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I/0 Fibre and Waveguide Coupling

Area: 28 um? Area: 0.15 pm?

Coupling —be aq—T

Optical Fiber (Core) Silicon Waveguide
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Definition of Coupling Efficient

> ]
— >

The m-th order
mode power

Total Power

Coupling efficient is defined as

_ Power coupled into (out of) the m-th order mode

cm -

Total power in optical beam prior to coupling
Coupling loss (dB) is defined as

Power coupled into (out of) the m-th order mode

LOSSC’H = 10 Dbg 0 . . .
Total power in optical beam prior to coupling
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Mo =
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Direct Focusing

Laser Beam

Na Waveguide

/

Length

. ) A(x,y) amplitude distribution of
UJ.A(L »)B, (x,y)dxdyJ incident beam at facet

JA(x,y)A*(x, ¥)dxdy Eﬁij (x,y)B, (x,y)dxdy B(xy) amplitude distribution of
the m-th order waveguide mode

The coupling efficient depends on mode size matching.

The coupling efficient depends on mode profile matching.
(Gaussian beam is easy to be coupled to waveguide’s

fundamental mode
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Lensed Fibers

Conical Lensed ‘ Wedge Fiber /

Fiber

Jacket

O/E Land

Stripped Langth
Rectangular Waveguide Wedge Fiber

Wedge Angle
Ry == < B ———
Radiusj \’f

Stripped Length

Square Waveguide
Conical Lensed Fiber

Taperred Angle
e o [ ——

Radius/ \/
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Diffraction Limit of Beam Spot

Lens
NA =sin(6)
W, = 244/ =1.22A/NA
2NA

* The smallest beam spot size is limited by the NA (numerical
aperture) and wavelength
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End-Butt Coupling

| LASER DIODE

1. 5

n —-=—— WAVEGUIDE
g
NN

SUBSTRATE
HEAT SINK

A\
7

+ Itis usually used for laser diode coupling light to
waveguide (mode size is similar)
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Efficiency of End-Butt Coupling

__ o4 mn, m: mode No.
Suppose the light source is New = (m+1)znz [(!n +n )z (waveguide)
fundamental mode 1

normalization

reflection
100,

m t
0s’(—%) Ell— o< IZ’tosz(M)

21, ; 2Ty, 2
1- g are:(-‘ even or odd
(m + 1)[1 mismatch

Overlap

=]

T T T

* Coupling efficiency decrease
with index contrast. (Most
power is reflected)

* There is no coupling between
symmetric modes (even modes)

J and anti-symmetric modes

P . az as o6 os 10 (Odd modes)

tuq\lrmcnuzss OF WaVEGUIDE

7, | THICKNESS OF LASER EMITTING LAVER * Coupling efficient is maximal
as the mode profile is matched
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Misalignment of End-Butt Coupling

RELATIVE COUPLED POWER

08

[+1:3
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— ]

Suppose 7, </, and X <(1,—t,)/2

P=F, cosz(ﬂ)
. tL

SUBSTRATE X: vertical misalignment

! Lionr 1
EMITTING  |LASER
LAYER

P,: the coupled power for X =0

/!
AF;:c,,z(%); Mokt gt v] ¢ Coupling efficiency is very

sensitive to the misalignment
in vertical direction

=1 [+] 1
LASER"X" DISPLACEMENT [pm]
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Space Variation of End-Butt Coupling
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The power decay is due to diffraction loss

The oscillation is due to Fabry-Perot etalon (discussed in
the following section)
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Surface Coupling

To couple light into the
waveguide, phase-matching
condition has to be satisfied.
Thus,

. 2m .
B, =k, sing, :/]—nI sin g,
0

However, to guide wave

21T
B, > R

0

—Pp sind, >1 (?)

* What is the advantage of surface coupling?

» Is it possible that the light is coupled from the surface to the
waveguide?
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Two Types of Surface Coupling

Prism
 Prism Couplers e;y
i
& C r:P’/ —z“
n i 'lll ) X X ve
t [P
N s L ) ()
ny ~ T
& 15,
* Grating Couplers
Incident & el;| Reflected beam
beam A n
/ | — Bm Nz
Grating \ * n
Tronslmined
beam
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Incident Angle

Prism Couplers

To satisfy phase matching,

AX
oml 27
mn/ Lsing, = B, (trueonly if n, >n, )
s
X g,>8 =sin”' (ﬂ) (total reflection)
v )
n CTTTYPTRE R ”
Ts el ) ) To achieve a complete power transfer
n2 (l T 5
ns / K 1 KL= By (Recall cos“ (kL) )
ool o S AP o
cosl, 2K 2w

0,, have to be larger than the critical angle 8, (what’s happen if not?)
The coupling coefficient depends on the n,, n;, n, and gap s.
Each waveguide mode corresponds to a specific angle.

In fact, the coupling efficient also depends on the beam profile
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Prism Couplers

- Disadvantage: the input light should be
highly collimated

« It is difficult to make a high index prism
for semiconductor waveguide
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Coupling by Grating

Codirectional coupling (3, and g, have the same propagation direction)

d4, _ . )

4 —— waveguide | 721 = jK,, 4, explj(B, = B)z]
\ d4, _ . i

4, S waveguide || A JKy 4 exp[—j(B, = B)z]

Contradirectional coupling (g, and g, have different propagation direction)

d4, _ . )
—_—= A -
4 —_—— waveguide | dz JKia(2) 4 expLi(By = F)7]
[IIDIT ] [Joatng | . .
4, €— waveguide Il 722 :;]KZI(Z)AI exp[~j(B, =B)z]
minus
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Coupling by Grating

Contradirectional coupling (g, and g, have different propagation direction)

A

= jK, 4, exp (B, = 5)z]

A » waveguide |

a4 _
U \I_I I_I I_I grating 1
d

4, €—— waveguide Il —jKy4 exp[=j(B, —B)z]

Remind

qu(z)Dwgoj_Z j:(NZ— N2E,OE dxd= wé, j_";j:A &z1E, UE dxdy
—
periodic function

— «,,(2)0 Zqu(m)exp(er z) (Fourier Series)

1 A
where K :27” and Ko (m)=— [K,y () exp(=jmKz)dz
0
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Coupling by Grating

K, (2)=K, (2) =Y K, (m)exp(=jmKz) =P K, (m)=K, (-m)

The first order mode coupling (m=1):

B = hay DL, )] D = kA, expliB, B+

dz dz N
—

a4, = —jKky 4 exp[—j(B, —5)z] a4, =—jK, (D4 exp[—j(B, =B +27T)Z]

dz dz N

B=5 +27n (Phase-matched)

The second order mode coupling (m=2):

B = kuy xpLi(B, - )] B < (2, expl (B, =B +)z]

dz dz N
—_—

“, K4, expl—j (B, —5)z] dd‘iz =—jK,,(2)4, exp[—j(B, =B, + 4l

T
= 132 +2 EZF (Phase-matched)
N
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Grating Coupler (Output)

Diffraction
Diffraction
no AI' Input
L gmde mode
Wavegmde mode \ Substrate
A : period of gratin
Diffraction Diffraction 9 (<]
2T
K=="
N

Diffracted
Diffracted :
27N Radius kong The horizontal k vector (propagation
\ constant B) is shifted by

B, =B +nK

where 7 =0,%1,%2,-

¢ — eael| By
- Radius kyng 6, = cos [k ]

0/,

Diffracted

J Ditfracted
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Grating Coupler (Input)

Because the propagation constant can be shifted by grating, it can be
used for surface coupling.

Incident : st . To couple light to the waveguide

I mode f3,, the incident angle 6,
: : has to be designed as:
Diffracted : - Radius kgn,
< Radius kon, kyn,cos@, +K =,

6, :Cos"[’g0 _K]
kyny

Q: Is it better for large K or small
K?
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Grating Fabrication

N

l Photoresist _| Ph )
lmmersron Qil p7777771 otoresist
Waveguide 7{ \

/
GaAs

Substrate

A= /10 A= /10
2sina 2nsing
* A grating structure may be formed by either by masking and
etching the waveguide surface

* Gratings are often patterned by holographic process (optical
interference
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Coupling Efficient of Grating Coupler

U

})

3

I
vl

/
P, ¥ Pa

The coupling efficiency depends on the ratio of power transfer
from the input light to the waveguide mode

More diffraction modes decrease the coupling efficiency
Polarization dependency.
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Single Order Grating

Suppose the waveguide is single
mode with propagation constant 3

—kyny <B—-K<0

v

B<K< B+kn,

: '
2 </\<277T

B+kyn, B
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Asymmetric Grating Couplers

5,0 Claddin:

Lightin - & \

waveguide W
Layer

Substiate Buffer

vara._f7 /2 /L. *9
Gratlng PrOfIIe u?p'M/L ] 02 04 06 0.8 1.0 1.2 14
T AVANAN Graling Tooth Height g (um)
S.J. Sheard, JLT 1997

Qutput Coupling Efficiency (%)

* Asymmetric grating couplers are advantageous to single mode
coupling

» Parallelogramic grating has the highest coupling coefficient
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Blade Grating (Silicon)

29, 1K} 20KV WD:6MM S:08000 P:080029

1un

T. W. ANG, Fiber and Integrated Optics, 2000
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Tapered Mode Size Couplers

« Adiabatic Tapered Waveguide
— Lateral taper and vertical taper
— With or without other index-matching material
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Tapered Mode Size Converters

Coupler d=10.0 um $=15pm
Nd = 15010 W =10.0 pm Ni = 1.4468
g = 1.0pm

Ng = 15400

Ns = 14468
Waveguide

I-—L————!
[
2 F=]
£ T

Fiber

dimension

core.

* The coupler is tapered without changing the waveguide

» The dimension of coupler interface is designed to match fiber

Phase Matching regime
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COUPLER LENGTH (mm)
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Inverted Tapered Mode Size Converters

Polymer core

ﬁsilic(m

o
2
Seenne®
ﬂpalymer

Coupler Length

Propagation Constant

>

+ The waveguide is inverted tapered
without changing the coupler
dimension

* It is useful for high index-contrast
waveguide

* The coupling length is usually small
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