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A reflector for semi-guided waves
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A reflector for semi-guided waves
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A reflector for semi-guided waves
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Overview

Oblique semi-guided waves

• Snell’s law, critical angles
• Effective permittivity
• Semi-guided beams

• Power dividers, mirrors
• High-contrast gratings
• Step-shaped optical via
• Excitation of OAM modes
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Snell’s law
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∼ eiωt, ω = kc = 2πc/λ

• Incoming slab mode {Nin;Ψin}, (E,H) ∼ Ψin(x) e−i(kyy + kzz),
incidence angle θ, k2N2

in = k2
y + k2

z , ky = kNin sin θ.

• y-homogeneous problem: (E,H) ∼ e−ikyy everywhere.
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Snell’s law

z

z
θ

y

kNin

θ
kz

ky

θout

y

ky kNout

θout

kξ

ξ1,2,3x

y

z

θ

ξ2
ξ3

ξ1

x

• Outgoing wave {Nout;Ψout}, (E,H) ∼ Ψout( . ) e−i(kyy + kξξ),
k2N2

out = k2
y + k2

ξ , ky = kNin sin θ.

• k2N2
out > k2

y : kξ = kNout cos θout, wave propagating at angle θout,
Nout sin θout = Nin sin θ.
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Snell’s law
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• Outgoing wave {Nout;Ψout}, (E,H) ∼ Ψout( . ) e−i(kyy + kξξ),
k2N2

out = k2
y + k2

ξ , ky = kNin sin θ.

• k2N2
out < k2

y : kξ = −i
√

k2
y − k2N2

out, ξ-evanescent wave,

the outgoing wave does not carry optical power.
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Snell’s law
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• Outgoing wave {Nout;Ψout}, (E,H) ∼ Ψout( . ) e−i(kyy + kξξ),
k2N2

out = k2
y + k2

ξ , ky = kNin sin θ.
• Scan over θ:

change from ξ-propagating to ξ-evanescent if k2N2
out = k2N2

in sin
2 θ

mode {Nout;Ψout} does not carry power for θ > θcr,
critical angle θcr, sin θcr = Nout/Nin.
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Critical angles
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nf > nb,
single mode slabs, NTE > NTM > nb,
in: TE0.

• Propagation in the substrate and cladding relates to effective indices Nout ≤ nb
RTE + RTM + TTE + TTM = 1 for θ > θb, sin θb = nb/NTE.

• TM polarized waves relate to effective mode indices Nout ≤ NTM
RTM = TTM = 0, RTE + TTE = 1 for θ > θTM, sin θTM = NTM/NTE.
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Critical angles
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nf

nf > nb,
single mode slabs, NTE > NTM > nb,
in: TM0.

• Propagation in the substrate and cladding relates to effective indices Nout ≤ nb
RTE + RTM + TTE + TTM = 1 for θ > θb, sin θb = nb/NTM.
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Formal problem, effective permittivity

∇× Ẽ = −iωµ0H̃, ∇× H̃ = iωϵϵ0Ẽ,

& ∂yϵ = 0,

&
(

Ẽ
H̃

)
(x, y, z) =

(
E
H

)
(x, z) e−ikyy, ky = kNin sin θ

(
∂x

1
ϵ∂xϵ+ ∂2

z ∂x
1
ϵ∂zϵ− ∂z∂x

∂z
1
ϵ∂xϵ− ∂x∂z ∂2

x + ∂z
1
ϵ∂zϵ

)(
Ex

Ez

)
+ k2ϵeff

(
Ex

Ez

)
= 0,

ϵeff(x, z) = ϵ(x, z)− N2
in sin

2 θ,

2-D domain, transparent-influx boundary conditions.

• Where ∂xϵ = ∂zϵ = 0:
(
∂2

x + ∂2
z
)
ϕ+ k2ϵeffϕ = 0, ϕ = Ej,Hj.
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Solvers

• Vectorial quadridirectional eigenmode propagation (vQUEP)

(c)(b)(a)

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

• Finite element method (FEM)
COMSOL Multiphysics, www.comsol.com

• Vectorial hybrid coupled mode theory (vHCMT)
Optical and Quantum Electronics 52, 472 (2020), metric.computational-photonics.eu
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Power dividers
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nb = 1.45 (SiO2), nf = 3.45 (Si), d = 0.22µm, variable w; TE / TM excitation at λ = 1.55µm, varying θ.

TE input: θb = 30.91◦, θTM = 46.27◦; TM input: θb = 45.31◦.
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Power dividers
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Power dividers
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Power dividers
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Laterally limited input

(2.5-D) ∂yϵ = 0, (E,H) ∼ exp(−ikyy), ky ∼ sin θ
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Power dividers, excitation by semi-guided beams
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Power dividers, excitation by semi-guided beams
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High-contrast waveguide Bragg gratings
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Gratings, spectra
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Gratings, fields

(electromagnetic energy density)

(b)

T > 0.99

0 2 4 6 8 10

-0.5

0

0.5(a)

R = 0.50

0 2 4 6 8 10

-0.5

0

0.5

(d)

T > 0.99

0 2 4 6 8 10

-0.5

0

0.5(c)

R = 0.89

0 2 4 6 8 10

-0.5

0

0.5

(f)

T > 0.99

0 2 4 6 8 10

-0.5

0

0.5(e)

R > 0.99

0 2 4 6 8 10

-0.5

0

0.5

15

Gratings, incoming semi-guided beams
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Gratings, incoming semi-guided beams

(d)

W
b

R < 0.01, T > 0.99

-40 -20 0 20 40

-40

-20

0

20

40

(c)

W
b

R > 0.99, T < 0.01

-40 -20 0 20 40

-40

-20

0

20

40

16

Corner
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ng = 3.4, nb = 1.45, d = 0.25µm, λ = 1.55µm; TE input: θb = 30.45◦, θTM = 51.14◦.
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Corner
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Step-shaped optical via
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Step-shaped optical via
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Step-shaped optical via
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Step-shaped via, excitation by semi-guided Gaussian beams
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High-contrast slab & coated fiber
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ns = 1.45, nf = 3.45, nc = 1.0, d = 0.22µm; nr = 1.45, na = 3.45, a = 0.22µm, ρ = 2µm; variable g.
TE excitation at λ = 1.55µm, varying θ.

TE input: θc = 20.88◦, θs = 31.13◦, θTM = 41.94◦.
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Orbital angular momentum modes
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angular order l ∈ Z, effective index Nm;
degenerate modes OAM(l, . ) and OAM(−l, . ).

nr : na : nc = 1.45 : 3.45 : 1.0,
a = 0.22µm, ρ = 2µm, λ = 1.55µm:

TE(0, 1), TE(0, 2), TE(0, 3),
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Oblique resonant excitation of the fiber
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The fiber supports a guided mode with effective index Nm

Resonant interaction with the waves in the slab expected at θ ≈ θm,
where ky = kNTE sin θ ≈ kNm, sin θm = Nm/NTE (TE input).
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Angular spectrum
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Angular spectrum
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OAM(±13, 1), varying gap
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OAM(±13, 1), varying gap
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Excitation by semi-guided beams
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maxy Pf ≈ 0.8 (purity ≈ 0.9999).
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Concluding remarks

Oblique semi-guided waves

Early concepts of integrated optics in a high-contrast framework:
• easily configurable power dividers,
• lossless waveguide gratings,
• step-shaped optical vias,
• evanescent excitation of guided OAM waves,
• . . . (. . . exceptionally simple structures).

(e)

R > 0.99 θ = 68°

(C1)

θ = 68°,  h = 2.15µm

Funding: Ministry of Culture and Science of the State of North Rhine-Westphalia,
project Photonic Quantum Computing (PhoQC), Paderborn University.
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Integrated optics of semi-guided waves
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