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Abstract: An ultracompact 3=dB coupler is designed and fabricated in silicon-on-insulator, based on 1X2 line ta—

pered multimode interference (MMI) coupler. Comparing with the conventional straight MM1 coupler, the device is

~ 40% shorter in length. The device exhibits uniformity of 1. 3dB and excess loss of 2. 5dB.
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1 Introduction

Recently, silicon-on-insulator ( SOI) attracts
much attention in guided wave optics due to its ex—
cellent waveguide characteristics. Benefit from the
large refractive index difference between silicon
and silicon oxide, guided modes propagated in the
silicon guiding layer are strongly confined in verti-
cal direction while horizontal confinement to the
guided modes can be also realized by using rib
waveguide structure. As a result, SOI-based optical
waveguide devices possess low loss.

As an important element in integrated optics,
3-dB couplers are widely used as optical splitter
and optical combiner in Mach-Zehnder interferome-
ter optical modulators or switches. Multimode in-
terference (MM1) couplers, based on self-image ef-
fects in multimode waveguides, are gaining more

and more popularity in the design of integrated op-
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tical circuits due to the advantages such as com-
pactness, large fabrication tolerance, insensitivity
to polarization, and large bandwidth'"* . In this pa-
per, we report an ultracompact 3-dB MMI coupler
in silicon-on-insulator, which possesses a shorter
length as well as a large cross-section that matches

singlemode (SM) fiber.

2 Principle of device

The schematic diagram of the 1 X 2 line ta-
pered MMI coupler is shown in Fig. 1, where Wo
represents the minimum width of the multimode
waveguide section and W1 represents the maximum
width of the multimode waveguide section. The in-
put waveguide is located at Wo/2 and the two out-
put waveguides are located at W1/4 and 3W /4, re-
spectively. The width of the line-tapered multi-

mode waveguide is

W(z)= Wo+ (Wi- Wao)z/Lu (1)
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where z represents the light propagation direction
and Lwwirepresents the length of linetapered mul-
timode waveguide. When the line tapered multi-

mode waveguide keeps slowly varying, i. e. the ta-

per slope is very small, the self-imaging properties
3]

remain

Si guiding layer

$i0, buried layer

Si substrate

Fig. 1  Schematic diagram of SOI 12X 2 line ta-

pered MMI 3-dB coupler

SOI 3-D rib waveguide can be simplified to be
2D waveguide structure by means of effective re—
fractive index method. Assuming the multimode
waveguide supports m lateral modes with mode
numbers v= 0, 1, 2, =, (m— 1) at a free space
wavelength A, the effective index of the multimode
waveguide section and the lateral confinement sec—
tion is nr and ne, respectively. According to the dis—
persion equation, the lateral wave number k. and

the propagation constant B. are related as fol-

lows!' "
ki + Bi = kon: (2)
with
ko= 2m/A (3)
ko= (v+ D/We(z) (4)

where W.(z) takes into account the Goos-H a—
hnchen penetration depth and can be obtained from
Waz)= W(z)+ We= W(z) +

(M) () (nt = nd)” (5)

where 0= 0 for TE and o= 1 for TM. From Egs.
(2)~ (4) we can deduce that

) Mo+ 1) 2,1

Bo= kond 1 - {2n-rW--(7')) a
ot DM
= kon: — 4n_,WE(z) (6)

Therefore, the phase change between the v order
mode and the fundamental mode over the lineta—

pered waveguide is

ab= (po- B)Lwwi= [ (B B)ds

A Latmi dz

= v(v+ 2) dne b Wi(z) (7)
Substitute Egs. (1) and (3) into Eq. (7)., we ob-
tained

Bo— B = v(v + 2)mA (8)

dne(Wot Wo)(Wi+ W)
By defining L« as the beat length of the two low-

est-order modes

bid dn(Wo+ W) (Wi+ W)
- Bo— B - 3A )

According to the principle of symmetric interfer—
ence MM1 coupler, for 1 X2 3B line-tapered MM 1

coupler, the length of the line tapered MM section

Ln

Lwwi is determined by

L ne(Wo+ WH(Wi+ W)
Law = =

8 2

Comparing with the conventional straight 1 X 2

(10)

3-dB M MI coupler, the reduction of the multimode
waveguide length is 1= (Wot+ W)/ (Wi+ W.).

3 Design and fabrication

For SOI access waveguides to load only the
fundamental mode, the rib structure should meet
certain conditions'”. In our design, the free space
wavelength was 1.55um, the width of the access
waveguides was 4um, the maximum and minimum
width of line tapered multimode waveguide were
50um and 30pm, respectively. The guiding layer
thickness was Suym and the etching depth of the
SOI rib waveguide was 1. 75um. The length of the
tapered multimode waveguide was 2020um. To re-
duce coupling loss between output waveguides and
multimode waveguide section, two tapered joint
waveguides were used, as shown in Fig. 1. Compar-
ing with the conventional straight 1X2 3-dB MM
coupler, the length of the multimode waveguide re-
duces about 40%, assuming the width of the

straight multimode waveguide was 50pm. By using
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2-D BPM, the optical intensity distribution inside
the 1 X2 line tapered MMI coupler was obtained
and shown in Fig. 2. The simulated output power
of the 1’ X2 line tapered MM I coupler was show in
Fig. 3. It can be seen that the output images exhibit

a uniform distribution.
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Fig.2 Simulated optical intensity distribution in-

side 1 X2 line tapered MMI coupler

07
£ o6}
£ 05
Eo4
- 03
5 02
201

%5 "o 6 10 20 30
Transverse location of multimode waveguide/jum

Fig. 3
MMI coupler

Simulated output power of 1 X2 line tapered

An SOI wafer with lum buried SiO2 and Spm
top Si layer obtained by bonding and back-etching
technique, was used to fabricate the device. The
wafer was deposited with 0. 2um Cr. Then patterns
were defined with lithography. followed by mag—
netic enhanced reactive ion etching (MERIE) with
SFe to construct the rib waveguide structure. After
the MERIE, a layer of 0. 7um SiO2 was deposited
on the wafer as the cladding layer by PECVD. The
device was then thinned and cleaved for the pur-
pose of test. For the MMI coupler, the perfor—

mances are sensitive to the width of the MMI sec—

tion. So, on the mask, the width of the MMI section
was 0. 5pm wider than the design value to compen-
sate the lateral corrosion during MERIE process.

However, the width of the waveguide in the fabri-
cated device was still 0. 5um narrower than the de—
sign value. Figure 4 shows the SEM graph of input
and output ports of the 1 X2 line tapered MM cou-

pler.

(m) {h)
Fig.4 SEM graph of the 1X2 line tapered MMI coupler

(a) Input port:(b) Output ports

4 Results of measurement

Light from the singlemode fiber at a wave-
length of 1.35um was coupled into coupler through
the cleaved facet of the input waveguide. The light
emerging from the output ports was projected onto
the microviewer (infrared viewing TV camera with
model 7290) using a microscope (objective 20X).
The near field pattern of one of the fabricated de-
vices is shown in Fig. 5. The uniformity was
1. 3dB. It is believed that the output uniformity of
the 1 X2 line tapered MM coupler can be improved

Transverse location of multimode waveguide

Fig. 5 Near field output of 1X2 line tapered MMI

coupler
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further by improving etching uniformity. The mea-
sured excess loss was 2. 5dB. The loss was caused
primely by the facet reflection due to refractive
index mismatch between waveguide core and fibre
core, input and output coupling due to model pro-
file dismatch between rib waveguide and circle fi-
bre mode, as well as the side wall roughness of the
SOI rib waveguide. Among the loss mechanism, the
facet reflection and coupling loss is estimated to be
the dominant factors. Some measures such as pol-
ishing the waveguide facets and depositing an an-
tireflection coating layer on the facets may con-

tribute to the reduction of excess loss.

5 Conclusion

In summary, we have proposed, designed, and
fabricated an ultracompact 3-dB MMI coupler in
silicon-on-insulator. The device fabricated with a
width slightly deviated from designed value shows
a uniformity of 1. 3dB and an excess loss of 2. 5dB.
The test results show that the fabricated device has
approximate uniform output optical power. More-
over, the output power uniformity and excess loss
of the 1 X 2 line tapered MMI couple can be

improved by improving the process such as etching

uniformity. The length of the device is only
2020pum, about 40% shorter than that of corre-
sponding straight MMI coupler with an uniform
multimode waveguide width of 50um. The highly
reduction of device length, together with the large
cross=section (Spym X4pm) that matches the single-
mode fiber, makes it more feasible in integrated op-

tical circuits.
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