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Lecture 10: Passive Waveguide Devices

SOl waveguides: Si (core)/ SiO, (cladding)

SiD,{n=1.48_1.51)
400 nm

N

Si0,(n=1.44)

— Siis transparent to 1.3, 1.55um light

— Si fabrication technology very mature

=» Waveguide devices with high integration level
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Lecture 10: Passive Waveguide Devices

Power division

=» Y-branch, Y-junction,
Beam-splitter

3-dB beam splitter

10

X [um]

- Transition region shape/length optimized
for uniformity, bandwidth, insertion loss

- Numerical simulation required

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices
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Optical beam combiner?
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Lecture 10: Passive Waveguide Devices

- Directional Coupler

(2) Directional coupler
(Top View)
Each waveguide has single mode

Two waveguides placed very close to each other = Coupling

0 5 10 15 20 25 30 35 40
Propagation Direction [um]
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Lecture 10: Passive Waveguide Devices

Analyze with the coupled-mode theory
for symmetric directional coupler

Guided mode without coupling — e (¥ —#2)
da . da , =N_k
—t=—jpa, —*=-jpa, p 70
dz dz

With a small amount of coupling

da :
—=—jBa +xK,a,
dz
da :
—==—jpa, +K,a
dz
If two waveguides are identical S, = S, = £, K, =Ky, = K'
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Lecture 10: Passive Waveguide Devices

>
P
P da , da , _
d—;:_]ﬂoal""( d, d—;:_]ﬂoal_]’“lz
->

da da, - :

d—2=—]ﬂ0a2+7('a1 E:_J:Boaz_]’(al
Z
For energy conservation,
d(‘al‘z + ‘az‘z) d(aa, *+a,a, *) da,  .da da,  .da
=0 = =a,——+a, — +a,—>+a, —=
dz dz dz dz dz dz

=a,(jfoa, *+K ™ a,*) +a, (—jfya, +k'ay) +a,(jfya, *+x"* a*) +a, (-jBa, +k'a,)
=(a,a,*k"*)+(a, *a,k ")+ (a, *a,x"*)+(a,a, *k)=a,a, *(k'+ K'*)+ a, *a,(k'+Kk'*)

K'*=—x' K':purely imaginary — (aa, *+a *a,)(k'+ k%) = 0
Let K'=—jKk (xreal)
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Lecture 10: Passive Waveguide Devices

Field patiern at a
fanclion of x of

guide | Mlit 2
1
I

Assume a,,a, are exponential :

—jpa, =—jpa - jka,

—jpa, =—jpa, — jka,

Si Photonics (2022/2)

da . :
—L= —JjBa, — jka,
dz
da . :
2 = —jbBya, — jka,
dz

Solve the coupled differential equations

Or how much g, changes with coupling?

a,a, ~ e "> 3 Determine 3

(B,—Pa, +xa, =0
xka,+ (S, —Pa, =0




Lecture 10: Passive Waveguide Devices

(B, —Pa, +xka, =0
o ka, + (B, — B)a, =0

1 1 | ] *

rl i ft | | ﬂ 0 ﬂ K a,
FIT|'.1 pallern asa : : : : I:1|.'I_IJ pattem as a - O
E:.TL:L?nu I o I H 1 u.n&tln;n of ¥ of K ﬁo _ ﬂ a2

For non-trivial solution, det@ﬂo - " D =0 = (B,- ,3)2 —x° =0

K :Bo _IB
,3 — :Bo T K 2 Two Eigen values

For f =, +«x
—ka, +ka,=0 & =a, |:a1:|~|:1:| |: 1 :|
For =, —« @ ! ~ 1
Ka,+xka, =0 a4, =—d, => Two Eigen vectors
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Lecture 10: Passive Waveguide Devices

_ - For f=f,+« a =a,

For B=p, -« a, =—a,

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

a,(z) _ 4 1 oI Ptz | p 1 o (Po—r)z
a,(z) 1 —1

,3 _ :Bo s A/\ (Even, Symmetric mode)

=» These two solutions propagate
/\ without changing their profiles
p=p -k (Odd, Anti-Symmetric mode)
How to determine A, B ?

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

a,(z) — 4 1 oI Ptz | p 1 o Po—r)z
a,(z) 1 —1

fnction of ¥ of anﬁ'iff If input light is introduced only to the left waveguide

! A=B

even : /\A Two Eigen solutions propagate

with different phase velocity

+
/\ =>» Field profile changes as it propagates
odd : v

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

al(Z) — A 1 e_j(ﬂo""f)z + B 1 e—j(ﬂo_’f)z
a,(z) 1 —1

e—j(ﬂo+’<)z _I_e—j(ﬁo—’f)z e—jKZ _I_ej/cz
| :Ae—jﬂoz
e—j(ﬂo+’f)z _ e—j(ﬂo_’f)z

o B [cos(zcz) }

—jsin(kxz)

@, (2)| - cos’ (kz)
@, ()| sin (kz)
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Lecture 10: Passive Waveguide Devices

a,(z) _ 4 1 o i Btz | p 1 o (Po—r)z
a,(z) 1 —1

oo x o1 If input light is introduced only to the right waveguide

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

a,(z) _ 4 1 oI Ptz | p 1 o (Po—r)z
a,(z) 1 —1

i (Bo+K)z — i (Bo—K)z —jxz __jKz
— 4 e 0 —e 0 _ Ae_j'BOZ e e
o I Ptz | i (fyr)z o KT 4 oIk

o g B [—j sin(lcz)}

cos(kz)

|a, (Z)|2 ~ sin”(kz)
@, ()| cos’ (kz)
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Lecture 10: Passive Waveguide Devices

ja,(2)]" ~[sirf(m} | =
|a2(z)|2 cos’(xz)

Cross-over length : Length required for 100% power transfer

Kz % With By+ k and By-k (B +K)=(By—K)]z=7

IBO+K:Neﬁ,evenk0 ﬂO_K:Neﬂ,oddkO

T B A
(Neﬁ,even _ Neff,odd )kO 2(Neﬁ,even T Neff,odd)

Z =
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Lecture 10: Passive Waveguide Devices

z Paosition [pm]

-2 =15 -1 -0.5 0 0.5 1 15 2
y Position [um]

(a) Symmemc mode. Real(Ey): cp. Figure 4.13a

Y :
I |
T TE* ! | 13
Field patiern asa : : 1 : Field pattem as a e’
function of x of | | : | Tunction of x of
puide | : I : ! i : E puide 2 :
N : ‘ O - .
-2 -15 -1 -0.5 1] 05 1 1.5 2
y Position [um]
: (b) Antisymmetric mode, Real(E,)
262t —&—Symmetric mode
—B-Antisymmetric mode
28t ] 17.5 2000
17
8 258} =
= 5 e g 1500
g 258 4 £ &
E ! g 18 g
W 5 gyl ] § 155} p 0
B o
15 7
252 5 & s
14.5
2.5 ’ 14
L A2 J,ﬁ*mh‘r’,?ﬂ 158 0 15 1.52 1.54 156 1.58 16 % 200 200 800 200 1000
(3) Mo of the two modes Wavelength [um] Coupler Gap [nm]
(b) Cross-over length
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Lecture 10: Passive Waveguide Devices

Homework #1

Consider a directional coupler made up of three identical waveguides as below. Each
uncoupled waveguide has only one guided mode which propagates into z—direction with
exp(=jBoz) dependence. Assume that coupling occurs only between neighboring

waveguides or k2= kus=—jk and xi12=0.

(1) WL i i i

(2) WULtdded bl iliis

z=0 z2 =2
(a) Write the coupled—mode equations involving al1(z), a2(z) and a3(z).
(b) Determine three propagation constants, B, that govern the wave propagation in the

coupled waveguides.
(c) Assume a light signal is launched into the top waveguide, or a1(z=0)=1, a2(z=0)

=a3 (z=0)=0. Determine the expressions for a1(z), a2(z), and a3(z).

Si Photonics (2022/2) W.-Y. Choi




Lecture 10: Passive Waveguide Devices

NxM Multi-Mode Interferometer (MMI) Coupler

gl

]

Example: 1x2 MMI

Input: One single-mode waveguide Beam profile changes due to interference

among multiple guided modes
Output: Two single-mode waveguides
_ o _ By carefully selecting multi-mode
Multi-mode waveguide in the middle  \ayequide length, various functions possible

Si Photonics (2022/2)



Lecture 10: Passive Waveguide Devices

Mode Profile
i=0 i=1 i=2 i=N-1
A - o .
- Py
— / : :
t [ : : :
W = 5 ) N
L : 5 :
: (LS
¥ / - f:
Bo B Pn-1

ieven E(y)~cos(k,;y) :
Assume W is much larger than 220nm » p Ut

so that we can treat the problem as 2-D iodd E(y)~sin(k,,y) " w

k4 BT =y k)’

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

ieven  E(y)~cos(k,,y)
i odd E(y) ~sin(k,,»)

(i+D)r
W

anrnr

k_v.i =

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

A |_
II; ieven  E(y)~cos(k,;y)
w| b= ; lodd  E(y)~sin(k, )
3 2
C B i+
v [ h W
I 5 N-1
B =k - E(y,2)=exp(—j/2) ) CE(y)explj(B, — B)z]
l 2n,,k, =0

i(+2)7° _i(i+2)7d _i(+2)7

by—P = =
2n, kW An, W’ 3L,
A _ 4n, W
ﬂo _131 = 4nMW2 - Lﬁ With L, = M or (By-B)L ;=7

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

E(y,2)=exp(~jf2) Y. CE () explj o 2% -

]

3L,

I :4nMW2
T 31

aneenr

or (IBO_ﬂl)Lejj’ =7

N-1
Atz=6L,  E(y.z)=exp(-jp, 6Leﬁ>§ C.E,(y)explj2i(i+2)x]
= Same intensity profile as z=0

Atz=3L,  E0»2=e(-j3Ly) L CGE ) expliiti+2)a]

=6Xp(—jﬂo3Leﬁ-){ Z_ GE(¥) - Z_ CiEi(y)}

i=0,even i=0,0dd

EW=E(-y) EO=-E(y)

~ exp(—) ﬂ03Leﬁr){ Z CE(=y)+ Z CiEi(—y)}

i=0,even i=0,0dd

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

N

I :4nMW2
T 31

e

or (By-f) Ly =7

Bo By P

Atz=3L, E(y,z>=exp<—jﬁ03Leﬁ){ > CE(»)+ X c,-E,-<—y>}

i=0,even i=0,0dd

Anti-symmetric intensity profile to z=0

Si Photonics (2022/2)

N-1
E(y,z)=exp(—jB,z)Y CE,(y)expl
— 3L,

(i+2)7zZ

]




Lecture 10: Passive Waveguide Devices

. - +2
1 EEVEE SINS E(y,2)=exp(~ Jﬂ0z>ZCE expl; DT
C < ( / P 3Lﬂ
B : AN
» W [ — i_ / (/ 47’[ W2
| I; f \\/) Leﬁ’ = ;)4/1 or (IBO_ﬂl )Lejj’ =7
BO 61 BN1
3 ) . 1+
Atz = ELeﬂ E(y, Z)=eXp(—Jﬂo ﬁ )ZC E.(y)explJ 4 5 ) ]

=exp(—Jj f3, eﬂ){ Z CE(y)+ _ _jCiEi(y)}

i=0,even i=0,0dd

i=0,even i=0,even i=0,0dd

i=0,0dd

_ exp(—j, 3L;ﬂ)H(lz j > CE<y)+(1 ’j Y CE<y)} {(%’j Y CE<y>+( 2’] Y c,.E,-(y>H

3L : Nl
=exp(—jp, ;ﬁ)K j Z CE()’)+[1+2]j > CiEl-(—y)}

i=0,all i=0,all

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

I
z*w |+*=

0N

3L,
Atz=—L, E(.z)=exp(-jf 5

3
At Z_EL

=> 3-dB coupler

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

H omewo rk #2 Assume that the symmetric three-layver dielectric waveguide shown below
left supports 2 TE guided modes, «
E(W)
¥, 4
¥ . )
X Em
i d m
) L 4 1
d d
75 - i
2 2 b

{a)Estimate the propagation constants B for each guided mode. For the
estimation, assume that the confinement factor for each mode is very close
to one sothat the esvanescent fields in the cladding can be assumed zero, Or
assume the E-field becomes zero at both top and bottom boundaries.«

{b) An input field with TE pclarization having the rectangular shape as
shown above right iz infroduced to the waveguide at z=0. Among three
guided modes traveling in z-direction, only two modes are excited,
Determine which mode is not excited and briefly explain why «

{c) Two excited modes can experience interference as they travel along z—
direction. Determine the condition for z, where the E-field intensity profile
i identical to that of z=0.¢

{(d) Determine how many much of the input power iz coupled to the

fundamental mode .«

Si Photonics (2022/2) W.-Y. Choi




Lecture 10:

How do we get light
in and out of Si PIC?

Si light source
IS not available

=>» Externally supplied

Si Photonics (2022/2)

Passive Waveguide Devices

Photonic
nanowire

Edge
coupling

Optical fiber

Grating
coupling

- Grating
coupler

Alignment

critical

Alignment
tolerant

Good coupling possible
with spot—size conversion

Requires

— Precise alignment
— Polishing fiber facet
— AR coating

— Dicing of a chip

No dicing required

Wafer—level optical
testing possible




Lecture 10

Optical fiber

Teper,

Grating
‘coupler

Grating
coupling

Alignment
tolerant

: Passive Waveguide Devices

Out

IN

»
»

Reflection type grating with period d

Condition for vertical coupling out?

ll_l;ﬁitdelrlt .' m=1 First-order o o
el “a‘f' " gfi : ~\§\\ m=0 Zero-order 91 — 90 e — O
P v L k. m=-1 First-order
d=A Withm=—1
Reflection grating But W|th d:7\, m=O, 9 — 900
d(sin®—sin®. )=m- X m=-2, 6 =90

Si Photonics (2022/2)
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Lecture 10: Passive Waveguide Devices

| Out
Optical fiber |
Tap\g:* * |n >
_Eﬁﬁu’? Reflection type grating with period d

Grating Alignment
coupling tolerant
6, =90
| [
Incident m =1 First-order

light wave
e ) ol N m=0 Zero-order .
AL & AL A d(smé’—l):m-/l

m =-1 First-order

f d &

Reflection grating — .
l1—siné@

d(sin®—sin®,)=m-A
Output only at  and 180—- 0

Si Photonics (2022/2)




Lecture 10: Passive Waveguide Devices

Optical fiber | 4

Tap& j \
' rating _ i e
.Zgouglegr ! > o oy
Grating Alignment {
coupling tolerant BOX
27
kx,out = kx,in Tm: d For m=-1 Snell’'s Law
A
27 in 0 27 N 27 d = A =
n _— — n _ m [ . . .
¢ ﬂ, ¢ eﬁ l d neﬂ o nC Sln QC neff Sln eair

Diffraction at 180°- 6, is also allowed

Si Photonics (2022/2)




