Thin-film lithium niobate channel waveguides:
numerical analysis and perturbational modelling
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TFLN channels
“How do the modes look like?”
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Photonic circuitry based on TFLN / LNOI

High contrast dielectric optical waveguides of rib or strip shape,
with trapezoidal cross sections and anisotropic core.

Overview

Modes of TFLN waveguides

Cuts and coordinates

Parameters and solvers

Symmetry
Hybridization: CMT model

Example: X-cut strip channel

(linear regime)




TFLN configurations

TFLN configurations
X-cut

X-cut

(chip coordinates {x",y",z'})

Crystal coordinates {X,Y,Z}, chip coordinates {x’,y’,7'}, channel coordinates {x,y,z}.
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Parameters
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Guided modes
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Solvers

® Finite element method, FEM

JCMsuite (www.jemwave.com)

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

® Finite integration technique
CST Studio Suite (www.3ds.com)

— production

— cross-checks

— cross-checks

e Analytical, TFLN slab modes BB
TFLNS (www.siio.eu) = — limits for effective indices
Symmetry
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Symmetry

Mirror symmetry y <> —y,
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Nearly degenerate fundamental modes with symmetry CPX
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X-cut, A = 1.55 um,
t=0.6um, d=0.6um, ¢ =1pm, ¢ =30°,
w=0.2um, 6 = 49.25°.

Complex symmetry
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Nearly degenerate fundamental modes with symmetry CPX
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X-cut, A = 1.55 pum,
t=0.6um, d =0.6um, ¢ =1pum, ¢ = 30°,
w=0.2um, 6 =49.25°.

f:1(7'r/3) (E,H)




Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢c = 1um, ¢ = 30°,
w = 0.2 um, 6 = 49.25°.
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(fundamental mode, propagation)

Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢ = 1 um, ¢ = 30°,
w =0.2um, § = 49.25°.
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Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 pum,
t=0.6um, d =0.6um, ¢ = 1pm, ¢ = 30°,
w=0.2um, 6 =49.25°.
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(fundamental mode, propagation)

Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 pum,
t=0.6um, d =0.6um, ¢ =1pum, ¢ = 30°,
w=0.2um, 0 = 49.25°.

Le = 1033 um, |Or| = 0.50.

=0.2um

y [um]
y [um]

0 500 1000 150C 0 500 1000 150C
z [pm] z [um]

(two hybrid modes of lowest order, interference)



Modal symmetry <> analysis
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6 = 0: Analysis on half the domain y > 0, separate runs for SYM and ASY
- cfficiency, robustness.

6 # 0: Fields of type CPX, analysis on the full cross sectional domain

- ? (A physical explanation?)

CMT, formalism

e Available: guided modes {3, (En,H,)} for WG €, normalized to power P.

® Approximate the e.m. field (€, H) for WG € as

<7£_L)(x,y72) = ;cm(z) <I§:>(x,y) e =7

(Reciprocity arguments / variational procedure ... )
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0O: the LN core.

Coupled mode theory (CMT)
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CMT, formalism

e Available: guided modes {3, (Em,H,)} for WG €, normalized to power P.

¢ Approximate the e.m. field (€, H) for WG € as

(i) (x,¥,2) = ;cm(z) (11%11) (x,y). p—

(Reciprocity arguments / variational procedure ... )
G de=-iB+K)e
G Ansa: e(z) =a e 102,
C» (B+K)a =ba, (solve numerically)

C’ (';‘:'1, ) X Y52 <Zasm ( Z)) X y) e_ibsz (“supermodes”).



Strip waveguides, X-cut

X-cut, d=t, ¢c=1pm
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Strip waveguides, X-cut

X-cut, d=t, ¢=1pm, w=0.2um
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Strip waveguides, X-cut

Strip waveguides, X-cut

X-cut, d=t, ¢ =1pm

(a) w=0.2um
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Direct computation, reference; w = 0.2 um, 6 = 49.25°; L. = 1033 um, |Og| = 0.50.

(a) N=1.7060, M=057




Strip waveguides, X-cut

CMT supermodes; w = 0.2 um, 6 = 49.25°; L. = 1061 um, |Og| = 0.50.

(a) N=17058, M=051
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Strip waveguides, X-cut, modal power flow
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Strip waveguides, X-cut, modal power flow
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X [

X [um]

yum) T yum

Strip waveguides, X-cut, modal power flow
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Concluding remarks

Modes of TFLN channel waveguides

e Standard optical waveguide theory applies, to be adapted for the tensor permittivity.
® Complex symmetry, hybridization, skew profiles; coupled mode modelling.

® Proper handling of anisotropy is essential for realistic simulation and design.
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