM polarized waves relate to effective mode indices Noyt < N1m
~ Rm=Trm =0, Rrg+Trg =1 for 0 > Oqm, sin Otm = Ntm/NrtE.



Critical angles

Ny,

ng > Ny,
Mo R N T single mode slabs, Ntg > Npyv > np,
in: TMy.

® Propagation in the substrate and cladding relates to effective indices Noy < np
~~» Rrge+RmMm+Tre+Tm=1 for 6 > 6, sin 6, = nb/NTM.



High-contrast slabs

Ty

ny = 1.45 (Si0y), ny = 3.45 (Si), d = 0.22 um, variable w; TE-/TM-excitation at A = 1.55 pm, varying 6.
TE input: 6, = 30.91°, O = 46.27°; TM input: 6, = 45.31°.
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Facet
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Facet
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Facet

X [um]

\

TE, 8 = 29°




Facet




Power dividers
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Power dividers
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Power dividers
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Power dividers
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Power dividers
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Power dividers
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Power dividers
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Symmetry
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Ny,

Mirror symmetry x <> —x
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Symmetry
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Mirror symmetry x <> —x
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Symmetry
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Mirror symmetry x <> —x
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Symmetry

Mirror symmetry x <> —x

T
" In |E |E |E |H|H|H,
z TEy | = |+ |+ |+ ]| - |- |PMCo
n
° ™ |+ |- |—-|~-|+ |+ | PECo

® Symmetry of the incoming field extends to the full solution.

® 0 > 6y: Power carried by TEy and TM( modes only.

C» Polarization conversion TE < TM is forbidden.




Laterally limited input




Laterally limited input

(3-D) Oye=0, (E,H) = [(.)exp(—ikyy)dk,




Gaussian bundles of semi-guided waves

® 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)=

Wiy (ky; x) e_ikZ(ky)(Z —20) + p(ky; x, z)



Gaussian bundles of semi-guided waves

® 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(ky; x)e k) (Z=20) 4 p(ky;x, Z)) e~ th(y=0)



Gaussian bundles of semi-guided waves

® 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) =
o (ky - ky0>2
2 . .
A/ © " (‘I’in(kyQ x) e_lkZ(ky)(Z ~ ) + plky;x, Z)) e_lky(y ) dky
Focus at (yo, z0),

primary angle of incidence 6y,
ky() = kNin sin 90.



Gaussian bundles of semi-guided waves

® Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.
® Incoming wave, “small” wy:

((y —y0) — 2z - ZO)>2
EH, 9~ 2P (g ei (ol —30) +kole —2)

Focus at (yg, 20),

primary angle of incidence 6y,

kyo = kNjy sin 6o,

kz() = kNm CcOos 00,

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

Wy = 4/wy.



Gaussian bundles of semi-guided waves

® Superimpose 2-D solutions for a range of k, / a range of 0,
such that the input field resembles an in-plane confined beam.
® Incoming wave, “small” wy:

CZ

(EH), (x.c;]) ~ ¢ Wo/2)? B (kyg;2) e HKVinl

Focus at (yo, z0),

primary angle of incidence 6y,

ky() = kNin sin 00,

ko = kNj, cos 0,

width Wy, (full, along y, 1/e, field, at focus),
width Wy, (full, cross section, 1/e, field, at focus),
Wy = 4/w, Wy, = W, cos 6.




Power dividers, excitation by semi-guided beams

TE, 6 = 45° TE, 6 = 45°
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Power dividers, excitation by semi-guided beams

2 -0 0 10 20 20 -40 0 10 20 -2 -0 0 10 20 -2 -0 0 10 20 20 -0 0 10 20
z [um] z [um] z [um] z [um] z [um]

™™, 6 =55°, W, =8um, Rry + Trm = 1



1 x M power divider

Ri=1/M—j+1)

~~  P.=Py/M

DA



Polarization beam splitter

0 =55°, w=133nm




Polarization beam splitter

0 =55°, w=133nm




Polarization beam splitter

6 =55° w=133nm, s = 1.698 um

X [um]




Polarization beam splitter
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Polarization beam splitter
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Concluding remarks

Simple beam splitters for semi-guided waves in integrated silicon photonics

® Trenches in a high-contrast slab act as simple power dividers for semi-guided waves,
® working principle: frustrated total internal reflection,
® Jossless (...), easily configurable for splitting ratios € [0, 1],

® cascading: dividers with multiple outlets, polarization splitter.
OSA Continuum 4 (12), 3081-3095 (2021)
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Integrated optics of semi-guided waves




Formal problem, effective permittivity

V X E = —iwugH, V x H = iweeyE,
& Oye=0,

E E —ik .
& (ﬁ) (x,y,2) = <H> (x,2)e 1y, ky = kNj, sin 6

1 2 glg._
C» < 8x68x€+ 82 Gxeaze 8Z6x) (Ex> +k266ff <Ex

0. 0 — 0,0, 92+ 9,10 ) \E,
eefr(x, 2) = €(x,2) — N2 sin® 0,
2-D domain, transparent-influx boundary conditions.
® Where Oye = 0,¢ = O:

(02 +02) ¢ + KPeeitp = 0, ¢ = Ej, Hj.



vQUEP solver

T L]
I\ ST T

Vectorial Quadridirectional Eigenmode Propagation (vVQUEP)*

* Optics Communications 338, 447-456 (2015) metric.computational-photonics.eu


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

Nonsymmetric splitters
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Power dividers, tolerances
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Polarization beam splitter, characteristics
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ERtg = 10logy(Rre/Rtm), LOtg = —10log;o(Rte), ERtm = 10log;o(Trm/Tre), LOtMm = —10log o (Ttm)
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