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Circular integrated optical microresonators
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Circular integrated optical microresonators
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Spectral response
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~ Filter elements, building blocks for densely integrated optics.




Ringresonator modeling
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Ringresonator modeling

(2-D)

e Ringresonator ~ 2 couplers + 2 cavity segments.
e CW description, E, H ~ eiwt, w=kc, k=2nw/); we€R,given.
Ab 1nitio 2-D & 3-D simulations ...



Outline

e CMT ringresonator model
e Coupler modeling, basis fields, CMT ansatz
e Coupled mode equations, solution
e Resonator: power transmission, spectra

e 2-D modeling
e Basis fields: analytical bend modes
e Bent-straight waveguide couplers
e Multimode microdisk resonator

e 3-D simulations
e Vertically coupled microdisk-resonator
e Resonator with “hybrid” ring-cavity



Coupler modeling
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Coupler modeling
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2-D basis fields,
analytical:

s
&

R

X

N\

Em7Hm7€m = €b

&

(e Cavity: 2-D (1-D) bend modes

Em L Em,O —l’ymRG)
(Hm)(r’ ) = (Hm,0>(r) - ’
e Straight bus core: 2-D (1-D) guided modes

\ (ﬁz)(x ?) = (ﬁzg)(a@) e~ 10mz.

€
0 = _
/=

E, H,, e, =€
(€p)
(€s)



Coupler modeling

) - I
0 R@ = ~ 0 R9 e \‘ = & 0 \\/\\
E, H,e E..,.H,, ¢, =e¢p E,,Hy,¢en = ¢
(e Cavity: 2-D (1-D) bend modes (ep)
Em) Em 0 —1 R@(QZ Z)
(x,2) = ( ’ )(r(m, z))e 1Im <)
2-D basis fields, < (H m H 0
analytical: e Straight bus core: 2-D (1-D) guided modes (€5)
E,, E,, i,
(H )(ac, 2) = (H ’%)(m) e 19m?
L m m,




Coupler modeling
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E:I—I,e E, . H,, ¢, = e, E, . H,, e, =¢
(e Cavity: 2-D (1-D) bend modes (e,)

2-D basis fields, (IEZ)(:C’ ?) = <I137”'7:”;(()3)(T(x7 %) e_ivae(% 2)7

analytical: < e Straight bus core: 2-D (1-D) guided modes (€5)
(B = (B et

Coupled mode ansatz:
(ﬁ)@» ) =2 Cn(2 (ﬁg)@,z), (f_t)@ #t) = 1Re (g)@,,z) et
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Coupler modeling

) - .

) - e I
= 5o~ Off‘\‘%& 0 N
E . H,c E..,.H,, ¢, =e¢p E,.,Hy,, ¢, = €

(e Cavity: 2-D (1-D) bend modes (ep)
Em) Em 0 —1 R@(QZ Z)
(x,2) = ( ’ )(r(m, z))e 1Im <)
2-D basis fields, (H m H .0
analytical: e Straight bus core: 2-D (1-D) guided modes (€5)
Em _ Em,O —iﬁmz
\ (Hm>(ac,z) = (Hm’())(ac)e .
Coupled mode ansatz: Cm(z) =7

(51 = S o (B Yo, (£t = e (s



Coupled mode equations, derivation

ZoT
-
0 0

- R

E
/

Functional form of Maxwell equations:

F(E, H) = // (H*(V x E) — E~(V x H) + iwpo|HP? + iweoe| E?) dedz,

(g F =0, SpF =0} <> {VxE=—iwuH, V x H =iweyeE}.



Coupled mode equations, derivation

ZoT
-
0 0

- R

E
/

Functional form of Maxwell equations:

F(E, H) = // (H*(V x E) — E~(V x H) + iwpo|HP? + iweoe| E?) dedz,

(g F =0, SpF =0} <> {VxE=—iwuH, V x H =iweyeE}.

CMT ansatz
F(E,H) = 7(C);

1
ocF =0 Olm:—/ez-(meH7+E2‘me)dm,

4
- O(z)iC(z):K(z)C(z), Klm:—I@/Ez (€ — €m) By dax .
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Coupled mode equations, solution

1

Ot = —/ez-(Em <« Hf + Ef x H,,)dz, 0

5131:
Zl 1 Booooc .a: ..........
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Coupled mode equations, solution

0() -C(z) = K(2) C(2),
1

Olm:Z/ez (Ey x Hf + Ef x Hy,)dz, 0

K, = —1% /E? (€ — €m) Epydx Zi+

Numerical solution |z, z,], projection |,., |..

Coupler scattering matrix S,

B A 2 normalized modes
=S Soil” <1 =5 ).
< b ) al’ Z ‘ o ‘ — SO ¢ SZ ° symmetric setting
0



Resonator: power transmission, spectrum evaluation

0)-& 2
b Sbs Spvb/\ a P A B

PT,m
D — Sss Ssb C ___________ ZL//?I; ___________
d Sps Swbb/\ €/’ () L
Gb L et
- B Gd7 G = diag (e_l%’”L) N e d\\;c ___________
‘T , PDm D C
Pnm, A given, C = 0: |
C> b = Q_lsbSA’ 0O=1— SbbGSbbG : PD,m — ‘Dm‘Q ’
C = GQ_lsbSA, PT,m _ ‘Bm|2 ’

d = SbbGQ_lsbSA, D = SSbGQ_lsbSA,
a — GSbbGQ_lsbSA, B = (SSbGSbbGQ_lsbs + SSS)A.



Resonator: power transmission, spectrum evaluation

0)-& 2
b Sbs Spvb/\ a P A B

PT,m
D — Sss Ssb cy, ;l//?[; ___________
d Sbs Sbb c)’ <___:r__.> L
Gb L et
C — ) 1 —1’ymL d~_~c
a:Gd, G_dlag(e ) ——————————— N
PDm D C
Pim, A given, C =0: - |
G b=0ls,.A, Q=1 5,,GS,G. Pom = | D2,
c=GQISA, Pr = |Bml|?,
d = SbbGQ_lsbSA, D = SSbGQ_lsbSA,
a — GSbbGQ_lsbSA, B = (SSbGSbbGQ_lsbs + SSS)A.
Spectrum:  S(A\), Y (A) ~=  Prm(A), Pom(N).
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Resonator: power transmission, spectrum evaluation

-6 2
b Sbs Swvp/\a P, o =

PT,m
D — Sss Ssb C ___________ ZL//?I; ___________
d Sps Swbb/\ €/’ () L
Gb L et
- B Gd7 G = diag (e_l%’”L) N e d\\;c ___________
‘T , PDm D C
Pnm, A given, C = 0: |
C> b = Q_lsbSA’ 0O=1— SbbGSbbG : PD,m — ‘Dm‘Q 7
C = GQ_lsbSA, PT,m _ ‘Bm|2 ’

d = SbbGQ_lsbSA, D = SSbGQ_lsbSA,
a — GSbbGQ_lsbSA, B = (SSbGSbbGQ_lsbs + SSS)A.

SpeCtrum: S(X) L—2mtR/2> ’Vm()\) interpolated T PT,m()\), PD,m()\)- .



2-D basis fields, bend mode analysis

E
nb&g\ Np Homogeneity along § ™~ bend mode ansatz
.
0 ' _ 1 Eq iwt —1vRO
F s (e =gre ()0 ,
T R / profile Ey, Hy,
propagation constant v = 3 —iq.




2-D basis fields, bend mode analysis

AZ

Np ng Np
r
0

0 <b> T
- d?¢ 1 do
& rar T

n(r) piecewise constant,

Homogeneity along §/ ™~ bend mode ansatz

- (ft) (r,0,) = %Re (50) (r) Wt — 17 H0
0

profile Eq, Hy,
propagation constant v = (3 — ia.

(k2 2_72R2)¢207

r2

gb — EO,y (TE), gb — HO,y (TM).
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2-D basis fields, bend mode analysis

E
nb&g\ Np Homogeneity along § ™~ bend mode ansatz
.
0 ' _ 1 Eyg iwt —1vRO
F s (e =gre ()0 ,
T R / profile Ey, Hy,
propagation constant v = (3 — ia.
- d?¢ 1dg 2 o VR?
o (k2 - T )e =0,
dr? i r dr i ( r? ¢

n(r) piecewise constant, ¢ = Ey, (TE), ¢ = Hp, (TM).

Bend modes: e Nonzero solutions,

e bounded at the origin, ~ J,r(nnkr) for » < R — b,
e outgoing exterior fields, ~ H g%(nbkr) for r > R,

e continuity at interfaces: ¢ & d,¢ (TE), ¢ & (d,¢)/n* (TM).
10



Bend modes, examples

AZ

Ny ng Np
T
0
—
0 =3 T
b 2D, TE,
~ R np = 1.45, ng = 1.60, b = 1.0 um, A\ = 1.55 um,
/ R = 1000 pm.

Ll /\ R = 1000 um
B/k=1.540

3
S 0.5 o/k=0
£>\

0=, . :

(r—=R) / um
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Bend modes, examples

AZ

nb ng nb
T
0
—
0 =3 T
b 2D, TE,
~ R np = 1.45, ng = 1.60, b = 1.0 um, A\ = 1.55 um,
/ R = 50 pym.

N R =50 um '
=) B/k=1.526
. 0.51 o/k=23410"}
£>\
0+=— |

. X X X
\> 0
L \
o -1
©

) . . .

-2 0 2 4 6
(r—=R) / um
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Bend modes, examples

AZ

nb ng nb
T
0
—
0 =3 x
b 2D, TE,
~ R ny = 1.45, ng = 1.60, b = 1.0 pm, A = 1.55 pm,
/ R =10 pym.

& R=10pum
> B/k=1.488
0. / o/k =0.0166

(r—=R) / um
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CMT coupler model, 2-D examples

20T
r
0 0
R 2D, TE,
ol N np = 1.45, ng =1.60, b = s =1.0um, A = 1.55 um,
1 a/- A R =50 um, g = 0.90 pum.

R=50um g=0.90 um

z [um]

1Sss]? = 0.93, |Ssp|* = |Sps|* = 0.07, |Spp|? = 0.92.
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CMT coupler model, 2-D examples

20T
r
0 0
R 2D, TE,
ol N np = 1.45, ng =1.60, b = s =1.0um, A = 1.55 um,
1 a/- A R =50pm, g = 0.12 pym.

R=50um g=0.12um

1Sss]? = 0.16, |Ssp|* = |Sps|* = 0.83, |Spp|? = 0.16.
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CMT coupler model, 2-D examples

20T
r
0 0
R 2D, TE,
| -~/ 1.1 . np = 1.45, ng =1.60, b = s =1.0um, A = 1.55 um,
“i a/- A R =200 pym, g = 0.12 pm.
204
R=200pum g=0.12um
202
E
3.
= 200

198

-20

1Sss]? = 0.93, [Ssp|? = |Sps|?* = 0.07, |Spp|* = 0.93.
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2-D microdisk, structure & basis fields

Pa i

np = 1.0, ng = 1.5,
w=0.4pum, g = 0.2 um,
R = 5.0 pm.
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2-D microdisk, structure & basis fields

Pin PT
Np
np = 1.0, ng = 1.5,
% w = 0.4 pum, g = 0.2 um,
o w R = 5.0 um.
Basis fields, cavity:
s0{ TE, | | | R | | | ST | | | 1 TE

0 1 2 3

201

>

IE,|

17



2-D microdisk, CMT & FDTD spectra

TM, ----TM, ceeeoTM,

—
=

TE
PT

P——

- -
g =

---=- TE, oeeeo TE,

A_.. Al
o (@) (@) ()
'a/%d artd
T

a

Din

e ———
«= o o
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IIIIII

- -

1.08
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P
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2-D microdisk, resonances
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2-D microdisk, resonances

P/P., P/P

IE,|

A =1.0483 um

X = 1.0483 um
6 -4 2 0 2 4 6 6 -4-2 0 2 4 6
2 [um) 2 [um)
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2-D microdisk, resonances

P/P., P/P

6 -4 -2 0 2 4 6
z [um]

A =1.0483 um

-6

4 -2 0 2 4 6
z [um]

6

-4

2 0 2 4 6
z [um]
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3-D coupler modeling

\Y
l l
- o L
| |
| \\l - | —
0 T
' |
yba.:_ ..... _.___.:_, ~
(e Cavity: 3-D (2-D) bend modes (ep,)
Em) Em 0 —1 R@(x Z)
2.0:2) = (0 Jrta 2.1 B0 2),
Numerical <H m H .0
basis fields: e Straight bus core: 3-D (2-D) guided modes (€5)
Em _ Em,O —iﬁmz
\ (Hm><xayaz> T (Hm’o)(ajay)e )

. £ _ 1 Em 1wt
Coupled mode ansatz: (H>(az,y,z,t) = §ReZC’m(z) (Hm)(a:,y,z) e .

20



3-D CMT equations, solution

0(2) Lo (2) = K(2) C(2). - —1@//151 ¢ —em) Emdzdy,

O = Z//ez-(Em x HY + E; x H,,)dxdy.

21



3-D CMT equations, solution

\Y

| |
- SR L

| |
L\\! 0 N

| R T

I I ~
ybai_ ''''' ___'i_f

; To

:-1@//15[ e — em) Emdrdy,

O = Z//ez-(Em x HY + E; x H,,)dxdy.

Numerical solution |z, z,|, projection |.., |,

o

21



Vertically coupled multimode microdisk-resonator

Py s e
/] ///I
4/,

SV

/2 V Py



Vertically coupled multimode microdisk-resonator

o4y /e
w = 2.0 um, hg = 140 nm,

| ng = 1.98, ng = 1.45,
ne = 1.4017, ng = 1.6062,
hq = 1.0 um, R = 100 pum:;

Skl

varying g, S;
) S target wavelength: A = 1.55 yum.

~
~

N7 _ / CMT computational window:
/ (i, o] = [—12, 4] pm,
/ b, y&] = [—4,4] pm — s,

#z VP, (24, 0] = [—30, 30] um.




Vertical straight-disk-coupler, CMT basis fields

y [um]

y [um]

y [um]

s = 0.5 um

Cavity disk:

three TE-like bend modes,

Neff

b0, TEg | 1.503778 —i1.35-109
bl, TE; | 1.474931 —i1l.77-10°
b2, TEs | 1.451487 —i5.05-10—°

Bus waveguides:
one TE-like mode, s, neg = 1.48229.

(Bend) mode analysis:

film mode matching (FMM) solver, semianalytical;

L. Prkna, M. Hubdlek, J. Ctyroky,
J. Sel. Top. Quant. Electr. 11(1), 217-223 (2005).
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Vertical straight-disk-coupler, CMT basis fields

s = 0.5 um

y [um]

Cavity disk:

three TE-like bend modes,

Neff

b0, TEg | 1.503778 —i1.35-109
bl, TE; | 1.474931 —i1l.77-10°
b2, TEs | 1.451487 —i5.05-10—°

y [um]

Bus waveguides:
one TE-like mode, s, neg = 1.48229.

(Bend) mode analysis:
film mode matching (FMM) solver, semianalytical;

L. Prkna, M. Hubdlek, J. Ctyroky,
J. Sel. Top. Quant. Electr. 11(1), 217-223 (2005).

y [um]

CMT
Bs SSS Ss b0 Ss bl Ss b2 AS
bbo | Svos Svobo Sbobl  Sbob2 apo
bp1 | Sbis Sbibo Sbibl  Sbib2 ap1
bba/ Sbh2s  Ob2b0  Ob2bl  Ob2b2 ab2/ .

23



Vertical straight-disk-coupler, scattering matrices

s=1.0um (b) s=1.0pum (c)

1S, i|?: power transfer mode i|,, — mode of, .

24



Vertical straight-disk-coupler, field examples

z [um]
| )= | 1K
e ——— e P
_ \ | i
\ i
‘ 0 ‘ = \ 0 Iz
‘ ‘ EE——— sy
S | I
! ! 7‘7 - a iT
s = 0.5 um, g = —1.0 um; excitation in the bus waveguide.
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Vertical straight-disk-coupler, field examples

X [um]

x [um]

| )= | Ly
E—— AN B e 1]
e @

\ \ — ——

‘ 0 ‘ > \ 0 |z

‘ ‘ 4 | N
R R

! ! i i

s = 0.5 um, g = —1.0 um; excitation in the bus waveguide.
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Vertical straight-disk-coupler, field examples

X [um]

x [um]

| )= | Ly
—— B
I . E
\ \ =
: 0 : = | 0 | =
‘ ‘ 4 | N
T N . i
! ! N ii - a iT
s = 0.5 um, g = —1.0 um; excitation in the bus waveguide.
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Multimode microdisk-resonator, spectra

1 'ﬁW’ T T Y ﬁW’ T
0.8f Y:
_ e
D\-E 0.6f
D_D . ET
CH Y Y D
o L
- s=1.0 um I
0.2‘ yt*'}*'ﬁ'*'*'*'—————rf,f,ﬁ,
i l| \\ﬁ—> nc ‘
%) -~ J_"\ i ” A n » E\ | And Ihd ‘g | _
.548 1.549 1.55 | 0 B
}”[U’m] \ VS hs ‘
o w |
Yp—de 1.
z; z




isk-resonator, spectra

de microd
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isk-resonator, spectra

de microd

Multimo
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Resonator with hybrid ring cavity

R R
|
/|

//
Y

/z VPT

SR
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Resonator with hybrid ring cavity

P%[% Y /]Pin ne = 2.009, hs = 0.27 pum, ws = 2.5 um,
ng = 1.45,©u = 0.9 um

ny = 1.6275, wy = 2.0 um, hy = 1.0 pum,
R =100 pm, oo = 48°.

s =1.0pum, g = —2.25 pm, nc = 1.412.

SR

I
I
|
|
_—— g - - - - - = == = oo =S = =z
|
|
I
I
|
I
I
|
|

Target wavelength: A = 1.55 pym.

> — 7 1 /) CMT computational window:
/ (1, xo] = [—12,4] pm,

~ [y, yt] = [—3.7,4.4] um,

/Z VP (21, z0] = [—35, 35] um.

27



Hybrid coupler, CMT basis fields & scattering matrix

S-TE,, [H, S-TE,, [H,|

y [um]

y [um]

2 -1 0 2 -1 0
(r-R) [um] (r-R) [um]

Neff

S-TEg | 1.625326

S-TE; | 1.553733

S-TM | 1.511020

Ro 1.490975 —i2.7-10~7
R 1.483477 —i1.2-10~7

28



Hybrid coupler, CMT basis fields & scattering matrix

y [um]

y [um]

S-TE,, |H |

S-TE,, [H |
1 X

Neff
S-TEg | 1.625326
S-TE; | 1.553733
S-TM | 1.511020
Ro 1.490975 —i2.7-10~7
R 1.483477 —i1.2-10~7

2 -1 0 2 -1 0
(r-R) [um] (r=R) [um]
% S-TEq S-TE;1 S-TM Ro R1
S-TEq 100.0 ~ 0 ~ ~ 0 ~
S-TEq R~ 97.8 ~ 1.9 0.1
S-TM ~ ~ 0 26.2 6.3 67.0
Ro ~ 2.1 6.7 86.2 5.5
Ry ~ 0.1 67.5 5.2 27.3

28



Hybrid coupler, CMT field example
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Hybrid coupler, CMT field example

z=-28um, |HX|

z=—14pm, |HX|

z=0um, |HX|

29



Hybrid coupler, CMT field example
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Hybrid coupler, CMT field example

z=-28um, |HX| z=—14pm, |HX| z=0um, |HX|

y [um]

IS
=
>

y [um]

y [um]

29



Hybrid coupler, CMT field example

z=-28um, |HX| z=—14pm, |HX| z=0um, |HX|

y [um]

IS
=
>

z=35um, |HX|

y [um]

z=35um, |Hy|

y [um]

29



Resonator with hybrid ring cavity, spectrum
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Resonator with hybrid ring cavity, spectrum
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Resonator with hybrid ring cavity, spectrum
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3-D Microresonator Simulator
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