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Dielectric slab waveguide, anisotropic core

é(0)

Dielectric slab waveguide

ng > ng, Ne

Thin-film lithium niobate slab waveguides

Overview

® TFLN cuts and coordinates
® Parameter values

® Mode analysis procedure
X-cut TFLN slabs

Z-cut TFLN slabs




TFLN configurations

TFLN configurations

X-cut X-cut

(sample coordinates {x’,y’,7'})

Crystal coordinates {X, Y,Z}, sample coordinates {x',y’,7'}, wave coordinates {x, y, z}.
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TFLN configurations

(wave coordinates {x,y, z}(0))

(sample coordinates ’ — wave coordinates)
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TFLN configurations

X-cut

(wave coordinates {x, y, z}(6))
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TFLN slabs, modal analysis
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TFLN slabs, material parameters
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TFLN slabs, modal analysis

ng 15, ifd < x,
é(x) =< &, for0 < x < d,
n2l;, ifx<0.

~exp(iwt), w=kec=2mc/\, V xE=—iwupH, V xH =iweéE.

Ansatz: ( ,i)(x, ,2) = (fl)(x) exp(~ifz), B =kN.



TFLN slabs, modal analysis

n?ls, ifd < x,
é(x) =< &, for0 <x <d,
ng 13, ifx<O.

(core, 0 < x < d)
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TFLN slabs, modal analysis

ng 13, ifd <x,
é(x) =< €, for 0 < x < d,
n?ls, ifx<O0.

(core, 0 < x < d)
Principal functions e(x) = (/€0 Ey(x), h(x) = \/to Hy(x),
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TFLN slabs, modal analysis

ng 15, ifd < x,
é(x) =< €, for0 <x <d,
nf 13, ifx<O.

(core, 0 < x < d)

Principal functions e(x) = (/€0 Ey(x), h(x) = \/fo Hy(x),
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TFLN slabs, modal analysis

ng 15, ifd < x,
é(x) =< €, for0 < x <d,
n2l;, ifx<0.

(core, 0 < x < d)
Principal functions p(x) = <Z> (%)
G (1,07~ iBo, — C)p =0,

0 1/e _ (Rl =) =5 0
B:k5<1 0 )7 C__( ’ 0 kzez_ezﬁz/QC).



TFLN slabs, modal analysis

n?ls, ifd < x,
é(x) =< &, for0 <x <d,
ng 13, ifx<O.

(core, 0 < x < d)

Local solutions, ansatz: p(x) = qexp(—ikx)

- (k*12+ 5B+ C)g =0

o (%)) ()

Q {qj,K/J}, j: 1,...,4, (rj:quj).

TFLN slabs, modal analysis

ng 13, ifd <x,
é(x) =< €, for0 <x <d,
n2l;, ifx<O0.

(cover, d < x)
Principal functions e(x) = \/€o Ey(x), h(x) = /1o Hy(x),
G et (Kni — B*)e =0, Oih+ (K*ni — B*)h =0.

Require normalizable solutions

C» e(x) ~ exp(—£ex), h(x) ~ exp(—kex), ke =1/B>—k*nZ, N > n..

TFLN slabs, modal analysis

ng 15, ifd < x,
é(x) =< €, for0 <x <d,
nf 13, ifx<O.

(substrate, x < 0)
Principal functions e(x) = (/€0 Ey(x), h(x) = \/fo Hy(x),
G et (Kni — B*)e=0, Oih+ (Kni —p*)h=0.

Require normalizable solutions

G e(x) ~ exp(ksx), h(x) ~exp(ksx), Ks=1/B%>—k2nZ, N > n,.

TFLN slabs, modal analysis

ng 15, ifd < x,
é(x) =< €, for0 < x <d,
n2l;, ifx<0.

Mode profile, ansatz:

AS <(1)> exp(—keX) + Af <(1)> exp(—kex), ifd < x,
4
(;)(x) = ZA]f <Z]> exp(—ikjx), for0 < x < d,
=1 !

Al <(1)> exp(ksx) + A <(1)> exp(Fsx), ifx <0.

(AS, AZ, AT ADL AL, AT, A3, A5 unknowns A)
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TFLN slabs, modal analysis

Mode profiles (X-cut, nonsymmetric, separate)

TEy, N = 1.8919, IT > 0.99 TMy, N = 1.7337, I1 < 0.01
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Nontrivial solutions {3,A}

Mode profiles

A~

guided modes {N,E,H}. (...)

(X-cut, nonsymmetric, separate)

TEy, N = 1.8919, IT > 0.99

TM,, N = 1.7337, II < 0.01
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X-cut, SiO; :LN:air, d = 0.45 um, 6 = 45°
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X-cut, SiOy:LN:air, d = 0.45 um, 6 = 45°

TFLN slab modes, general properties

® Plane waves, “phase” of profiles is constant along x.

X-cut@ = 0,+w /2,7, Z-cut:
strict TE and TM modes.

{N.E,H}(0) +— {N,E.H}0+T).

{N,E,H}(0) <— {N,=£E;, £H;}(-9).

Limits at large core thickness:

N —— €y — 62 / €; (TE), X-cut, X-cut, Z-cut
d—00 0=0,7r 60==n/2

N — \/ex T™). TE | ne o o
d—o0 X ( ) ™ | no no ne




TFLN slab modes, general properties

® Power orthogonality, normalization:

A set of modes {N,,, Eyy, Hn }

supported by the same waveguide (A, d, 0, ...):

(E,,H;;E,,H,,) = 0,Pn, where &, = {

1

otherwise,

1
Py = E Re/(E; X Hm)zdx = Z /(E:anmy - E:nyme + EWLXHr*ny - EmyH:;lx) dx,

1

(ElaHl;E2aH2):Z

X-cut, thickness variation

/ (Ef\Hay — E{,Ha + EscH, — Ex,Hi) dx.

(SiO, : LN : Si0,)

(a) A=1.55pm, n,=ng
22 ng
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(c) A=1.55pm, n,=ng 0 =45°
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TFLN slab modes, general properties

® Polarization ratio
for a mode with profile E, H :

—Re/E;dex
11 =

’

Re / (EH, — EyH,) dx

“pure TM”: II =0 (black), intermediate: (gray), “pure TE”: II =1 (blue).
X-cut, angle variation (SiO, : LN : SiO»)
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Mode profiles (X-cut, symmetric, separate) Mode profiles (X-cut, symmetric, near-degenerate)

TEg, N = 1.9122, II > 0.99 TMy, N = 1.8073, II < 0.01 TEy, N = 2.0638, II > 0.99 TM,, N = 2.0636, II < 0.01
20 Ex Ey (\ Ez 20 Ex ’(\\ Ey Ez | 20 Ex Ey /\ Ez 20 Ex /\ Ey Ez
w o J \, w0 9 w o0 J L w o0 J L \i!'-“\
201N - 1.91p3 20 20 {N = 2.0638 -20
0.2
011 H, H, H, H, (\ H, 0.1]H, H, H, 0.1 Hy H, /\ H,
AN o, D
T 0 \ [ - T 0 0 \ f = T 0
0.1 M 0 IN=18073 0.1 \/ 011N - 2.0636
2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0 2 2 0
(a) X [um] (b) X [um] (@ X [um] (b) X [um]
X-cut, SiO; :LN:SiO;, d = 0.45 um, 6 = 45° X-cut, SiO, :LN:SiO;, d = 0.95 um, 6 = 45°
X-cut, thickness variation (SiO, : LN : air) X-cut, angle variation (Si0, : LN : air)
(a) A=1.55pm, n, = 1, 8=0° (b) A=1.55pm, n, = 1, 6=30° (c) A=1.55pm, n, = 1, 6 =45°
2.2
(r;\) A ='1.55p'm, n; =1, 'd = 0.'45um' ' ' (l:;) A ='1455p'm, n; =1, d = 1.'03um' ' '
22 L
e e ——
2 k
z — |
. ——
1 L
d [um) 16
(f) A= 1.55um,
n.= 1, 6 =45° 1
05 t X .
0 . .
80 60 40 -20 0 20 40 60 8 80 -60 -40 -20 0 20 40 60 80
0[] 0[]

2 1.04 1.06 1.08

0.96 098 1 1.0
d [um]




Mode profiles

(X-cut, nonsymmetric, separate)

TEo, N = 1.8919, IT > 0.99

TM,, N = 1.7337, II < 0.01
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Mode profiles

(X-cut, nonsymmetric, near-degenerate)

TMp, N =2.0713, IT = 0.36

TEp, N = 2.0705, II = 0.64

X-cut, SiO, :LN:air, d = 1.03 um, 6 = 45°

X-cut slabs, hybridization
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X-cut slabs, with and without cover

X-cut slabs, oblique propagation, near degeneracies,

SiO;:LN:air: strong hybridization, SiO,:LN:SiO;: absent.

e Result of the theory as discussed.

® Symmetry, x = d/2:

TE( and TMg modes in the SiO,:LN:SiO,-stack belong to different parity classes.

® Coupled mode theory, based on approximate TE and TM modes and perturbation ¢ :

Integrals ~

Mode profiles

/ (E7, 0 Ex;) dx cancel due to the symmetry of the components.

(Z-cut, nonsymmetric)
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TMy, N = 1.7029

Z-cut, SiO; :LN:air, d = 0.45 um
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Z-cut, thickness variation
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Concluding remarks

Thin-film lithium niobate slab waveguides

® (Quasi-analytical solutions for guided modes: As shown.

® Simulations require precise data for ¢, n,, 1., at the target wavelength.

e X-cut, oblique propagation: Hybridization for nearly degenerate modes.
® The cover matters.

® Transfer of findings to channel waveguides
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