Mode hybridization
in thin-film lithium niobate channel waveguides
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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.



TFLN channels

“How do the modes look like?”’



TFLN channels

“How do the modes look like?”’
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Overview

Modes of TFLN waveguides

® Cuts and coordinates

® Parameters and solvers

® Symmetry

® Hybridization: CMT model

e Example: X-cut strip channel

(linear regime)




TFLN configurations




TFLN configurations

X-cut

Crystal coordinates {X,Y,Z}, chip coordinates {x’,y’,z'}, channel coordinates {x,y,z}.



TFLN configurations

(chip coordinates {x',y’,z'})

n2 0 0 n 0 0
do=1(0 n2 0 Go=10 n2 0
0 0 n? 0 0 n?



TFLN configurations

X-cut




TFLN configurations

X-cut

(channel coordinates {x, y, z})

n2 0 0
&=10 nZcos?0+n2sin?0 (n2 —n2)cosfsind
0 (n2—n?)cosfsinf n2sin’6f + n2cos’f
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Solvers

® Finite element method, FEM

JCMsuite (Www.jcmwave.com)

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

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

® Analytical, TFLN slab modes
TFLNS (www.siio.eu)

Ok
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— production

— cross-checks

— cross-checks

— limits for effective indices


https://www.jcmwave.com/
https://www.comsol.com/
https://www.3ds.com/products/simulia/cst-studio-suite
https://www.siio.eu/tflns.html

Guided modes

~exp(iwr), w = ke = 2mc /A
éf=¢ BER NeR

V x & = —iwppH, V x H = iweye€,

(;)(x,y,Z) = (Z)(x,y) e 117,

mode profiles E and H, effective index N = (/k.
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Guided modes

~exp(iwr), w = ke = 2mc /A
éf=¢ BER NeR

V x €& = —iwuyH, V X H = iweye€,

(;)(x,y,Z) = (Z)(x,y) e 117,

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

OE, + 1BE, H, O,H, +iH, E,
—iBE, — OE; | = —iwuo | Hy |, —ifH, — 0,H; | =iwepé | E,
O.E, — O\E, H, O.H, — O,H, E,

o ] DA



Symmetry

Mirror symmetry y <> —y,

1 00
e=e|l0 1 0], € eveniny,real,
0 0 1
OE, +1BE, H, OyH, +13H, ¢E,
—ifBEy — OE; | = —iwpo | Hy |, —ifH, — 0,H; | =iweg | €E,

O.E, — O,E, H, 8,H, — O,H, ¢E,



Symmetry

Mirror symmetry y <> —y,
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Symmetry

Mirror symmetry y <> —y,
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—ifE, — 0L | = —iwpo | H, |, —ifH, — 0,H; | =iweg | €E,
OEy — OyF, H. Oty — O,H, €k

SYM e|E E, E H. H H ASY A|E. E, E. H, H, H
- + - + - + + - + - +



Symmetry

Mirror symmetry y <> —y,

& 0 O
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Complex symmetry

x

Mirror symmetry y <> —y,
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Complex symmetry

x

Mirror symmetry y <> —y,

e 0 O
e=|10 ¢ 0], e€,¢€,¢ eveniny,real, § R,
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Complex symmetry

x

Mirror symmetry y <> —y,

e 0 O
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Complex symmetry

x

Mirror symmetry y <> —y,
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Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢ = 1pm, ¢ = 30°,
w=02um, 6 = 49.25°,

N =1.7060, M=0.57




Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢ = 1pm, ¢ = 30°,
w=02um, 6 = 49.25°,

el (7/3) (E, )

N =1.7060, N =0.57




Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢ = 1pm, ¢ = 30°,
w=02um, 6 = 49.25°,

Re Ex, X =0.2um

Re Ey, x =0.2um

y [um]

2 [um]

(fundamental mode, propagation)



Nearly degenerate fundamental modes with symmetry CPX

y [um]

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

\Ey\z, x =0.2um

y [um]
S)

2 [um]

(fundamental mode, propagation)



Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢ = 1pm, ¢ = 30°,
w=02um, 6 = 49.25°,

N =1.7060, M=0.57




Nearly degenerate fundamental modes with symmetry CPX

X-cut, A = 1.55 um,
t=0.6um, d =0.6um, ¢ = 1pm, ¢ = 30°,
w=02um, 6 = 49.25°,

N=1.7052, M=0.43




Nearly degenerate fundamental modes with symmetry CPX

y [um]

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

Le = 1033 pum,

On| = 0.50.

\EX|2, X =0.2um

500 1000 1500 0 500 1000 1500
z [pm] z [pm]

(two hybrid modes of lowest order, interference)



Modal symmetry <> analysis

& 0 0
e=10 ¢ O
0 0 ¢

0 = 0: Analysis on half the domain y > 0, separate runs for SYM and ASY

- efficiency, robustness.



Modal symmetry <> analysis

e 0 O
e=10 ¢ 0
0 § ¢

0 Yy

0 = 0: Analysis on half the domain y > 0, separate runs for SYM and ASY
- efficiency, robustness.

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

(A physical explanation?)



Coupled mode theory (CMT)
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Coupled mode theory (CMT)
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Coupled mode theory (CMT)

DA



CMT, formalism

® Available: guided modes {f3,,, (E., H,,)} for WG €, normalized to power P.

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

<’fL> (%,7,2) = Y en(2) <§Z> (x,y). 6 =7

m



CMT, formalism

® Available: guided modes {f3,,, (E., H,,)} for WG €, normalized to power P.

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

<’fL> (%,7,2) = Y en(2) <§Z> (x,y). 6 =7

m

(Reciprocity arguments / variational procedure ... )
G be=-iB+K)e, ¢ = (cr) B = (0 Bu). K = (i),
,{lm:weo//El - A¢E,,dxdy, Aée=é—¢,

or
weo )

Kim = // E,yEmz + E,Z Epy) dxdy, 0O: the LN core.




CMT, formalism

® Available: guided modes {f3,,, (E., H,,)} for WG €, normalized to power P.

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

<’fL> (%,7,2) = Y en(2) <§Z> (x,y). 6 =7

m

(Reciprocity arguments / variational procedure ... )
G bc=—-iB+K)e
G Ansatz: c(z) =ae 102,
G (B+ K)a =ba, (solve numerically)

& ()= (S (5o



Strip waveguides, X-cut

X-cut, d=t, c=1pm

(TEq. 8,1)
(TM,, 8, 1)

(a) 8=0°

(b) ©=30°




Strip waveguides, X-cut

N
X-eut, d=t, ¢=1um [\ 0 0.2 0.4 0.6 08 1
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Strip waveguides, X-cut

X-cut, d=t, ¢=1um, w=0.2um J—\
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Strip waveguides, X-cut

Direct computation, reference; w = 0.2 um, 6 = 49.25°; L. = 1033 pm, |Org| = 0.50.

(2) N=1.7060, M=0.57




Strip waveguides, X-cut

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

(a) N=1.7058, M=0.51




Concluding remarks

Modes of TFLN channel waveguides

¢ Standard optical waveguide theory applies, to be adapted for the tensor permittivity.

® Complex symmetry, hybridization; coupled mode modelling.
® Proper handling of anisotropy is essential for realistic simulation and design.

N =1.7060, N =057

y [um]

Funding: Ministry of Culture and Science of the State of North Rhine-Westphalia, m';‘:‘?g::ec::ture and Science

project Photonic Quantum Computing (PhoQC), Paderborn University. North Rhine-Westphalia
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— supplementary material —



Symmetry

Mirror symmetry y <> —y,

Z-cut, X-cut at § = 0°, £90°, +180°:

® Diagonal permittivity, symmetry classes SYM, ASY (@, A),
® potentially degenerate modes of different classes, modes of the same class “repel” e.o.,

® computations on half the cross section domain (efficiency, robustness).



Symmetry

Mirror symmetry y <> —y,

X-cut, not-crystal-axis-aligned channels:

® Nondiagonal permittivity, all modes of symmetry CPX (H),

® no degeneracies allowed, repelling behavior of all dispersion curves,

® computations on full cross section domain.



Symmetry

Mirror symmetry y <> —y,
X-cut, not-crystal-axis-aligned channels:

® Nondiagonal permittivity, all modes of symmetry CPX (H),
® 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.)



Power, normalization, orthogonality

e Formal product of electromagnetic fields (E;, H,) and (E», H,):
(E\,Hi;E>,Hy) = (Ei,Hy; Ey, Ho)tg + (E1, Hi; Ex, Ho ) 1w,

1 .
(E\,H;E,,H>)tg = —4//( IyHax + Hi Eay) dxdy

1 " *
(ElyHl;EZ,HZ)TM = 4//( lezy +H1yE2x)dXdy

® Power associated with an electromagnetic field E, H:
(E,H;E.H) = //Szdxdy

e Set of modes {(E,, Hy), B} of the same channel, normalization to power Py:

(E],Hl;Em,Hm) = Oy Po, 6 = 1 if I = m, otherwise 9, = 0.



Characterization of modal polarization

e Hybrid profile, polarization ratio:
(E,H;E,H)TE o 1

Il =
(EvHSEvH) PO

—(E,H;E,H)1g
II =1: “pure” TE, II = 0: “pure” TM

® Superpositions of modes:
E m —108nz
(72) = S (g J ey 7.

® Polarization state associated with the interference field, for total power Py:

(87 Hv 87 H)TE - 1

— _ * . 1(5! - ﬁm)z
H(Z) (8,%,8,7‘[) PO Zal am(ElaHhEimHm)TE € .



Two mode interference

e ... for two modes 1,2 with amplitudes |a;|* + |az|* = 1:
(z) = |a1[* Ty + |az|* 1Ty + 2r cos((B1 — B2)z + X)-
II,, = (Ey,Hy; Eyy, Hy)TE/Po,  rexp(ix) = ajaxOny.
® Polarization overlap:

On = (E\,H,;E»,Hy)1e/Po.

® Polarization oscillates with the half-beat length and modulation depth
s A

L. = = s
B =B 2|Ni — N,

| max IT — min IT| = 4|ay||az||On].
Z Z

e Extreme example: |Or| = 1/2, |a1| = |aa| = 1/V/2,

full periodic conversion between TE- and TM-like states at a distance L.



Rib waveguides, X-cut

X-cut, d =t/2, ¢ =1pm

_/—\_
(TE;, 8,1)
B (MM 8. D
,,,,,,,, (TE, 8,td
n
0 0.2 0.4 0.6 0.8 1

(a) 8=0°

(b) ©=30°

40

40



Rib waveguides, X-cut

w=0.6um, 6 =45°; |Oy| = 0.01.

(a) N'=1.8865, M=1.00 (TE)




Rib waveguides, X-cut

X-cut, d=t/2, ¢c=1um —

(@) w=0.6um

-180 -90 0 90 180 -90 0 90 180



Rib waveguides, X-cut

w=2.0um, 6 =5585° Lc=100pum, |O|= 0.50.

(a) N=1.9093, M=0.49




Rib waveguides, Z-cut

Z-cut, d=t/2, ¢c=1um N
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0.2



Rib waveguides, Z-cut

w=1.05um; L. =40pum, |On| = 0.49.

(a) N=1.8420, NM=0.54 (b) N=1.8227, M=0.48




Strip waveguides, Z-cut

Z-cut, d=t, c=1pym
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Strip waveguides, Z-cut

w=1435um; L. = 64pum, |Or| = 0.50.

(a) N=1.8530, M=0.50 (b) N=1.8409, M =0.50

x [um]




At half the former target wavelength

22

X-cut, d =t/2, ¢ =1um
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,,,,, (TEy | M, 8,1)
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At half the former target wavelength

X-cut, d=t, ¢c=1um

/—\ (T, | TE, 8,1

(b) 6 =30°
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(d) ©=60°
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