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SLAB WAVEGUIDES
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Figure 3.4 Asymmetric step index planar waveguide. Right: refractive index profile, where
ng <ng <ne
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Figure 3.5 Graded index planar waveguide

G. Lifante, Integrated Photonics Fundamentals, Wiley 2003
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SLAB WAVEGUIDE GEOMETRY
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SLAB WAVEGUIDE SELF-CONSISTENCY CONDITION
(waveguiding condition)
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2konsh cos ) — 2@5?}5(9) — QQ{J?C(Q) — 27V, v=0.1.2.---
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SLAB WAVEGUIDE SELF-CONSISTENCY CONDITION

(graphical interpretation)

).u= 1pm, n = 1, nf=2.2, n_= 1.5, h=1.2um
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH

Ng substrate
E = [B.(2)i+ Ey(x)i+ E.(z)%] exp(—jfz),
H = H.(z)x + Hy(x)y + H.(z)z] exp(—j32),
Helmholtz Equation: T + (kgn® — %) U =0
dx

—

U= [?Jr exp(—jky - 7) + U_ exp(—J F_ - r)

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



SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH

k2 = kg-ni — ,32 <0 = ke ==xj\yF?— kénﬁ = +77s,

¢ = _ A
[ e~ vele=h)o=iBz x > h,

1

U = 4 [[_,J-'Tfle_jkfx”‘" + [,-'ngeﬂkffﬂ e B2 0 <z < h,

k U V%387 r < 0,
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH

Z
Ng substrate
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH
TE Modes

komax{ng, ns} < B < kony

(e vela—h) =3Bz xr > h,
E =4 [Eflf”_jkfmx + Efgeﬂkfm“’"} eIz (< 1 <h,
| B evste P2, r < 0,
( Ece_%(‘”_h)e_jﬁz, x> h,
H, — _wiﬁbo § |Epe kT 4 Epetibret] e=ifz () < g < b,
\ Eevste=i82, xz <0,
( —J’Tf"cEce_%(I_h)t?_j'ﬁz, x> h,
1 ik C jkrea]| o—iBz ,
H, = S ke Epre™ihss® — Jop, Bppetibiae| e=i02 0 < & < I,
| s Ese¥s%e 957, x < 0.
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH
TE Modes

Dispersion Equation ko max{n¢, ns} < B < kony

F 1 e dks=h ¢tikfzh 0O 1T E. T 0]
Ve kppeRsh g etiRih () Eqx| |0
0 1 1 —1 Ep | |0
0 kit —ky 1vs | | Es | 0
AT;(.SQ)
;S 4 ’I'Jac
det{Arg(5°)} = 0 = tan(ks,h) = —F L2
1 L |8 C
J[Jf;c k‘fm

(cos(kfeh — dys) eTve@=h) =iz g s

e}

v — Li)EO 9 COS(k’fiEI' - OfS) E,—j,ﬁng 0<z < h‘:

| cos Qs €757 6_3"3“2_, r < 0,
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH

TM Modes
( H e ve(e—=h)o—iBz_ xr > h,
e @>h ko max{nc,n.} < 8 < kony
= 04 [Hfle—jkfmw 4+ Hf.z@ﬂ'kfxﬂ e=I8z 0 < x < h,
| Hse'fsxe_j.‘gz? Tr < 0._
(1
— Hoe (e gibz x> h,
n;
E, = —1 Hyye™oh=e Jert”‘r]eJ , O<z<h,
Wep Tlf
L i ereemin: r <0,
L s
s
+] 2H e ve(@—h) o =3Bz x > h,
1 A k :
_] .'-;H e’ys J.Bz? Tr < 0
| n;
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH

TM Modes
Dispersion Equation ko max{n¢, ns} < B < kony
B _1 E;_kaa:h E,"']kf.rh 0 T
_ e _k_ﬁce—jkth Kia tkpen g H. 0
n2 n; ns Hp | _ |0
0 1 1 —1 Hps 0
0 _Hye L 0
3 2 J 3
| 'n-f 'Tlf ng |
ATA:(SZJ

M2 A n2 A
nf /3 ?If le

n2 I n2 k
nt ke, 12k,

det{Arn(5%)} = 0 = tan(kszh) = 1
n f Ve s

1 —
212 ]2
nn? ks,

( cos(kfzh — @fs) e velw=h) o=iBvz 4 <
H, = §Ho{ cos(kjzx — dps) €952, 0 <z <h,
| cos Qs €757 e_j-ﬁ“z, r < 0,
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SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH

2

1

Functions f_(N) or f_(N)

TE, TM Modes Graphical Solution

nc=1, n = 2.2, ns=1.5, h=1.2um, b= Tum

10 T

—8—|.'...f2forTE
o

p - fzfor ™

-10 | 1 |
1.6 1.7 1.8 1.9 2

Effective Index, N

|
I
|
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I
|

Ng¢ for TE Modes: 2.1700, 2.0783, 1.9190, 1.6831
Ngi for TM Modes: 2.1642, 2.0542, 1.8636, 1.5968
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Normalized E

SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH
TE Modes Example (n= 1, n;=2.2, n;=1.5, h=1.2um, A;2=1.0um

TE, (N_, = 2.1700) TE, (N_, = 2.0783)
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Normalized H

Normalized H

SLAB WAVEGUIDE ELECTROMAGNETIC APPROACH
TM Modes Example (n.= 1, n;=2.2, n.=1.5, h=1.2pm, A;=1.0pm

™, (N_ = 2.1642) ™, (N_, = 2.0542)
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SLAB WAVEGUIDES MODES

h“ Phase front

Cladding ng X
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(a) Fundamental mode (m=0)
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(b) Higher-order mode (m=1)

TE,

TE,

Figure 1.4 Formation of modes: (a) Fundamental mode, (b) higher-order mode.
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SLAB WAVEGUIDES MODES

i 66 (o) Dominant TE mode (m = 0) of d tric slab. With £ n*, the
1 hich 1 -

H.A. Haus, Waves and Fields in Optoelectronics, Prentice-Hall 1984

wavelength 4 for which graph is constructed is giv
dimensional ™ plot of potential Re [y{x, z)] for dominant

17
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SLAB WAVEGUIDES MODES

E-line

™,

E-line

| -

H-line

>
T

x=d

o,

@

WVVWﬁ.

{a)

Figure 6.8 {a) Lowest-order TM maode of diclectric slab (m = 0). With & = g, 07, the
wavelength A for which graph is construeted is given by nd/d = 0.35, The transverse
propagation constant k. is the same as that of Fig. 6.6a. {b) “Three~dimensional™
plot of potential Re [Zix, r)] for lowest-order TM mode.

H.A. Haus, Waves and Fields in Optoelectronics, Prentice-Hall 1984 @

Figure 6.9 (2) First antisymmetric TM modes of dielectric slab. With ¢ = &, 1%, the
wavelength 4 for which graph is constructed is given by nd/i = 1,18. The transverse
praopagation consiant k, is the same as that of Fig 6.7a. (b) "Three-dimensional”
plot of potential Re [E(x, 2)] for first antisymmetric TM mode.
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SLAB WAVEGUIDES SUBSTRATE MODES

kon. < /8 < kong

TE Substrate Modes

(cos ¢pl emelemh) o=z, x> h,
= o8|k (v — h) + ¢LF] e=IP%) 0<xz<h,
By = §Eo cos[kpz(r — h) + @3] e v < h,

k ,
cos(kfah — 07F) cos(kspa) + Af sin(kgzh — (,)fc EYsin(kgr)| e77P%, o <0,
TM Substrate Modes
(cos rﬁ}?f e~ ve(z=h) ¢=iBz x > h,
[ TM] .—jf
o= iH, ¢ coslkfz(x — h) + @37 | €79P% 0 <z <h,
(L B TM kga/n% 5 TM N
cos(kyzh — @27 ) cos(kgx) + [y sin(kzh — ¢y, ) sin(kgx)| e™7 @ <0,
\ vsx [ Tg
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SLAB WAVEGUIDES SUBSTRATE MODES
TE/TM Substrate Modes Example (n.= 1, n,=2.2, n.=1.5, h=1.2um, A;=1.0pm

kon. < /8 < kong

TE Substrate Mode, (Neff =1.4500)

TM Substrate Mode, (Neff =1.4500)

1 1
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TE Radiation Modes

SLAB WAVEGUIDES RADIATION MODES

0 <0 < kgne

(1 kpa |
5 (a+ L) coslker (@ — h) + kyah — 9] +
(1— iﬁr )cos|ke (T — h) — kph + Q]] e 9Pz x > h,
Es = §Eo 4 )
cos(kpaz — ¢) e7977, 0<z<h,
1[(1 - ."f:r)cos[k r— ]+ (1— kfr)cos[k z+ Q]} e <0
TM Radiation Modes
(1 ke /m |
5 [(1 v kf ;ﬁ;)cos[ﬁﬂ(.r )+ kph— ] +
cr ]{i‘:‘fx/nf ] ,.' _ig»
) (1= ) coslh( = b) = hysh + ¢]| e, x> h,
Hpg = yEq 4
cos(kpp — @) eI 0<x<h,
Lroy o By b e o (1= B costh 4 ] e, 2 <0
| 3 [( — )cos|kgr — @] + (1 — = ) cos| S:ri:—i_@” e P g :
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SLAB WAVEGUIDES RADIATION MODES
TE/TM Radiation Modes Example (n.= 1, n,=2.2, n.=1.5, h=1.2um, A;=1.0pm

O<ﬁ<k0nc

TE Radiation Mode, , N_, = 0.95, ¢ = 135°

TM Radiation Mode, , N ., = 0.95, ¢ = 135°
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SLAB WAVEGUIDES UNPHYSICAL MODES

kony < f < oo

TE Unphysical Modes

&l N |
2 [(1 - ,i_..f) coshye(x = h) +v5h — o] +
E,B = l}E@ k¢ ‘
cosh(ypo — ¢) e79P7, 0<ueh
T S -
2 [(l + =) cosh]yer — & 4 (1 — =) cosh|yer + @]} eI <0,

TM Unphysical Modes

(1 vr/n% |
5 [(1 + ) cosh[ye(x — h) +vph — &) +
f}'c ??C
2
v/ n ,
11— /15 cosh[ve(x — h) — ~v¢h + ¢]| €952, x> h,
e/ 12 f
— [C ‘c
Hﬁ =y Eo 4
cosh(ypr — ¢) e™9P2, 0<x<h,
1 vy /n> _ vr/n? _ .
2 [(1 + f; ;)coshhsx — o]+ (1 - f;n;) cosh[ysr + ()]] eI 1 <0,
\ ’T;r"s I? ?S ’-};S | g S

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



SLAB WAVEGUIDES UNPHYSICAL MODES
TE/TM Radiation Modes Example (n.= 1, n,=2.2, n.=1.5, h=1.2um, A;=1.0pm

kony < f < oo

TE Unphysical Mode, , Neff =225 ¢=0

TM Unphysical Mode, , Neff =225 ¢=0
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SLAB WAVEGUIDES MODE CLASSIFICATION

Prohibited region

Kony Ny
i Guided modes
kons ng

Substrate modes
JB k@ﬂc nc N

Radiation modes

0 0

Figure 3.18 Range of values for the propagation constant § and the effective refractive index
N for guided modes, substrate modes and radiation modes

C over TE ] TE1 TE 2 TEG
Film
Substrate

Figure 3.20 TE modes in an asymmetric step-index planar waveguide. The structure parame-
ters are the following: n, = 1.00, ny = 1.50, ny = 143, d = 3.0 pm, L = 633 nm

G. Lifante, Integrated Photonics Fundamentals, Wiley 2003
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SLAB WAVEGUIDES RAY PICTURE

. 1,
T T —

Figure 3.10 Radiation mode in an asymmetric step-index planar waveguide

L
h]_

Figure 3.11 Ray path followed by a substrate radiation mode

L
| -

Figure 3.12 Guided mode in an asymmetric planar waveguide, showing the zig-zag path traced
by the ray

G. Lifante, Integrated Photonics Fundamentals, Wiley 2003
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SLAB WAVEGUIDES SUBSTRATE AND RADIATION MODES

Cover Exponential
Film Sinusoidal
Substrate Sinusoidal

Figure 3.22 Substrate radiation mode in an asymmetric step-index planar waveguide

Sinusoidal

Cover
Film Sinusoidal
Substrate Sinusoidal

Figure 3.23 Radiation mode in an asymmetric step-index planar waveguide

G. Lifante, Integrated Photonics Fundamentals, Wiley 2003
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SLAB WAVEGUIDES EVANESCENT MODES
3 = +j/3 (where 3 > 0)

kb, = (kgn? + 572 > 0. Ky, = (k3n3 + 572 > 0, and K, = (k3n? + 5%)1/% > 0,
TE Forward Evanescent Modes

4 I
%[(1 + k{m) coslkp, (v —h) + kK h — o] +
cxT ’ll‘f Ir
(1= %) coslkly (@ = h) = Kb + @]] e Pz, z > h,
Es = §Ey < h
cos(Kp,x — @) e~ Pz, 0<x<h,
1 Kn K, ,_ |
E[(l + Jeos|kl xr— o] + (1 — o ) cos[kLx + g")]} )
TM Forward Evanescent Modes
" :IC! ; .Q
% (1+ k{-’fﬁg ) cos[kly (z — h) + K h — ¢] +
( c:i:_ ;?}a:/?l?) o ,[Lj T — h) _ k. R + ‘)]} —B=z r > h
t fuz) €Ot = ) = el O € '
Hg = yEp <
cos(kppx — ¢) e7P2 0<a<h,
1 k. Jn? K, Jn? . _ _
| 5|+ Lfmjng ) cos[kl .z — &) + (1 — fofng )Cos[k;x;r—l—@]] e 2 <0,
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SLAB WAVEGUIDES EVANESCENT MODES

TE/TM Forward Evanescent Modes Example
(n.=1,n,=2.2, n.=1.5, h=1.2um, A,=1.0pm)

anescent Mode, , N_ = - j0.5, ¢ =30 Evanescent Mode, ,N__ = -j0.5, =30
1 ; ;

YT

PVL TV

K I 1 I
-2 - 0 3 4 -2 -1 0 1 2 3 4
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SLAB WAVEGUIDE MODE DIAGRAM

Backward Region Bi/ky Backward Forward Region
. Evanescent
Backward Radiation Modes Forward
Leaky Modes Modes Guided
Modes
* FERELE Un hFZri\éV;rl(\j/lodes
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Unphysical Modes Modes %
Backward
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X X Discrete Spectrum n z
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1.6

SLAB WAVEGUIDE CUTOFF CONDITIONS
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b b4 L L 17
. . . . : v + tan a
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Radial Frequency, w (rad/sec)

et
n

ha

—y
n

=

=
(3

SLAB WAVEGUIDE CUTOFF CONDITIONS

kohy/n% — n? — tan™'(y/ay) = v, w=TE, TM.

2rhy/n% — n?

v + tan—!(,/arg)

2mh, fn:% —n?2

v+ tan_l(\xa]ﬂ_.uf
1

){1015 nn=1,ni=2.2,n5=1.5,h=1pm
= {c.-fnc}_ﬁ [c-‘ns]lﬁ /. - ~ - -
L ) TE
L L {dnf}j /\D.C‘ut,v
- -
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- ‘)"D.r_"ut,v
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i 1 TM
= TE-modes “eut b
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SLAB WAVEGUIDE NORMALIZED PARAMETERS
2T
V = » —nh n?r nZ,
by N2 —n? ﬂ? sin? 6 — n?
B nf,- — n? N n?‘;- — n?

n? —n?

e = nf —n?’
n} n? — n?

AT = n? n% —n?’

Dispersion for TE Guided Modes

Vv/1—b— tan! {

b

\fﬂ

=

V1%

EH— arE

}:Uﬂ-? 'U:D]-

Dispersion for TM Guided Modes

V,,f”f /1 — brar — tan™ {

bru
V1= bru

brar + ara (1 — bragd)

} " tan! {\/’

1 —bry

}:L’ﬂ'?
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SLAB WAVEGUIDE NORMALIZED DIAGRAM

Figure 2.4 bV curves of TE modes guided by step-index thin-film waveguides.

Prof. Elias N. Glytsis, School of ECE, NTUA
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Normalized Propagation Constant, b
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POWER CONSIDERATIONS FOR SLAB WAVEGUIDES

+oo ]

p=/ §Re{E—><H}-zd-J:
0 1 +oo = = .
- / “RelE x H*} - sdz + / “Re{E x H*) - AH/ SRe{E x H'} - 2da
o0 h
TE Modes
([ cos(kpah — ¢FF) e7rele=h) emifz g >
B, =By cos(kyex — 6F) 0 0<z<h H, = (1/jopo)(dE, /d2)
| cos qD:’J:f eVt eIz r <0,
NTE "E Qcosz(@fs) P, 1 cos*(¢ys)
P = Ly T D T I TE 1
4 \J P hefrw s
P \TTE .'— Eo|2 51n(2-’ffa:h — Qgcifs] + sin(qu:fs)] ? i _ TlE - sin(2ks.h — 2¢55) + sin(2¢5)
v Ho fz P hfff;u 2'{".{-’5
po_ \TTE “E 0|QCDSQ(kth—¢fs} P. 1 cos’(kfah — oys)
\z 1o Ve | P nE, e '
N’TE !_ 1 1 _;VTE aa ' _
P = Eol? |h+—+ ]: v [ —|Eo|*hTE
1 \/,ug 0l l - 1 /#-0 ol “hery
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POWER CONSIDERATIONS FOR SLAB WAVEGUIDES

P = /+mlRe{Exﬁ*}-£d$

o 2
01 L o Rl bool oL
f “RelE x B*) - 2dr+ [ “Re{E x H*} - :da:+f “Re{E x H*) - 2dr
J oo 2 o Jo 2 o 2
P. Py P.
TM Modes
([ cos(kpoh — oFM) el iz g > h,
H, = iH, cos(k e — @}r”) —iPvz 0<xz<h, E, = —(1/jwe)(dH, /dz)
| cos cp}?f eVt g7 IPvz, x <0,
P 2 21
P NTM /,ug H, scos?(dys) s :'Lff Cos 2(5.9!5}.
= 1V | |T% P Pejfn — Ts7s
. NIM /% | |21 h+sm(zﬁ:ﬁh—mﬁ)+sin(2¢f5) Py ny 1 [ sin(zﬁchh—%ﬁj+sin(2¢fs)]
= = — ) B — = 1 3
1\ e n? ks JZ KM, 02 2y
p = Mi"” /’E| 25 ?(kgeh — Ofs}_ Po_ ny  cos?(koh — bys)
11} €0 nZye P hff?!, ng% :
NTM\ 2 NTMN 2
v = (50) < (55)
NTM [ 1 1 1 \*T’LI M ¢
P = ) e [f-+ + ]— 'UU|H0| Ef"}g.m NTM\? - NTM\?
4 Ve Uil e e 1 \/ | a5 = ( " ) +( n ) -
s i
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POWER CONSIDERATIONS FOR SLAB WAVEGUIDES

]TEV It 1 n 1
orf =h+—+ —
eff Vs Ye

Effective Thickness, hmf

T M, 1 1
h’eff == h + +
ds7Ys dee

s =

I'Ic =1, I'If = 1.56, I'Is= 1.45, by = Tum

[ == =TM * |

—TE

Film Thickness, h {tm)
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POWER CONSIDERATIONS FOR SLAB WAVEGUIDES

TE Modes TM Modes
P 1 cos?(¢ys) P n}  cos’(oy)
P h-sz,v s P hg}?v n2ys
Py 1 - sin(2ksoh — 2¢5,) + sin(2¢5) Py nfr 1 sin(2ksh — 26 5) + sin(2¢y,)
P ki, 2ky. P heggumy | 2k
P. 1 cos’(kpzh — dys) P. n} cos?(kph — ¢rs)
P h{ﬁw Ve ' P h{ﬁlv n2,
TE, n = 1, n = 1.56, n_ = 1.45,;‘.':]: 1um ™, n = 1, n = 1.56, n = 1.45,3.n: ium
1 1
;: 0.8 J;i 0.8
=Y a
o* 0.6 a® 0.6}
E 0.4 E 0.4
o =
@ ]
= &
= | ] |
E 0.2 E 0.2
2 2

Film Thickness, h {um) Film Thickness, h fum)
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MULTILAYERED SLAB WAVEGUIDES

cover 7 A
==
layer 1 n, h,
layer i n, h;
layer N Ny : hy
" | substrate n,

Range of propagation constant  possible values for guided modes

kons < [3, < ko max;{n;}
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MULTILAYERED SLAB WAVEGUIDES

. TE Modes
cover 7 e
layer 1 n, h; 0
. —JWHo .
R = [ 3 —| Ey
dr | H. [ —jwe + j— 0 J H. |~
layer i n; h; wHo
I5]
H, = TEy
. “wHO
layer N My ¢ hu .
xy Substrate n, ( Ectﬂcmt?_"?gz. r < 0,
1 E =71 {Eﬂe’jkmf(‘”’Di) + Ez-geﬂ”"x'i(m"oi)] e P97 Dy < x < Dy,
i
Di =" hy, with D; =0, i=1,2.--- N |
=1 \ Ese_%(m_DN+1)€_35Z__ 2> Dyt
( f\’r.fc ECE:‘}:CI e _.] .-32 , T < [}.
1 : —jkgi(x—Dy) | ik (a—Dy)] L —iBz
Hz — J 10 4 7.]A:IiE'ile AN v+ j!lﬁI.iE.‘;QE’. I s e IPZ D.z' < x < D?:Jr]_._
— ] Lo
\ 7?:8 ESE),_’}“S (;1‘_D1\r+1)e —j.,SZ? €T > Df\‘r+l-
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MULTILAYERED SLAB WAVEGUIDES
TE Modes

Boundary Conditions

1 1 Eq 1
. . = FE.. at =0,
l _]krl ]k;r-l ] l EIQ ] [ e ] e '

eijkmh'i 8+jk‘°’5hi Eﬂ B 1 1 E@'+1,1 at = D
y L —ikyihi o R Ry _ 7. -7 . al r = i+1
—J ke el JA-mtﬂ ' E; *]L-m,fﬂ ]A'$,z’+1 Ez‘+1,2

e _.? km}\f hJV e +Jk':nJV h’JV EE\T]_ . 1 E
' - - .k.‘b‘l 'II 3+"kx1 ]1 - T o~y 51
—Jhpne T PENIN Gk e TIReN AN Ens Vs
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MULTILAYERED SLAB WAVEGUIDES

TE Modes
En | 1 gk —1 1 I
ElQ N 2‘],(1.1 lel ]_ A,'C Cs
ﬂi;o —iknih; k’l‘i ik h, A‘}’Ii
e=dheihi [ 4 L) kit (] —
[ Eit1a ] _ 1 ( ]f;r,ziﬂ) ( ]f-;r,aiﬂ) [ Ei ]
Eii1 2 - (1 ok ) otikzihi (1 n Feai ) Ei
Ry it ]f;r,aiﬂ
ﬂn}'a,:l.i
1 E o e _jk.rf\f h N e+jkmf\7 h N EA,\YI
_,\}'JS s _jll_-_‘ri\re*jkmi\f hN jll_-mj\re‘kjkm\’hﬁf Ef\"z ?
ﬂ'}N:—l,N
[ { ] Es — iﬂ]:\f+1,;\fqu;Nr,iN’—1 s iﬂ]z.liﬂyl.o [ nlf ] Ec — [ L ] [ Ali ] EC.
—Ys N ~ / Ye o1 199 Ve
M

[ mip + miay. —l1 ] [ E.

Mol + M22%e Vs E,

] =0 = det {ATE(ﬁQ)} = 0.

/

'

Arg(52)

det {.AT E(J’z)} = 0 = ~emi11 + Yemoo + Yeysmio + meop = 0.
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¥

Normalized Electric Field, E

0.8

0.6

0.4

0.2

MULTILAYERED SLAB WAVEGUIDES

TE Guided Modes Example

n.=1.45, n,=1.56, n,=1.45, n,=1.56 n.=1.45,
h,=0.75 um, h,=0.50, h,=0.75 pm A,=1.0pm

TE -mode [MEE = 1.52154577)

¥

0.5

05

Normalized Electric Field, E

-2 0 2 4
Distance x ( um)

TE -mode (MF = 1.50837665)
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MULTILAYERED SLAB WAVEGUIDES

TM Modes
cover 7 Ne
| 0
ayer 1 ny h; d Hil 32
: de | E. Jwitg — j—E
layer i , h, 3
y n{ (] EI — _Hy'
We
: . Hcef}.cxe—jﬁz:
layer N Ny 3 hy
x| substrate n, o §< H@_lt’.i‘jkm(xiﬂ‘i) i Higt?Jrjkm(:l‘—D,;) e—jf:}z?
. Hseé_?"s(z_DfVJrl)e_j'ﬁzf

e o —ijBz

— e e

'T?-C

E . 1 a A‘Ti H 3_jkmz(:r_D'i) a L‘Ii H 3+jkmi("r_Dé) 37.}’32
2= T —J g ae T )5 Hige e
JWweq n; ;
_ﬁ 63 _’-}:S (T_DIV‘I’I)ED_.?SZ
5 Hs€ ! ,
n
s
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x <0,
D;’ < r < Dg'_+1.

x> Dy,

r <0,

D; < < Dy,

xr > DN—i—l .

45



. A::ri

J

e_jkxt’ h‘i

n

2

i

e —j kjm; hz

MULTILAYERED SLAB WAVEGUIDES

TM Modes

Boundary Conditions

e TIkzili 1 1
ko Hi.l L ) 11 I 1
Sl 4k h; — v vy
-] ) € J HiQ J ) D)
n; it it

Dispersion Equation

Hiiqq
Hiti0 |’

det {./iTﬁ_f(ﬁQ)} =0= _n%777-11 —
‘s

n’r_ac n’r.ac n’r.»S
—27 199 + —2 —2
n-c n-c n-s

myo + meoy; = 0.
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MULTILAYERED SLAB WAVEGUIDES

TM Guided Modes Example

ne=1.45, n,=1.56, n,=1.45, n,=1.56 n.=1.45,
h,=0.75 um, h,=0.50, h,=0.75 pm A,=1.0pm

TM -mode m:}"" = 1.51817637)

¥

0.5

0.5

Mormalized Magnetic Field, H

-2

0 2
Distance x ( um)

4

TM,-mode m}"‘ =1.50411134)
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)

ANALYSIS OF SLAB WAVEGUIDES

Flectric or magnetic wall

Helmholtz Equations

d Te L _
cover Ne ¢ V2E + WV Vﬂ ‘E| +k2<E =0,
h . _:'-'_" — — . —
n; 1M via o+ | YE| . (V x ) + k3l =0,
Xip-—--- { Ax
Xig 4}~ .
. TE Modes
n; ]hi dQE
5 o
: — + [Ign?(x) — 3% By =0,
: TM Modes
N thy,
dQHy o1 dn?(a ) dH, + [,{ n?(x T) — .-5'2] H
substrate ng dﬂ dr? ',*12(;1’) dx dr 0 : Y
-ng(;:f.“-)(—z ( 21 dHy) [,{On (z) — -32} H,
X Electric or magnetic wall dr \n*(x) dx

L. A. Coldren et al.,

“Diode Lasers & Photonic Integrated Circuits,” J. Wiley & Sons (2012 -2" Ed.)

K. Kawano and T. Kitoh, “Introduction to Optical Waveguide Analysis,” J. Wiley & Sons (2001)
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0,

0,

48



FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES

) . dU Ar d*U (Ax)?  @PU (Ax)®  d*U (Az)*
Ul Ar) = U+ oty o T as 31 Tt 1
dU Az d?U (Az)?  &U (Az)?  d*U (Ax)?
L-"T PT — A -~ (JT i — .
(z — Axz) e e TR P RT TR T

LU _ Uisy — 2Ui 4+ Uiy
dr? (ﬂf)z

Ui = 2U; + U; _ 27+ ) ] )
: (A ):_ — - kgn; U = 37U, i=0.1,---.M+1.
T

TE Modes

Normalized Distance: | X = kgx

LTi_l - 26‘1’ + {*’Ti—l-l 217 AT2TT i : )
(AJY)Q + m; {1 — N {1 i=01..-- M n 1

L. A. Coldren et al., “Diode Lasers & Photonic Integrated Circuits,” J. Wiley & Sons (2012 -2 Ed.)
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ai

b
0
0
0

a; = n? — [2/(AX)?] for i =

FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES

b

2

b

0
b

g

) .

0

apr—1

TE Modes
()

0

b
an

Unr—1
Unmt

L. A. Coldren et al., “Diode Lasers & Photonic Integrated Circuits,” J. Wiley & Sons (2012 -2 Ed.)
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A
Us

Unr—1
Unm

1,2,---,M and b = 1/(AX)?
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES

TM Modes
1 2n? 1 2n? 2n? 2n? .
! (/'Ti, 2 - - L U + : [-"Ti - ;"1\1"2["?{. 1=
(AX)Zn2+n2, ! - [ni (AX)? (ngﬂ + n? - n? + '”'12—1)1 | (AX)2n2 +n? ! 2

1 0 ce e 0 0 [J'Tl [;'Tj_
bg ) 9 0 ce . 0 lUQ lUQ
0 . ; : : i :
)3 ag  c3 NG
0 ... ... by—1 am—1 v Unr—1 Uni—1
0 0 bar apy || Um | Um
1 In? 2
i = — - ! : 1=1.2,---. M),
(1 ?1?, (A;{)Q (n?—i_l + nzg T?-g _|_ _n'?_l ) (3 . )
| 2n?
b; = : =12 M
) (AX)2n? +n?_, $ ' )
| 2n?
;= LI =1,2,- M
“ T BxpEa, e UTh )

K. Kawano and T. Kitoh, “Introduction to Optical Waveguide Analysis,” J. Wiley & Sons (2001)
Prof. Elias N. Glytsis, School of ECE, NTUA

L2,
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES

n.=1.0, n;=3.4,n=3.1, h=1.0 ym, Aj=1.3um

Example:

TE Modes TM Modes
Az NIE NIE NIM NIM
Ao/20  3.3585913  3.2362825  3.3518412  3.2129633
Ao/40 33579455 3.2333453  3.3515178  3.2109972
Ao/60  3.3578155  3.2327610  3.3514548  3.2106177
Ao/80  3.3577736  3.2325729  3.3514346  3.2104963
Ao/100  3.3577538  3.2324843  3.3514251  3.2104392
Ao/120  3.3577424  3.2324333  3.3514196  3.2104064
Ao/150  3.3577336  3.2323938  3.3514154  3.2103809
Ao/200  3.3577268  3.2323632  3.3514215  3.2103612
Exact 3.3577180 3.2323308 3.3514080 3.2103532

TE modes: n.=1,n=34n =31, =13m, h=1um

1 i
=
w
= '
g 05 . .
w \
(4] 1
= 1
1
o sl ': .
? o ' !
1 1
% h : |
E -‘05 [ Iy ¥ | —
S X S | bstrat
= cover (nD] : '\ {, fllm(nl) : sU rae[nsj
L |
“Ar i
-0.5 0 05 1 1.5

Distance, X (;:m)
L. A. Coldren et al., “Diode Lasers & Photonic Integrated Circuits,” J. Wiley & Sons (2012 -2 Ed.)
Prof. Elias N. Glytsis, School of ECE, NTUA

2

1r I| 1
1 ’ 1
> 1 ’ 1
I, [ 1
= | |
E 05 r 1 1
[ |
2 I
= | |
E 1 1
=) \ 1
g 0 1 i 1 ==
E : ‘l : r -
N 1 v L
®- F 1 ' 1
g 05 | - s l,;'
5 cover [nc) 1 film {nf] “ b substrate [nsj
z 1 7
] ool
AR 1 1
-0.5 0 0.5 1 15 2
Distance, x (,um}

TM modes: n,= 1, n, =34, n, = 31,4 =13um, h=1am
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell’'s Equations)

TE Modes
0E, ,
—— = H,
OE, _ Normalized Magnetic Field
oz’ Z’
"o T ow = (@) By,

r' = kgxr and 2’ = kyz are normalized coordinates

R. C. Rumpf, PIERS B, vol. 36, 221-248 (2012)
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell’'s Equations)

TE Modes

e jNE, = I

{i,j+1);ﬁ "

Ax .
(i,j+ 1)t j+% N

o] ™ n

— oL /_\'1
(-1j) (240 |B (+%0) (i+1) 2
H
(ij-%2) > * 1
5 A2 f
(ij-1)T TE Mode Cells {E‘" i (A,IJ) D D } vy A Ey
{(a) 2D Yee's Cell {b) 1D Compact Yee’s Cell
r—1 1 0 ... 0 07 r1 0 0 ... 0 07
- : - 1 772 M 0O —1 1 0 ... 0 -1 1 0 0 0
E, = [ELE2 - .EMT H, = [H' H? - HMT o _ S '
[ = [HV2 VR L M DE = l'l] l'l] _‘l ‘l . DE = 0 =1 l 0
€l = e (2;) 0 ... ... 0 -1 1 0 ... ... -1 1 0
0 ... ... 0o 0 -1 0 ... ... 0 —1 1|
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell’'s Equations)

Xy Azf2

(S ) P v—

(ii+%2) | H
T

TE Modes — Permittivity Averaging

jw [/D-dS -
Az JC
IJ-{—QI/) zitAz fZ
i —Ax/2 Az/‘)

v)drdz

H xj 1&7‘/2 o
! X j’w’t'o/ e (2) Bl(z)dufe7PNEAZ] =

: ;—AI/Q

Ax/2

- li “’j}- H:,’/ -
(1) (i) |E () (i#1)) 2

axj+Ax/2 )
jch/ er(z) Bl (x)de =

j—Ax/2

giid —
f [H.dx + H.dz] —=
o

(e
Hi|—jkoNAze N4 Ay —

(Y2 iy
(H2PV2 — )

--------- o o jweo [Fer + (1 = Peo) BIAw = — (HIT2 = {I71/%) -
FAX : : S Ay j
{Lj'12]“-.|:|rz [Fer+ (1= Flel E; B f“:.__e”E; D Az’ 2 _jNH;’J’
Permittivity Boundary
&1 ii-nTE,
TE Mode Cells
j 1 _ o — J=1 4 (1 — e+l
el i =[Fer+ (1= F)e] =€l = [Fel=' + (1 — F)el!]

Prof. Elias N. Glytsis, School of ECE, NTUA
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell's Equations)

Example: n_=1.0, n,=3.4, n,=3.1, h=1.0 ym, A;=1.3pm
TE Modes
Helmholtz Yee's Cell Yee's Cell
No Averaging Averaging
Ax NTE NTE NIE NTE NIE NTE
Ao/20 3.35859013  3.2362825  3.3585914  3.2362911  3.3570617  3.2310872
Ao /40 3.3579455  3.2333453  3.3579314  3.2332028  3.3575479  3.2319896
Ao /60 3.3578155  3.2327610  3.3578157  3.2327737  3.3576393  3.2321748
Ao/80 3.3577736 3.2325729 3.3577720 3.2325782 3.3576744 3.2322471
Ao/100  3.3577538 3.2324843 3.3577531 3.2324938 3.3576897 3.2322788
Ao/120  3.3577424 3.2324333 3.3577426 3.2324471 3.3576981 3.2322964
Ao/ 150 3.3577336 3.2323938 3.3577338 3.2324078 3.3577053 3.2323113
Ao/200  3.3577268  3.2323632  3.3577268  3.2323769  3.3577109  3.2323231
Ao/500  3.3577193  3.2323297  3.3577195  3.2323443  3.3577169  3.2323357
Ao/T50 33577185 3.2323262  3.3577I87  3.2323409  3.3577176  3.2323371
Ao/1000  3.3577183 3.2323250 3.3577184 3.2323397 3.3577178 3.2323376
Exact  3.3577180 3.2323308 3.3577180 3.2323308 3.3577180 3.2323308

Prof. Elias N. Glytsis, School of ECE, NTUA
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell's Equations)

Example: n_=1.0, n,=3.4, n,=3.1, h=1.0 ym, A;=1.3pm

TE Modes
Helmholtz Yee's Cell Yee's Cell
No Averaging Averaging
Ax NJE NTE NIE NTE NTE NTE
Error (%)  Error (%)  Error (%)  Error (%)  Error (%)  Error (%)

Ao /20 -0.0260 -0.1223 -0.0260 -0.1225 0.0195 0.0385
Ao /40 -0.0068 -0.0314 -0.0064 -0.0298 0.0051 0.0106
Ao /60 -0.0029 -0.0133 -0.0029 -0.0137 0.0023 0.0048
Ao /80 -0.0017 -0.0075 -0.0016 -0.0077 0.0013 0.0026
Ao/100 -0.0011 -0.0047 -0.0010 -0.0050 0.0008 0.0016
Ao/120 -0.0007 -0.0032 -0.0007 -0.0036 0.0006 0.0011
Ao/150 -0.0005 -0.0019 -0.0005 -0.0024 0.0004 0.0006
Ao/200 -0.0003 -0.0010 -0.0003 -0.0014 0.0002 0.0002
Ao/500 0.0000 0.0000 0.0000 -0.0004 0.0000 -0.0002
Ao/ 750 0.0000 0.0001 0.0000 -0.0003 0.0000 -0.0002
Ao/ 1000 0.0000 0.0002 0.0000 -0.0003 0.0000 -0.0002

Prof. Elias N. Glytsis, School of ECE, NTUA
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell’'s Equations)

TM Modes
E)H; B |
S E),.z_.f — -f_:rr 4
@H;
g = 6. L, H), = —jZoHy
oF, OF., _ oy
9z  or Y

r' = kgxr and 2’ = kyz are normalized coordinates

R. C. Rumpf, PIERS B, vol. 36, 221-248 (2012)

Prof. Elias N. Glytsis, School of ECE, NTUA
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell’'s Equations)

TM Modes
X Az/2 X ) _ _ —
. Az H 1 J N Hr — ET‘,T-SEET-'.
(ij+1) ¢ Ve j+1
i — e E.
(i,j+Vz):|--Ez Ax Ax x—EE j+ A ! ez Ez '
8x/2 3 o 1 - - )
Exi (i;j). Exi ° . Htl _J:\v EI‘ — FDE’EE — H.;
(-Li) (%0 [P(+%0) (+1) 2 Y o
(i,j-%) o %
(i,i-1) TM Mode Cells % j-1 » R
! F}?*I:E — ET‘(IJ) E-‘;*zz — E“—"’(:rj—l—lﬂ)
(a) 2D Yee’s Cell {b) 1D Compact Yee’s Cell
¢ : DE &L DEYH, = N[
ETI.T (‘AI J ET'.T.T TI ET‘EZ y — A y
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell's Equations)

TM Modes
Xy Az/2

(i+1) Az

B o117

Give | B | A Ereff = + =,
B S R ri 62 ‘

e | e

) W S P

-FIE‘;IT-H-!-EI-I-E - . :i ---------
R e IE ot ity | S
(%) E,

|
|
|
. l Permittivity Boundary
|
|

TM Mode Cells

{ﬂm+uﬂmge5@ Fy=F+1/2, for F<1/2,
Ereff =

Faep+ (1= B)en =L, FB=F—1/2, for F>1/2
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)
ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell's Equations)

Example: n_=1.0, n,=3.4, n,=3.1, h=1.0 ym, A;=1.3pm

TM Modes
Helmbholtz Yee's Cell Yee's Cell
Kawano [3] No Averaging Averaging
Axr :\Yg" M :\Yif M A’é" M ¢\*1T M j\rgjﬂ'{ j\lrifﬂ-f

Ao/20 3.3518412  3.2129633  3.3496125  3.2041094  3.3512255  3.2110965

Ao/40 3.3515178  3.2109972  3.3504428  3.2067131  3.3513622  3.2105083

Ao/60 3.3514548  3.2106177  3.3507380  3.2077721  3.3513869  3.2104143
Ao/80 3.3514346 3.2104963 3.3509033 3.2083858 3.3513963 3.2103793
Ao/100  3.3514251 3.2104392  3.3509982  3.2087442  3.3514004  3.2103641
Ao/120  3.3514196  3.2104064  3.3510631  3.2089916  3.3514026  3.2103558
Ao/150  3.3514154  3.2103809  3.3511305  3.2092505  3.3514045  3.2103487
Ao/200  3.3514215  3.2103612  3.3511995  3.2095179  3.3514060  3.2103430
Ao/500  3.3514086  3.2103396  3.3513237  3.2100031  3.3514076  3.2103368
Ao/7T50  3.3514082  3.2103373  3.3513516  3.2101129  3.3514078  3.2103361
Ap/1000  3.3514081 3.2103364  3.3513656  3.2101682  3.3514078  3.2103358

Exact  3.3514080 3.2103532 3.3514080 3.2103532 3.3514080 3.2103532
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FINITE-DIFFERENCE FREQUENCY-DOMAIN (FDFD)

ANALYSIS OF SLAB WAVEGUIDES USING YEE's CELL
(Solving Maxwell's Equations)

Example: n_=1.0, n,=3.4, n,=3.1, h=1.0 ym, A;=1.3pm
TM Modes
Helmholtz Yee's Cell Yee's Cell
Kawano [3] No Averaging Averaging
A NTM NTM NTM NTM NTM NTM
Error (%)  Error (%)  Error (%)  Error (%)  Error (%)  Error (%)
Ao/20 -0.0129 -0.0813 0.0536 0.1945 0.0054 -0.0232
Ao/40 -0.0033 -0.0201 0.0297 0.1134 0.0014 -0.0048
Ao/60 -0.0014 -0.0082 0.0200 0.0804 0.0006 -0.0019
Ao/80 -0.0008 -0.0045 0.0153 0.0613 0.0003 -0.0008
Ao/100 -0.0005 -0.0027 0.0124 0.0501 0.0002 -0.0003
Ao/120 -0.0003 -0.0017 0.0103 0.0424 0.0002 -0.0001
Ao/ 150 -0.0002 -0.0009 0.0083 0.0343 0.0001 0.0001
Ao/200 -0.0004 -0.0002 0.0063 0.0260 0.0001 0.0003
Ao /500 0.0000 0.0004 0.0025 0.0109 0.0000 0.0005
Ao/ 750 0.0000 0.0005 0.0017 0.0075 0.0000 0.0005
Ao/ 1000 0.0000 0.0005 0.0013 0.0058 0.0000 0.0005
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GRADED-INDEX SLAB WAVEGUIDES

Example of
Graded-index
Slab Waveguide

e ————

Y

i
i
i
i
i
i
i
i
i
i
!
rB IEB
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GRADED-INDEX SLAB WAVEGUIDES

For TE Modes:
d*E

L+ (ki (2) = B)E, (2) =

WKB Method (Wentzel-Kramers-Brillouin)  E, = w(x)

U = g expljkoS(z)]

S(x) = Sp(x) + Llo Si(x) + 1 So(x) 4 -
) = v oxpljkSole) + 81(x) + 7 Sa(r) + -
So(x) = Alo /[Lon (z) — 5% 2de.

Si(x) = 2.111 (fiio
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GRADED-INDEX SLAB WAVEGUIDES
WKB solution in general

¢

%e)&p[ij / Qda], if [k2n2(x) — 82 = O > 0,

'l,;"f,«‘o . )
T exp i/Pdr il [E2n2(2) = 32 = =P2 < 0.

WKB for the profile shown

Th Ta TR
wo

— " 5 20 N11/2
2[62 — kn2(a)) /4 P {— fT 19 = k()] 2|

Wo ‘ T 9 9 e
[ADH ( ) _ ;'5'32]1/4 COs |;/;;A[}I0n ( ) j ] dT

. oy < < ap,

IAA ‘ -‘]I

Uy

) Tra2 12 02 1/2
([ 2[32 — kin?(x)|V/4 P { /;B |7 = k™) der

r > IR,
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GRADED-INDEX SLAB WAVEGUIDES

substrate
X
() 4+ 07 = kgn®(x) = [k(x)]>
—2/ c(x)dr + ¢4+ op = 2vm, v=20,+1,42, -
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GRADED-INDEX SLAB WAVEGUIDES

ra—Ar <x<xaq+ Ax

T =

ko(ra — Arx) [nP(ea — Ax) - N 21/
ko(wa+Ax) = k(x4 — Ax) ko(xa+ Ax) . n?(x4 + Ax) — N2J1/2
Fep(2a + Ax) + kp(xg — Ax) | kp(xa — Ax) - 2z 4 — Ax) — N?]V/?

AT(IA + AT) [ (Tq + AT) — ’\2]1/2

nt(rg— Ax) ~ n(ay) — @/_\T = N? — ﬁAI,
dr dx
-n.Q(:zfA +Ar) o~ 'H.Q(IA) - @/_\T = N2+ @/_\I,
dx dx
n2(r4 — Az) — N2 1/2 —(dn/dr)Ax
1 — 1 —
[n (r4+ Az) =N 2] +(dn/d’r)AT
ro= ~
n?(xy — Ax) — N? —(dn/dx)Ax
1+ 1+
2 (x4 + Az) — N?] +(dn/dr)Ax
= ﬁ le xp( Z) = lexp(joa).
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GRADED-INDEX SLAB WAVEGUIDES

WKB - Dispersion Equation for Graded Index Slab Waveguide

xg=n—1(N) 1
W[ ) N b = (v ) w012

rpa=n"1(N) 2
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Example Case 1: £,.=4.80, Ae=0.045, X, = 8um, wy = 2um, A, = 0.6328um

GRADED-INDEX SLAB WAVEGUIDES

Number of Discrete Layers = 50

2.204
, (r — 20)? 2.202f -
n(r) =c, +Acexp | ——5 | .

wy o 22
S
o

x 2.198
Q
T
£

- 2.196
[«}]
©
o

O 2.194

2.192

2.19 | 1 1 | 1 1 |
0 2 4 6 8 10 12 14 16
Distance x (um)
Multilayered Waveguide Finite Finite
Approximation Difference Difference WKB

TE, Number of Layers =50 Az = 0.05pm  Axr = 0.025pm  Approximation

N,

N, N, N,

TFEq
TFE,
TFE5
TE;,

2.198894532
2.195047282
2.192239107
2.190896246

2.198926188 2.198925969 2.198818251
2.194992344 2.194991579 2.194884141
2.192152744 2.192151661 2.192049954
Not Found Not Found Not Found
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GRADED-INDEX SLAB WAVEGUIDES
Example Case 1: £,.=4.80, Ae=0.045, X, = 8um, w, = 2um, A, = 0.6328um

TE, (N} = 2.198894) TE, (N]® = 2.195047)
1 | T T 1 1 ‘ T T I
| | | |
| | | |
I I [ I
0.8r I I [ I
I I 0.5r \ I
| | | |
w”™ | | w’™ | 1
- 0.6F I I - [ I
8 | | g | |
= I I ® 0
E | | E | |
5 0.4r I I 5 | I
= I I = [ I
| | | |
| | -0.5F | |
0.2} | | | |
I I [ I
| | | |
| | | |
0 L ] | Ll -1 | L L | L
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
Distance x (um) Distance x (um)
TE, (NI€ = 2.192239) TE, (N.F = 2.190896)
T ™ 1 I T
| |
I I \
| | |
| | |
| | 0.51 |
I I [
w” | | w™ I
- I I p \
8 ! ! 8 !
= | | = 0 |
E E |
C | | C |
|
-0.2 | | |
| | - L |
-0.4 | | 0.5 |
| | |
-0.6 | | |
| | |
_0.8 | . . L . 1 I . . . .
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
Distance x (um) Distance x (um)
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GRADED-INDEX SLAB WAVEGUIDES

Example Case 1: £,.=4.80, Ae=0.045, X, = 8um, w, = 2um, A, = 0.6328um

Normalized Modal Field

FDFD Results

-1 I I I I kl'\ ;, 1 I I
0 2 4 6 8 10 12 14 16
X-axis (um)
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Graded Index Profile

GRADED-INDEX SLAB WAVEGUIDES

Example Case 2: £,.=4.80, Ae=0.045, w, = 4um, A; = 0.6328pum

2
£ .
£ + Az exp {——2] . if x>0,
w
n’(x) = 0
2 f - 0
N, I r <.
Humber of Discrete Layers = 40 MNumber of Discrete Layers = 40
2..5 T T T T T T T T T
2.2+
=
2r S 2105}
o
@
=
£ 219}
=
5]
-
1.5 @
O 2185}
2181
=5 ] 5 10 15 20 =4 -2 1] 2 4 6 8 10

Distance X (um)

Distance X (um)
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GRADED-INDEX SLAB WAVEGUIDES
Example Case 2: £,.=4.80, Ae=0.045, w, = 4um, A; = 0.6328pum

WKB Modified Dispersion Equation

a=0

.r;g:n_l{_-"".":l aAT2 2 1/2 |.
JIJD/ v (n2(2') — N2) do’'—tan™! { [ —::A Re w] }—% = v, v=2012---
T Eg £ — 1Y

Multilayered Waveguide Finite Finite
Approximation Difference Difference WKB
TE, Number of Layers =40 Az =0.05pm Az =0.025pm Approximation
N, N, N, N,
TE, 2.197868744 2.197905044 2197877837 2.197825988
TE, 2.194253274 2.194235177 2.194204855 2.194152293
TE, 2.191721704 2.191680005 2.191658955 2.191615558
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GRADED-INDEX SLAB WAVEGUIDES

Example Case 2: £,.=4.80, Ae=0.045, w, = 4um, A; = 0.6328pum

Mormalized Modal Field

Finite-Difference Frequency-Domain Results

FDFD Resulis

15 20

Xx=axis (um)
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GRADED-INDEX SLAB WAVEGUIDES
Example Case 2: £,.=4.80, Ae=0.045, w, = 4um, A; = 0.6328pum

Multilayer Approximation Results (N=40)

TE, [N;E = 2.197869) TE, (NTE = 2.194253)

Normalized E
Normalized E

= J

-5 0 5 10 15 20 _15 5 10 15 20
Distance x (um) Distance x (um)
TE, {N,I,E =2.191722)

1

0.8[
0.6G[

= 0.4f

Normalkzed E

|
|
|
|
|
|
|
|
-5 0 5 10 15 20
Distance x {um)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

cover . A
==
layer 1 n, h,
layer i n, h;
layer N Ny : hy
" | substrate n,

« Some materials could have loss or gain. Their corresponding refractive
Indices will be in general complex.

» Then the propagation constant B will be complex for guided modes.

» Leaky modes is an approximation of radiation field and will have
complex propagation constants.
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

Analysis Methods Summarized

« Argument Principle Method (APM).
« Abd-ellal, Delves, Reid Method (ADR).
« Derivative-Free Zero-Extraction by Phase-based Enclosure Method (DFZEPE)

Backward Region Bi/kq Backward Forward Region
. L Evanescent
Backward R:;:h?jtlon Modes For‘:-vard
Leaky Modes elss Guided
Modes
% Forward Un hFosri‘::ga:r:ﬂodes
Substrate Phy
x Modes

B, /ko

aLL P -N, "
/ |I Backward %
Backward || Substrate
Unphysical Maodes | Modes x \
Backward \

Guided Forward
Modes Forward Leaky Modes
Evanescent
Mades n
- msm mmm Continuum Spectrum -
x % Discrete Spectrum n z

5
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Argument Principle Method (APM)

Y4 v
L [ & f(2) - o
O = — Z dz = Z C
D C '
T - \ J2m Je f(z) =
X i / 1 f[: :)
I = = dz
S P = J57 G
X4 Xy | ?( ]
Y » « X | Nz ,
y L, S(z) = Z Co 2
] =0
= :
VY — - f Miiller's Refinement Process
A ] B IS used with guess the polynomial roots

(N, —¥0) coe +01C041 +02Cps0+ -+ -+ 0n,—cy, =0 for £=N,—1,---,0.

E. Anemogiannis and E. N. Glytsis, JLT vol. 10, 1344-1352 (1992)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Argument Principle Method (APM) - Example

f(z) =e*+2zcosz—1

f'(z) = 3e** +2cos z — 2zsin z

APM o}’s of function f(z) — e** + 2zcosz — 1

k o, Coefficients

0 6.0000000000000 — 50.000000000000000 c)-() — NZ —
1 2.0467702626400 — 50.000000000000000

2 — 14.1574340854587 — 50.000000000000001

3 — 84.7999601511681 — 50.000000000000007

4 — 30.4653454987963 + 70.000000000000006

5 696.0895474735294 — 70.000000000000028

6 2527.5240087190520 + 70.000000000000123

APM zeros estimates and refined zeros

6

APM Zeros Estimates

Zeros after Muller's Refinement

—1.844233953262218 — 70.000000000000002
0.000000000000019 + 70.000000000000007
0.530894930292922 — 71.331791876751122
0.530894930292921 + 31.331791876751117
1.414607177658184 — 73.047722062627170
1.414607177658189 + 73.047722062627174

—1.844233953262213 + 70.000000000000000
0.000000000000000 — 70.000000000000000
0.530894930292931 — 71.331791876751121
0.530894930292931 + 71.331791876751121
1.414607177658184 — 73.047722062627173
1.414607177658184 + 33.047722062627173

C. J. Gillan et al.,,Comp. Phys. Commun., 175 (,304-313), 2006
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Argument Principle Method (APM) - Waveguides

Vs Ye Te Vs
mo2 + —mi1 — ——m2 —ma; =0
g a, A, (g

F(B) =

2

for TE polarization, and a. = n2, as = n? for TM polarization

B = koNess = ko(Nessr + 7 Nesyi)

dF
dN. ff

1 drys o 4+ 18 dmas I 1 d. m Ye dm,
(g df\re_ff 22 (s di\'reff (1 df\'reff H (L dNeff
_T e mio — e Dy mio — Vs dmg _
(LgCle d:‘freff Qzqc d.:\'-reff (1-(lg di\rgff df\reff
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

Argument Principle Method (APM) - Waveguides

sin(kyih;)
i, = | costhai) == i ki # 0,
'I{::l’:-f Siﬂ(k'ri:h-i_) CDS(»!C_Tjh-?'_)
M, = é _lh'“‘ . il ke =0,
kgf\'eff
e
kgf\'eff
Vs
N ~ N
dM; -
Y L
1 di\'eff _};1
ji
I h; sin(k,;h;) azh; cos(kyih;)  a;sin(kyh;) |
2 a1 km ‘E-:%t B k:%z
kg Neys _sin(kﬂhi) B E (ko) hi sin(kyih;)
: ik a; CoR e ki
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Abd-ellal, Delves, Reid Method (ADR)

R"\."z (2) — o+ 1z + CQZQ 4+ .- 4+ C;"\."z—lzwz_] + ZNZ
Y4 N.—1
Z c; Gryj +Grin, =0, for r=0,1,2,--- , (N, —1)
D C 3=0
af ) | 1 z* )
L G = - dz for k=0,1,2,---,(2N, — 1)
) | 27 Jo T(2)
X 4 I
X1 X, |
X |
A X '
x L
= |
X X i
_______ . :
" A B
- —— o —————— L ——————————— =

L. F. Abd-ellal, L. M. Delves, and J. K. Reid, Numerical Methods for Nonlinear Algebraic Equations, ch. 3, (47-59), Gordon & Breach Ltd. (1970)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Abd-ellal, Delves, Reid Method (ADR)

N =L '),

2= —Ac (In[f(2)]} = 5-Ac {arg [f)])

i2n | f(2) J2m
[ Gl G;} Gg - GNZ | i GD Gl G?
H{ — Gg Gg G4 - H _ G‘l G.Z (?3
| G, Gon, _ | Gn.—1

GNZ -1

Goan,—2 _

Generalized Eigenvalue Problem

(H< - (H)V =0

(i, -+, Cy, are the estimates of the zeros of the function

Muller’'s Refinement Process
IS used with guess the polynomial roots

C. J. Gillan et al.,,Comp. Phys. Commun., 175 (,304-313), 2006
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Abd-ellal, Delves, Reid Method (ADR) - Example

f(z)=e*+2zcosz—1

N, =6

ADR G}’s of function f(z) = ** +2zcosz — 1

(G Coeflicients

— 0.07519739 — 50.00000000
0.27503184 + 50.00000000

— 0.90593139 — 50.00000000
2.07560724 + 50.00000000

— 2.01447904 + 50.00000000
2.44932797 + 50.00000000

— 22.63060397 + 50.00000000
14.84101715 + 70.00000000
99.50440329 + 50.00000000
456.78080464 — 71.832 x 10~ '3
10 —483.81132715 — 59.047 x 1071
11 —5207.84498932 — 52.099 x 1012

ol

D00 =1 O Ut B WD = D
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Abd-ellal, Delves, Reid Method (ADR) - Example

ADR zeros estimates and refined zeros of function f(z) = €** +2zcosz — 1

ADR Zeros Estimates

Zeros after Muller’'s Refinement

—1.844233953262213 — 70.000000000000000
—0.000000000000017 — 70.000000000000032
0.530894930292934 — 71.331791876751112
0.530894930292934 + 51.331791876751058
1.414607177658188 — 73.047722062627168
1.414607177658189 + 73.047722062627171

—1.844233953262213 + 70.000000000000000
0.000000000000000 — 70.000000000000000
0.530894930292930 — 51.331791876751121
0.530894930292931 + 71.331791876751121
1.414607177658184 — 73.047722062627173
1.414607177658184 + 73.047722062627173
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Abd-ellal, Delves, Reid Method (ADR) - Waveguides

Vs Ve Ve Vs
mo2 + —mi1 — ——m2 —ma; =0
g a, A, (g

F(5) =

2

= 1 for TE polarization, and a. = n2, as = n? for TM polarization

B = koNess = ko(Nessr + 7 Nesyi)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Derivative-Free Zero-Extraction by Phase-based Enclosure Method (DFZEPE)

2= —Ac (In[f(2)]} = 5-Ac {arg [f)])

D Flm F3rr'| C 4M
2 ~— + r_ 1 S| L
| | | i?\l"z = — ﬂl‘g = —‘I}f_
! ! i 2m = f(z) 27
|L ______ _i_______hGEm : N
X1 _ i [:] 2 . i
Hym [------ e ST TEEEEEPEEes Gy X |
| | X L,
T3 | .
S
| : ] o
: I [El w"!‘ :
! 3 W, |
yl A Eim Elm EEm B
- _ L -

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

Derivative-Free Zero-Extraction by Phase-based Enclosure Method (DFZEPE)

Vi
DFZEPE Algorithm
- D P Fan  C |
i i . *Define M
L ______ J _______ Gy ' e Subdivide ABCD into 4 equal sub-rectangles
X, | iX | “xz 1 *Check N, in each sub-rectangle (adjust dividers)
Hlmq;-----ffﬂ‘ _____ %-__:;__15 _______ , x| *IfN,=00 Disregard sub-rectangle
__, S , *IfN,>00 Continue subdivision process while
I S J:L’_E_J___Tl ______ doeoees G, | “width” > w, and “height” > w,
! ' E;gjfwv ' » Use converged sub-rectangles centers as estimates
T ; . W, + in the Muller’s (with deflation) refinement
A Esrn Eim Es B
S L e -

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted)
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Phase, ®(z)/w

Total Phase, & (z)/2x

2
(5

=]

o
n

<o

[=2]

=Y

ha

=]

LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

DFZEPE - Example

f(z)=e*+2zcosz—1

—W = "n'-l’1jr =1
—W, = W,jr =0.5
—W, = ‘n'-l’1jr =0.25

[

- ! T T ! ™ !—| T !
| ! !
! ! ! !
i | | | ] a4t
! ! !
! . ! !
B | | | | 7 L
i i i i 3
! ! ! !
= | | | | - L
i i : i 2
| | | | ®
L ] I e | L | I— IEI' 1 L
0 500 1000 1500 2000 2500 3000 3500 %
]
g 0
T T T T T T =
AB BC CD DA 11
_______ e i
I I I L
i , | | -2
i ! ! ! L
| | | |
i i | | 3
! | | | L
| ! ! |
. ! ! !
oL | I | A L [
0 500 1000 1500 2000 2500 3000 3500

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted)

Sample Points of ABCD, (z)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
DFZEPE - Example

f(z)=e*+2zcosz—1

DFZEPE zeros estimates and refined zeros of function f(z) = % 4+ 2zcosz — 1

DFZEPE Zeros Estimates Zeros after Miiller’s Refinement
—1.844165039062500 + 70.000976562500000 —1.844233953262213 + 70.000000000000000
0.000317382812500 + 70.000260416666667 0.000000000000000 — 70.000000000000000
0.531323242187500 — 71.331054687500000 0.530894930292931 — 51.331791876751121
0.531323242187500 + 71.331054687500000 0.530894930292931 + 71.331791876751121
1.415112304687500 — 53.047851562500000 1.414607177658184 — 53.047722062627173
1.415112304687500 + 73.047851562500000 1.414607177658184 + 73.047722062627173

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



a. = as = 1 for TE polarization, and a, = nZ, as

LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

DFZEPE - Waveguides

, Vs Ye Ye Vs
F(B3)=—ma+ —miy1 — ——miz —mo; = 0
g a, Ay O

2 = n? for TM polarization

B = koNess = ko(Nessr + 7 Nesyi)

N
cover 7 e
Gain region
layer 1 ny hy ny
- . . c,
’ | ]
0 n-:i II - Mmex -
. |
layer i n; h; y L [3?. ' ) "t Nt r
1 | —d _ 1 | —d
Nt S rgl L% A
e wy | X1 ‘
X112 -~
LS w,
i 1]
A, E B, A B
x ¥ substrate ng Loss region

Guided Modes: Re{y.}>0and Re{y,}>0
Leaky Modes: Re{y.} >0 and Im{y.} > O (substrate radiation/cover confinement)

E. N. Glytsis and E. Anemogiannis, Appl. Opt. 2018 (submitted)

Im{y.} >0 and Im{ y,} > O (substrate and cover radiation)

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



LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Lossless Waveguide

Effective indices of guided and leaky modes of a multilayer lossless waveguide
from Chilwell A, = 0.6328 ym, n, = 1.0, n, =1.45, n, = 1.66, n, = 1.53, n; = 1.60,
n,=166,h;=h,=h;=h,=0.5pum.

Mode  N.jr = Neppr+JNepri  Mode  Nepp = Neppr+ jNepri
Guided Modes

TEy 1.62272868 + 50 T M 1.62003132 4+ 350
TE,y 1.60527569 + 350 T M, 1.59478848 4 50
TEy 1.55713615 + 350 T Mo 1.55498069 + 50
TEs 1.50358711 + 350 T My 1.50181780+ 50

Leaky Modes - Substrate Radiating
TEy 1.46185664 — 50.00715587 T'My 1.45153498 — 50.01192359
TEy; 1.38248922 — 50.01816588 T'Ms 1.37066437 — 50.03014206
TEg 1.28136443 — 50.03587739 TMg 1.27373706 — 50.05679177
TE; 1.14231446 — 50.05287607 TM; 1.15731285 — j0.08757849
TEg 1.00303702 — 50.07077094 TMg 1.03695026 — j0.10307808
First Leaky Mode - Substrate/Cover Radiating
TEy 0.80402477 — 50.15549191 T'Mo 0.96341519 — 50.16525032

J. Chilwell and I. Hodhkinson. JOSA A, 1 (742-753), 1984
Prof. Elias N. Glytsis, School of ECE, NTUA



LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Lossless Waveguide

Distribution of effective indices of leaky modes of a multilayer lossless
waveguide from Chilwell A, = 0.6328 ym, n.=1.0, n, = 1.45, n, = 1.66, n, =
1.53,n; =1.60, n, =1.66, h, =h, =h;=h, =0.5 pm.

Chilwell waveguide leaky mode distribution, Nz g = 30, Nz m =31

0 . " »
1t )
_-2F
% .
= Ky
3+ :
40 &
= ® TE-modes
'; *  TM-modes
5+ =
-6 '
0 0.5 1 1.5

N eff.r
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES

First TE and first TM leaky modes profiles of a multilayer lossless waveguide from Chilwell A, = 0.6328
um, n.=1.0,n,=1.45n, =1.66,n,=153,n;=160,n,=1.66,h;, =h,=h;=h,=0.5um.

TE,-mode (N, = 1.46185664-0.00715587065i)
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Lossy Waveguide

Effective indices of guided and leaky modes of a multilayer lossy waveguide from Chilwell
A =0.6328 ym, n.=1.0,n,=1.45,n, =1.66 —j1.66 x 104, n, = 1.53 - j1.53 x 1074, n; =
1.60,n, =1.66, hy =h, =h;=h, =0.5 pym.

Mode ﬁ'reff — Neff__?- + jih"reff._-i x 10T Mode Nf_ff = Neffﬂ- + jﬁreffﬂ; x 1014
Guided Modes
TEy 1.62272868 — 50.00673727 T My 1.62003131 — 50.00892759
TE, 1.60527569 — 51.66244285 T My 1.59478847 — 71.65565266
TEs 1.55713612 — 50.20880097 T My 1.55498066 — 70.23704828
TEq 1.50358696 — 50.55032495 T Ms 1.50181764 — 70.42530043
Leaky Modes - Substrate Radiating
TE4 1.46185448 — 50.00726710 T My 1.45153751 — 70.01202887
TEy 1.38249997 — 50.01827662 T My 1.37068384 — 70.03024261
TEg 1.28137151 — 50.03596266 T Mg 1.27375077 — 70.05687731
TEy 1.14233026 — 50.05299360 T M 1.15732794 — 50.08766890

TER 1.00303470 — 50.07087449 T Mg 1.03694118 — 50.10316486

J. Chilwell and I. Hodhkinson. JOSA A, 1 (742-753), 1984

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



LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Active Semiconductor Waveguide

Effective indices of guided modes and first leaky mode of a multilayer active waveguide from Visser
Ay =130 ym, n.=1.0,n, =3.16, n, =0.18 - j10.2, n, = 3.16 - j0.0001, n; = 3.6 +j0.002, n, = 3.16 —
j0.0001, h; =0.04 ym, h, = 1.0 ym, h; =0.15 um, h, = 3 ym.

Mode Nefr = Neffr+ jNegs.i X 10T Mode Nesf = Neffr+ jNefri X 1014
Guided Modes
TFEy 3.28088001 4 57 9.13918191 T My 3.33449848 — j T75.18872326
1My 3.24809848 + 5 5.46307013
First Leaky Mode
TFE, 3.13650356 — j376.20259075 T Mo 3.13622674 — j377.75840427

T. D. Visser et al., IEEE J. Quantum Eletron., 31 (1803-1810), 1995

Prof. Elias N. Glytsis, School of ECE, NTUA 96



LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Active Semiconductor Waveguide

Effective indices of guided modes and first leaky mode of a multilayer active waveguide from Visser
Ay =130 ym, n.=1.0,n, =3.16, n, =0.18 - j10.2, n, = 3.16 - j0.0001, n; = 3.6 +j0.002, n, = 3.16 —
j0.0001, h; =0.04 ym, h, = 1.0 ym, h; =0.15 um, h, = 3 ym.

TE -mode (N = 3.28088001+0.000913818181i) TM -mode (N, = 3.33440848-0.00751887233i)
1 I i T 1 T T
1 | :
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2 o6l i | = |
8 I | g |
2 1 | = 04 |
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| l : :
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T.D. Visser et al., IEEE J. Quantum Eletron., 31 (1803-1810), 1995 Distance x ( um)
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Effective indices of leaky modes of a multilayer ARROW waveguide from Semwal A, = 0.6328
um, n.=1.0, n, = 3.50, n, =1.46, n, = 1.50, n; = 1.46, n, = 1.50, n; = 1.46, ng; = 1.50, n, =

LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Antiresonant Reflecting Optical Waveguide (ARROW)

1.46, ng=1.50, ng = 1.46, h; =2.00 ym, h, = 0.448 ym, h; =4.00 pm, h, = 0.448 pm, h; = 2.00
Mm, hg = 0.448 ym, h, = 4.00 ym, hg = 0.448 pm hg = 2.00 uym.

Mode N.ff = Neppr+ jNepsi x 107

Mode N.ff = Neppr 4+ jNesi x 107

TE,
TE,
TE,
TE;
TE,
TEx
TE,
TE,
TE;x
TE,s

1.473925808 — 30.000000801
1.473697976 — ;0.000017405
1.473696644 — ;0.005452261
1.473459693 — 50.000001142
1.457920191 — ;0.007106241
1.457791244 — ;0.009053396
1.453780369 — ;0.114698816
1.453045406 — ;0.420121480
1.451864807 — j0.693651857
1.450269491 — ;0.732515868

TM,
™,
TM,
TM;
TM,
TMs
TMg
M,
TMs
TM,

1.473275805 — 70.000005809
1.473027205 — 70.032900856
1.473026854 — 50.000035036
1.472767027 — 70.000008508
1.457925423 — 50.045880488
1.457782773 — 50.057163274
1.453795448 — 50.645756672
1.452928429 — 52.555862981
1.451781628 — 74.567101184
1.450247659 — 74.357488309

G. Semwal and V. Rastogi , Opt. & Quantum Eletron., 46 (423-438), 2014

Prof. Elias N. Glytsis, School of ECE, NTUA
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Antiresonant Reflecting Optical Waveguide (ARROW)

Distribution of effective indices of leaky modes of a multilayer ARROW waveguide from Semwal
A, = 0.6328 ym, n. = 1.0, n, = 3.50, n, = 1.46, n, = 1.50, ny = 1.46, n, = 1.50, n = 1.46, ny =
1.50, n, = 1.46, ng= 1.50, ng = 1.46, h, = 2.00 ym, h, = 0.448 ym, h; =4.00 ym, h, = 0.448 pm,
hg =2.00 yum, hg = 0.448 ym, h, =4.00 ym, hg = 0.448 pm hg = 2.00 pm.

> x 10-3 ARROW leaky mode distribution, N 2TE = 53, Nz,TM =54
u ) -,Ig?—. =
2t . .
ZE" 4 E m ox ®m X % Eoa % oy NExE X % X *u x . * ‘ _
-6 -
® TE-modes
*  TM-modes x
-8 E .
_10 1 1 1 1
1 11 1.2 1.3 1.4 1.5
Nei‘f,r
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LOSSY/ACTIVE and LEAKY SLAB WAVEGUIDES
Antiresonant Reflecting Optical Waveguide (ARROW)

Modal profiles of leaky modes of a multilayer ARROW waveguide from Semwal A; = 0.6328 ym, n,= 1.0, n, =

=2.00

1.46, h,

um, h, = 0.448 pm, h; =4.00 ym, h, = 0.448 pm, h; = 2.00 ym, hg = 0.448 um, h, =4.00 ym, hg = 0.448 pm

he = 2.00 pm.

n, =1.46, ng=1.50, ng =

ng = 1.46, ng = 1.50,

1.46, n, = 1.50,

3.50, n, = 1.46, n, = 1.50, n,
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