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Photonic circuitry based on TFLN / LNOI
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High contrast dielectric optical waveguides of rib or strip shape,
with trapezoidal cross sections and anisotropic core.
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TFLN channels

“How do the modes look like?”
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X-cut, λ = 1.55µm, na = 1, nc = ns = 1.44835,
ϕ = 30◦, t = 0.6µm, d = 0.3µm, c = 1µm,
w = 0.6µm, θ = 45◦,

ϵ̂f =




4.768 0 0
0 4.636 −0.1326
0 −0.1326 4.636


 .
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Overview

Modes of TFLN waveguides

• Cuts and coordinates
• Parameters and solvers
• Symmetry, orthogonality,

polarization
• X-cut and Z-cut waveguides

of rib and strip type

(linear regime)
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TFLN configurations
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Crystal coordinates {X, Y,Z}, chip coordinates {x′, y′, z′}, channel coordinates {x, y, z}.
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TFLN configurations
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(chip coordinates {x′, y′, z′})
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TFLN configurations
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(channel coordinates {x, y, z})
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TFLN configurations
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(channel coordinates {x, y, z})
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Parameters
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λ/µm ns nc no ne
1.550 1.4483 ns, 1.0 2.1837 2.1220
0.775 1.4589 ns, 1.0 2.2242 2.1565 1.1 1.2 1.3 1.4 1.5 1.6 1.710.90.80.7

2.22

2.24

2.26

2.28

2.3

2.32

2.34

2.2

2.18

2.16

2.14

2.12

λ [µm]

n no

ne

no [EdL84]
no [EFH22]
ne [Jun97]
ne [EdL84]
ne [EFH22]

t/µm d/µm c/µm ϕ w/µm θ
0.6 0.3, 0.6 1.0, 0.0 30◦ [0.0, 4.0] [−180, 180]◦

[EdL84] G. J. Edwards, M. Lawrence, Optical and Quantum Electronics 16:373–375, 1984.
[Jun97] D. H. Jundt. Optics Letters 22(20):1553–1555, 1997.

[EFH22] L. Ebers, A. Ferreri, M. Hammer, M. Albert, C. Meier, J. Förstner, P. R. Sharapova,
Journal of Physics: Photonics, 4(2):025001, 2022.
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Solvers

• Finite element method, FEM
JCMsuite (www.jcmwave.com) — production

• Finite element method, FEM
COMSOL Multiphysics (www.comsol.com) — cross-checks

• Finite integration technique
CST Studio Suite (www.3ds.com) — cross-checks

• Analytical, TFLN slab modes
TFLNS (www.siio.eu) — limits for effective indices
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Guided modes

x

y0

∼ exp(iωt), ω = kc = 2πc/λ

∇× E = −iωµ0H, ∇×H = iωϵ0ϵ̂E,
( E
H

)
(x, y, z) =

(
E
H

)
(x, y) e−iβz,

mode profiles E and H, effective index N = β/k.




∂yEz + iβEy

−iβEx − ∂xEz

∂xEy − ∂yEx


 = −iωµ0




Hx

Hy

Hz


 ,




∂yHz + iβHy

−iβHx − ∂xHz

∂xHy − ∂yHx


 = iωϵ0 ϵ̂




Ex

Ey

Ez


 .
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Symmetry

x

y0

Mirror symmetry y ↔ −y,

ϵ̂ =



ϵx 0 0
0 ϵy 0
0 0 ϵz


 , ϵx, ϵy, ϵz, even in y, real,




∂yEz + iβEy

−iβEx − ∂xEz

∂xEy − ∂yEx


 = −iωµ0




Hx

Hy

Hz


 ,




∂yHz + iβHy

−iβHx − ∂xHz

∂xHy − ∂yHx


 = iωϵ0



ϵxEx

ϵyEy

ϵzEz


 .

SYM Ex Ey Ez Hx Hy Hz

− + − + − +

ASY Ex Ey Ez Hx Hy Hz

+ − + − + −
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Symmetry

x

y0

Mirror symmetry y ↔ −y,

ϵ̂ =



ϵx 0 0
0 ϵy δ
0 δ ϵz


 , ϵx, ϵy, ϵz, δ even in y, real,




∂yEz + iβEy

−iβEx − ∂xEz

∂xEy − ∂yEx


 = −iωµ0




Hx

Hy

Hz


 ,




∂yHz + iβHy

−iβHx − ∂xHz

∂xHy − ∂yHx


 = iωϵ0



ϵxEx

ϵyEy + δEz

ϵzEz + δEy



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Complex symmetry

x

y0

Mirror symmetry y ↔ −y,

ϵ̂ =



ϵx 0 0
0 ϵy 0
0 0 ϵz


 , ϵx, ϵy, ϵz, even in y, real,




∂yEz + iβEy

−iβEx − ∂xEz

∂xEy − ∂yEx


 = −iωµ0




Hx

Hy

Hz


 ,




∂yHz + iβHy

−iβHx − ∂xHz

∂xHy − ∂yHx


 = iωϵ0



ϵxEx

ϵyEy

ϵzEz


 .

SYM Ex Ey Ez Hx Hy Hz

Re − + 0 + − 0
Im 0 0 − 0 0 +

ASY Ex Ey Ez Hx Hy Hz

Re 0 0 + 0 0 −
Im + − 0 − + 0
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Complex symmetry

x

y0

Mirror symmetry y ↔ −y,

ϵ̂ =



ϵx 0 0
0 ϵy δ
0 δ ϵz


 , ϵx, ϵy, ϵz, δ even in y, real,




∂yEz + iβEy

−iβEx − ∂xEz

∂xEy − ∂yEx


 = −iωµ0




Hx

Hy

Hz


 ,




∂yHz + iβHy

−iβHx − ∂xHz

∂xHy − ∂yHx


 = iωϵ0



ϵxEx

ϵyEy + δEz

ϵzEz + δEy




CPX Ex Ey Ez Hx Hy Hz

Re − + + + − −
Im + − − − + +
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Nearly degenerate fundamental modes with symmetry CPX
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X-cut, λ = 1.55µm,
t = 0.6µm, d = 0.6µm, c = 1µm, ϕ = 30◦,
w = 0.2µm, θ = 49.25◦.

Lc = 1033µm, |OΠ| = 0.50. ei(π/3) (E,H)
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Nearly degenerate fundamental modes with symmetry CPX
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X-cut, λ = 1.55µm,
t = 0.6µm, d = 0.6µm, c = 1µm, ϕ = 30◦,
w = 0.2µm, θ = 49.25◦.

Lc = 1033µm, |OΠ| = 0.50.
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Nearly degenerate fundamental modes with symmetry CPX
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X-cut, λ = 1.55µm,
t = 0.6µm, d = 0.6µm, c = 1µm, ϕ = 30◦,
w = 0.2µm, θ = 49.25◦.

Lc = 1033µm, |OΠ| = 0.50.
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Symmetry

Mirror symmetry y ↔ −y,
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Z-cut, X-cut at θ = 0◦,±90◦,±180◦:

• Diagonal permittivity, symmetry classes SYM, ASY ( , ),
• potentially degenerate modes of different classes, modes of the same class “repel” e.o.,
• computations on half the cross section domain (efficiency, robustness).
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Symmetry

Mirror symmetry y ↔ −y,
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X-cut, not-crystal-axis-aligned channels:

• Nondiagonal permittivity, all modes of symmetry CPX ( ),
• no degeneracies allowed, repelling behavior of all dispersion curves,
• computations on full cross section domain.
• (Often modes are “nearly” of type SYM or ASY CMT approximations.)
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Power, normalization, orthogonality

• Formal product of electromagnetic fields (E1, H1) and (E2, H2):

(E1,H1;E2,H2) = (E1,H1;E2,H2)TE + (E1,H1;E2,H2)TM,

(E1,H1;E2,H2)TE = −1
4

∫∫
(E∗

1yH2x + H∗
1xE2y) dx dy

(E1,H1;E2,H2)TM =
1
4

∫∫
(E∗

1xH2y + H∗
1yE2x) dx dy

• Power associated with an electromagnetic field E,H:

(E,H;E,H) =

∫∫
Sz dx dy

• Set of modes {(Em,Hm), βm} of the same channel, normalization to power P0:

(El,Hl;Em,Hm) = δlm P0, δlm = 1 if l = m, otherwise δlm = 0.
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Characterization of modal polarization

• Hybrid profile, polarization ratio:

Π =
(E,H;E,H)TE

(E,H;E,H)
=

1
P0

(E,H;E,H)TE.

Π = 1: “pure” TE, Π = 0: “pure” TM

• Superpositions of modes:
( E
H

)
(x, y, z) =

∑

m

am

(
Em

Hm

)
(x, y) e−iβmz.

• Polarization state associated with the interference field, for total power P0:

Π(z) =
(E,H;E,H)TE

(E,H;E,H)
=

1
P0

∑

l,m

a∗l am(El,Hl;Em,Hm)TE ei(βl − βm)z.
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Two mode interference

• . . . for two modes 1, 2 with amplitudes |a1|2 + |a2|2 = 1:

Π(z) = |a1|2Π1 + |a2|2Π2 + 2r cos((β1 − β2)z + χ).

Πm = (Em,Hm;Em,Hm)TE/P0, r exp(iχ) = a∗1a2OΠ.
• Polarization overlap:

OΠ = (E1,H1;E2,H2)TE/P0.

• Polarization oscillates with the half-beat length and modulation depth

Lc =
π

|β1 − β2|
=

λ

2 |N1 − N2|
, |max

z
Π −min

z
Π| = 4|a1||a2||OΠ|.

• Extreme example: |OΠ| = 1/2, |a1| = |a2| = 1/
√

2,

full periodic conversion between TE- and TM-like states at a distance Lc.
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Rib waveguides, X-cut
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Rib waveguides, X-cut

w = 0.6µm, θ = 45◦; |OΠ| = 0.01.
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Rib waveguides, X-cut
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Rib waveguides, X-cut

w = 2.0µm, θ = 55.85◦; Lc = 100µm, |OΠ| = 0.50.
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Rib waveguides, Z-cut
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Rib waveguides, Z-cut

w = 1.05µm; Lc = 40µm, |OΠ| = 0.49.
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Strip waveguides, X-cut
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Strip waveguides, X-cut

w = 0.2µm, θ = 45◦; |OΠ| = 0.12.
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Strip waveguides, X-cut
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Strip waveguides, X-cut

Z

X
Y

y'

x, x'
z'

z

y

θ

-180 -90 0 90 180
° ]

1.685

1.69

1.695

1.7

1.705

1.71

1.715

1.72

N

(a)

40 45 50 55
° ]

1.7

1.702

1.704

1.706

1.708

1.71

N

(b)

0 0.2 0.4 0.6 0.8 1

18

Strip waveguides, X-cut

w = 0.2µm, θ = 49.25◦; Lc = 1033µm, |OΠ| = 0.50.
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Strip waveguides, Z-cut
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Strip waveguides, Z-cut

w = 1.435µm; Lc = 64µm, |OΠ| = 0.50.
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At half the former target wavelength

λ = 0.775µm
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At half the former target wavelength

λ = 0.775µm
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Concluding remarks

Modes of TFLN channel waveguides

• Standard optical waveguide theory applies, to be adapted for the tensor permittivity.
• Complex symmetry, hybridization; modal properties depend on waveguide orientation.
• Proper handling of anisotropy is essential for realistic simulation and design.
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