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Channel Waveguides
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T. Tamir, Ed., “Guided-Wave Optoelectronics”, Springer-Verlag, 1988 MG7AIit90-_tJ4UAM6c4mbczc&usqp=CAU
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Channel Waveguides Examples

(b)

Sitaper 4
.-"/.!

4

80 nm
SIO, cladding

https://www.researchgate.net/publication/226940484/figure/fig3/AS:670022288568324@153675717017
5/SEM-images-of-a-silicon-photonic-wire-waveguide-system-a-Core-of-silicon-photonic-wire.ppm

waveguide
Si(, bottom cladding - https://www.researchgate.net/profile/Danxia-

= Xu/publication/228599800/figure/fig2/AS:670016361996294@1536755757463/SEM-image-of-a-typical-
Si substrate waveguide-with-cladding-oxide-fabricated-by-ICP-RIE_W640.jpg

NRC-IMS 5.0kV 14.6mm x10.0k SE(U)
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Channel Waveguides

3D-Wave Equations

V2E +V (E - V(In 6)) T wWlpgcE = 0,

V2 + V(lne) x V x H + w?poell — 0.

Separation of Transverse and Longitudinal Components

E = |Eila,y) + 2B.(2,)] exp(—j82),

T

= [ﬁt(a:, y) + 2H. (=, y)} exp(—jBz),

V?E, + V, (Et - V,(In 6)) + (Whoe — B E; = 0,
]ﬁEZ — ﬁt . Et —+ Et . 6;&(111 6)

ﬁQﬁt -+ ﬁt(ln 6) X ﬁt X ﬁt -+ (u)Q,uoe — ﬁQ) ﬁt = 0,
jﬂHZ — §t°Ht
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Buried Waveguide
Method of Field Shadows

After xy-refractive-index Decomposition Buried Waveguide

Original Buried Waveguide X A
nS
W
ns | n; ng h
Y
nS

W
V2E, + ¥, (E‘t . V,(In e)) + (w2oe — B2 By = 0,
F, ~ LE, (z,y) exp(—732),

Vib + (kgn*(z,y) — B%) B, = 0

T. Tamir, Ed., “Guided-Wave Optoelectronics”, Springer-Verlag, 1988
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Buried Waveguide
Method of Field Shadows

Y-Waveguide
X
v n2 —n%/2 n%/2 ng —n%/2
ng = 2n; —n;
X-Waveguide
nZ —nk/2
n?/? h
na —ng/2
( 2 * ( 2 \
‘ n . n
nﬁ—gf? x> h/2 nj—?f, y > w/2
nj 2 nj
no(x) = A 5 —h/2<xz<h/2,; n,(y) = < 5 —w/2 <y <w/2
2 2
) n . n
nﬁ——’r, xr < —h/2 nﬁ——f, y < —w/2
\ 2 / \ 2 J

T. Tamir, Ed., “Guided-Wave Optoelectronics”, Springer-Verlag, 1988
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Buried Waveguide
Method of Field Shadows

—

Et(ma Y, Z) = ZEf(:L'} y) Cxp(_jﬁz):

E(z,y) = X(2)Y(y),

1 *’X  1d°Y 5 o 0
X de2 i ?d—yg | (kon (:I?,y)—ﬁ) = 0
niay) = 03t nd(@) bdy), B = B2 B2+ kind
1 d*°X
? de + U’uoni(dﬂ) —ﬁi] = 0 = X(J,) T Xp(.’L'),
1 d?Y 5 5
vt o =5 = 0 = Y()=Y,0)
Eyw,y,2) = 1X,(2)Yq(y) exp(—jBp2), 2 — B2+ 32, + Kand
B4 - TE-like modes — t = : Dominant E and H, Fields
For x-waveguide use TE-mode solution
For y-waveguide use TM-mode solution
B - TM-like modes — [ — & Dominant E, and Hy Fields

For x-waveguide use TM-mode solution
For y-waveguide use TE-mode solution
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Lb - TE-like modes — t— g

X-Waveguide
2 2
< n; — nf/2
) (O
- nf/Q @qu
n2 —ny/2
n2
V, A:Uh,[‘f - (nf—
2
n2
2 2 f
Nmp — (TLS — ?)
Dap

Buried Waveguide
Method of Field Shadows

For x-waveguide use TE-mode solution

For y-waveguide use TM-mode solution

1/2
)] = koh n? —n?
2
n
2 2 f
pr — (ns — 7
nj — nj
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Buried Waveguide
Method of Field Shadows

' ' o For x-waveguide use TE-mode solution
Ly, - TE-like modes — t — . For y-waveguide use TM-mode solution

Y-Waveguide

n? —n3/2 n}/2 n? —n}/2

10 12 14 16

2 4 6 8

-
n? o n:‘fc 1/2 9 5 Normalized Frequency, V
Vo = kow|—=—|n,——= = kowy/n3 — n; !
2 2 |
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Buried Waveguide
Method of Field Shadows

For x-waveguide use TE-mode solution

Ly, - TE-like modes — t — For y-waveguide use TM-mode solution

Field of Shadows Example

P q bpq Npg E;Iq
0 0 bog Nog Eqy
0 1 bo1 No Ey,
0 2 bo2 Noz Dp
1 0 bio Nig E,
1 1 b1 Ny E;
1 2 b1s Nis E,
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Buried Waveguide
Method of Field Shadows

Y . & 1Y T
Eoo Ol EOU Em or Elo

E s N
1 or E(n Eil or Eil
t I |
12 or E12

G. Lifante, Integrated Photonics Fundamentals, Wiley 2003
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Buried Waveguide
Method of Field Shadows

Y]

Y
T \‘\,___ @:}
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K. Okamoto, Fundamentals of Optical Waveguides, Academic Press, 2" Ed., 2006
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Rib/Ridge Waveguide

Effective Index Method

ﬁfﬁg -+ 6{_ (E} : 61(111 6)) -+ (LU'Q{,L(]C — 62) E,{
E,, ~ fE,,(:L’, y)exp(—jBz)

ViE: + [kgn®(z,y) — B°] Ei

0*[, N 0*F,
ox? 0y?

+ [kgn®(z,y) — B%] B

02 2, 2(,. 2 \72
Eey) = ®y)¥(y) gz + o (@) — kN ()] $(,y)
O F; D*P d?Y dY o® 1 Y 5%® . .
yo— SRR I Yol B 2N2(y) — B2 Y
0x? dx? dy? { dy Oy ¢ i b 0y? } RN (y) - 7]
2L 2 P 02 P ~
d{]} — d_y¢+2d_y?_+y?_ 0
Oy? dy? dy 0y~ Oy PY L ,
d“—g2 F kS [N‘(y) — Npq} Y
Bpa = koNpq

G. Lifante, Integrated Photonics Fundamentals, Wiley 2003
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Rib/Ridge Waveguide
Effective Index Method

XA
nC
Ny g a — + [kon*(z,y) — KGN?(y)] ®(x,y)
s ! O(zyy) = Pplay)
d*Y )
d(j + kg [ P ({g) o Npq] Y
z
N, N, ) Y(y) = Yoq(y)
>\/ Ly = L ®p(@3y) Yoq(y) expl—jkoNpq2]
N;

ﬁpq - k;(] g
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Rib/Ridge Waveguide
Effective Index Method

TE-like Modes X A
LW |
N. '
—— h
1 1 - y : :
oo . £
oon A i
| W |
ZA Ey
P N
N, — e
>
' Y
N
B4 - TE-like modes — t = : Dominant E and H, Fields

For x-waveguide use TE-mode solution
For y-waveguide use TM-mode solution
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Rib/Ridge Waveguide
Effective Index Method

TM-like Modes X A
LW |
nC | iz 1"
T Yqu h
i N, i S i
s v |
Z i
E
Pq N
NE @ @ £
y
Nf
L - TM-like modes — [ — 7 Dominant E, and Hy Fields

For x-waveguide use TM-mode solution
For y-waveguide use TE-mode solution

Prof. Elias N. Glytsis, School of ECE, NTUA

16



Lb - TE-like modes — t— g

Rib/Ridge Waveguide
Effective Index Method

For x-waveguide use TE-mode solution
For y-waveguide use TM-mode solution

TE-like Modes X 4
W !
N, i
—_— h
N¢ EPG‘ ¢
ns Y
w j
1
Zh EU :
Ne’ ——bm N-E. :
= Y I
Nf b€ : 1 1 1 1 1
L2 4 6 | 8 10 12 14 16
: Normaiized Frequency, V
Vi Vi
V. kohy/n2 —n2 > tan™!(a b 2 2 2 2 ,
f 0t/ Ty s (arp) N7, = ni + bypy(n; — n?), p=0,1, |y <%
N2(y)
Vi = koly/n%2—n2 <tan"'(a,,) : 2 _ 2 w
¢ 0 y—ng <t TE N; =n? ly| > %
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Rib/Ridge Waveguide
Effective Index Method

Lb - TE-like modes — t— g

TE-like Modes X 4
C W
N b()O
—_— h
> i
N¢ EPG‘ ¢
N Ty
W
ZA
EU
N, — . N
— o
y
Nf
V;q,(j s k,‘{]’w N_;‘ZO — Nez o ;{?{]’w Nfgﬂ — ng

V;:q,l

kow /NJ%’1 — N? = kow N;‘El — n?

For x-waveguide use TE-mode solution
For y-waveguide use TM-mode solution

0 2 4 '6 8 10 12 14 16

Nor:malized Freqtiency, \'
I/eq,l ‘/eq.()
2 2 2 2 2 2 2
Npg = Ni+ by (pr - Nﬁ’) = N5+ byg (pr - ns)

E, = § Pp(2;y)Yeq(y) exp[—jhoNpgz|

18

Prof. Elias N. Glytsis, School of ECE, NTUA



Rib/Ridge Waveguide
Effective Index Method

For x-waveguide use TE-mode solution

Ly, - TE-like modes — t — . For y-waveguide use TM-mode solution

TE-like Modes X A
W : :
ne _— Effective-Index Method Example
S h

:—E-" i =

nf - . ! p q bpq Npg E,,
! Y

. 0 0 bao Noo Eg,
w 0 1 bo1 No1 Eg 1
ZA o 0 2 bO2 N02 ESQ

N E’m N 7
¢ 1 ¢ 1 0 bio Ny E
N ¢ Y 1 1 bl 1 N 11 E ?f 1
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x (microns)

x (microns)

Inverted Rib Waveguide
Ao=1.0 um, n=1.65,ng,qy=1.50,n
tip=1um,t

cover = 1.0 (air)
=0.5 um, w,, =3 um

core

L. - TE-like modes — t— g

Effective Index Method (Ey(ll,ll) mode pattern) Effective Index Method (Ey(0,1) mode pattern)

x (microns}

-2 -1 0 1 2 3 -3 -2 -1 0 1 2
y (microns) y (microns)

Effective Index Method (Ey(o,z) mode pattern) Effective Index Method (Ey(1,0) mode pattern)

X (microns)

-3 -2 -1 0 1 2
y (microns) y (microns)
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X (microns)

Inverted Rib Waveguide
Ao=1.0 um, n=1.65,ng,qy=1.50,n
tip=1um,t

cover = 1.0 (air)
=0.5 um, w,, =3 um

core

Effective-Index Method Example

Effective Index Method (Ey(1,1) mode pattern)

p q Nopq E
0 0 1.6220288 L
0 1 1.6046144 L
0 2 1.5774486 L
1 0 1.5594339 E
3 2 1 0 1 2 3 1 1 1.5527476 b

y (microns)

Prof. Elias N. Glytsis, School of ECE, NTUA



Finite-Difference Method for Optical Channel Waveguides

Full-Vectorial Formulation

ﬁQﬁt -+ ﬁt(lﬂ E) X ﬁt X ﬁt + (W2LL0€ — ﬁ2) ﬁt — 0,

2
O H, sg (18H$>+(k§5—ﬁ2)ﬂm+l%a}[y = 0

0x? i Oy \ = Oy £y Ox
0°H, d (10H, ) ) 1 0z OH,

Y _ )2 -
Dyy? T (5 8x>+(kog ) v Do Dy 0

Finite-Difference Formulation
A B H, H,
— N?
C D || H, H,

Prof. Elias N. Glytsis, School of ECE, NTUA
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Finite-Difference Method for Optical Channel Waveguides

0%, o (10H, ) ) 1 0e M,
Lo (2SE) (ke — BOH, + -t~ 0
8:{;2+8y(€ 8;q)+(0€ ) +Sy8:{;
0°H, & (10H, . 1 0e §
Z (- ke — BHH, + — 22—
Oy? lg@x(e 83,‘) H(kos =) yis dy

Semi-Vectorial Formulation

+e—

0*H, 0 (10H,
Ox? Dy

2 2 -
. ay)Jr(kos B°)VH, 0

|
o

0*H, 0 (1 OH,

2 2
2 (= — B H
Oy? JFE&U £ 8$)+(k0€ po,

Quasi-TE Modes: H,, E, the main components

Quasi-TM Modes: H,, E, the main components

Finite-Difference Formulation
[B} [Hy] = N° [Hy]

23
Prof. Elias N. Glytsis, School of ECE, NTUA



Finite-Difference Method for Optical Channel Waveguides

Scalar Formulation

0?°LE,  0°L,

02 2 + (kge — BHE, = 0
682;% + 6(92529 + (kge = BB, — 0
6;? a;g“" (k2e — B, = 0
882? i a;;y (ke = B)H, — 0

Quasi-TE Modes: H, or E, the main components

Quasi-TM Modes: H, or E, the main components

Finite-Difference Formulation

Prof. Elias N. Glytsis, School of ECE, NTUA
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Finite-Difference Solution
Of The Scalar Wave Equation

(i+1) Example of a Rib Waveguide
AN (%) A
(-1,j) 8% (i+1,)
T Computational Window
(Irj'l) _ by

D>
<

XA

x
|t —— — — —— ——

————1
oS

<Y

L. A. Cordren and S. W. Corzine, “Diode Lasers & Photonic Integrated Circuits”, J. Wiley & Sons, 1995

25
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Finite-Difference Solution
of the Scalar Wave Equation

Discretized Form of Scalar Helmholtz’s Equation

i—1 i i i+1
AX? AY? AX?2  AY? J J AY? AX? J
; 2 2 2
a; = (”f) o AX2 o AY?2
A' B 0 -~ 0 07[ U ] - U T p=—
B A2 B 0 0| U U’ I
0 B A B 0 L N B=ax!
=n _ _
0 0 : : ap b 0 0 0
0 0 B A-l B | U~ ul-! b ay b 0 0
0 0O --- 0 B Al | _U‘I_ _UI_ Al — O b aé b 0
0 0
0 0 b a,_, b
L. A. Cordren and S. W. Corzine, “Diode Lasers & Photonic Integrated Circuits”, J. Wiley & Sons, 1995 0 0 0 b a}_

26
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Buried Waveguide

Effect of width
nS
w
ns h nf ns
nS
__ 10
N.
T o8
Nﬁ
=
E 0.6
“e 0.4
Nl
Z 0.2
n
2 0
0 2 4 6 8 10 12

V=kh(ng?-n,2)1/2

Fig.2.25. Dispersion curves of a buried channel guide of height A and width w. The
normalized guide index b is shown as a function of the normalized frequency (or guide
thickness) V for the w/h ratios of 1, 2, and oo, (After [2.58])

T. Tamir, Ed., “Guided-Wave Optoelectronics”, Springer-Verlag, 1988

Prof. Elias N. Glytsis, School of ECE, NTUA
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Buried Waveguide
Comparison of Effective-Index Method with FDFD Method

1.0

I 1
w/h=1 N

B2+

]
0.8 —

0.6

0‘4 /5 /3

/7

0.2 ot
! 2
0 .-/ / /’ ,’ (a) ns

Y

b—(Nz'—ﬁ.alf(nfz—n,z)
N

0 04 08 1.2 16 20 24 28 32 36 4.0
v/ =Vg/m = (20/X) (ng2—n,2)12

1.0 T

w/h=2 —

0.8 511\}/"’, /

0.6

—1
] S

A

0.4

0.2 /;‘, 1t 7
ARV /} b
0 é’l‘/AIJ/;, (]
0O 04 08 12 1€ 20 24 28 3.2 36 4.0
V/m=Vg/m = (2h/\) (ngZ - n2)1/2
Fig.2.29a,b. Normalized dispersion curves for a buried channel guide comparing the
predictions of the numerical calculations (dot-dashed lines), of the effective index method
(solid lines ), and of the field-shadow method (dashed lines ). Comparisons are shown for
the aspect ratios of w/h =1 and w/h = 2. (After [2.66])

T. Tamir, Ed., “Guided-Wave Optoelectronics”, Springer-Verlag, 1988

b=(NZ—n42)/(ny2—n42)

Prof. Elias N. Glytsis, School of ECE, NTUA
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X (microns)

—

N W

Rib Waveguide
FDFD Method — Scalar Formulation

n=1.0, n;=3.44,n=3.0,t,,=1.1 pm, t

wore =0.2 um, w =2 um, A,=1.55pm

X

Ny, = 3.384179

Graph of mode

10
y (microns)

Contour of mode

N W

X (microns)
—

=

o
[ %)
F =Y
(o}]
co

y (microns)

v Ny, = 3.327726

Graph of mode

x (microns)
3 %) w

—
T

o

y (microns)
Contour of mode

N W

X (microns)
—

o

o
[X]
A

()]

o0

y (microns)

Software by T. Murphy : http://photonics.umd.edu/software/wgmodes/

Prof. Elias N. Glytsis, School of ECE, NTUA
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x (microns)
- 3] w

o

Rib Waveguide
FDFD Method — Scalar Formulation

n=1.0, n;=3.44,n=3.0,t,, =1.1 pym, t_,,.=0.2 um, w =2 pm, A;=1.55um

N, = 3.272121 N, = 3.232178

Graph of mode Graph of mode
i 2 3 -
o
1 Be2j
| E,l
»
0
10 -2
y (microns) y (microns)
Contour of mode Contour of mode
g3 g3
0 o
82 82
£, £,
X X
0 0
0 2 4 6 8

o
N
F -9
(=]
co

y (microns) y (microns)

Software by T. Murphy : http://photonics.umd.edu/software/wgmodes/

Prof. Elias N. Glytsis, School of ECE, NTUA

10

30



X (microns)

o = N W

Rib Waveguide

FDFD Method — Scalar Formulation

n=1.0,n=3.44,n=3.0,t;,=1.1 um, t

N,, = 3.216175

wore =0.2 um, w =2 um, A;=1.55pm

N,, = 3.124085

Graph of mode

y (microns)
Contour of mode

Graph of mode
_ g 3 L
o
4 .g 2 L
| E,I
x
0
-2 10 -2
y (microns)
Contour of mode
g3 g3
o o
&2 52
£, £,
X x
0 0
0 2 4 6 8

=]

y (microns)

Software by T. Murphy : http://photonics.umd.edu/software/wgmodes/

Prof. Elias N. Glytsis, School of ECE, NTUA
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Rib Waveguide
FDFD Method — Semi-vectorial Formulation

n=1.0, n;=3.44,n=3.0,t,, =1.1 pym, t_,,.=0.2 um, w =2 pm, A;=1.55um

Ngo = 3.380645 N, = 3.315213

Ey (Quasi-TE Mode)

Ey (Quasi-TE Mode)

1.5
1 1}
0.5 0.5
0 ' ' ' 0 ' ' '
0 1 2 3 4 0 1 2 3
y

y

Based on the code provided at: https://www.mathworks.com/matlabcentral/fileexchange/12734-waveguide-mode-solver

Software by T. Murphy : http://photonics.umd.edu/software/wgmodes/

Prof. Elias N. Glytsis, School of ECE, NTUA



Rib Waveguide
FDFD Method — Full-vectorial Formulation

n=1.0, n;=3.44,n=3.0, t,, =1.1 um, t, .
Noo = 3.380640

=0.2 um, w =2 um, A;=1.55pum

Hy (TE mode) Hx (TE mode)
3
% 2
1 1
0 0
0 2 4 0 2 4
No, = 3.315356
Hy (TE mode) Hx (TE mode)

0 2 4 0 2 4
y y

Based on the code provided at: https://www.mathworks.com/matlabcentral/fileexchange/12734-waveguide-mode-solver

33
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Inverted Rib Waveguide (A, = 0.632 microns)

Neore = 1.5365, n 4 = 1.5085, n_,., = 1.50 (SiO,)
t.i, = 20 microns, t,,. = 20 microns, w,, = 25 microns

Finite-Difference Method N = 1.536449 (E,(0,0) mode)

Effective-Index Method: N = 1.536461

Effective Index Method (Ey(0,0) mode pattern)

45
0 | ——
35
20 | | Neover
‘@25
e
S 20 N
£
£ r
S core
10
5
0
5
-30 -20 -10 0 10 20 30 n clad

y (microns)

Prof. Elias N. Glytsis, School of ECE, NTUA
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Inverted Rib Waveguide

Nt = 1.537908 (E,(0,0) mode), A, = 0.83 microns
Neore = 1.5387, n 4= 1.5115, n_,,, = 1.0
t,i, = 16 microns, t.,. =5 microns, w, = 8 microns

Semi-vectorial Method Ey(0,0) mode, Neff =1.537908

N_eff = 1.538180
20

Effective Index Method (Ey(0,0) mode pattern)

15 25
20
)
[ —
15
I= S 10
E £
x A
5 < 5

-30 -20 -10 0 10 20
y (microns)

30

-10 5 0 5 10
y (microns)
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Inverted Rib Waveguide

Ny = 1.537038 (E,(0,0) mode), A, = 0.83 microns
Neore = 1.5387, n 4= 1.5115, n_,,, = 1.0
t,i, = 16 microns, t.,.. =5 microns, w, = 8 microns

Semi-vectorial Method Ey(2,0) mode, Neff =1.537038

N_eff = 1.537335

- Effective Index Method (Ey(Z,O) mode pattern)

20

TD\ 20
£ o | -
S 015
(@]
;E: g 10
5 ;’ 5

O

o

'
al

-30 -20 -10 0 10 20 30
y (microns)

-10 5 0 5 10
y (microns)
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Modal Fields of Buried BF-Goodrich Waveguide
=1.5003, n___=1.5291

core

Ao =0.850 um, w =13 mm, h =16 mm, n

clad

Finite-Difference Method Results
E,(0,0) E,(0,1)

Ny = 1.528325 N,, = 1.528091

E,(0,2) E,(1,1)

N, = 1.526084 N,, = 1.526084

Prof. Elias N. Glytsis, School of ECE, NTUA
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