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SOI Waveguides Fabricated by Wet- Etching Method™
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Abstract: SOI waveguides fabricated by wet etching method are demonstrated. The single mode waveguide and 1 x 2 3dB MMI
splitter are analyzed and designed by three dimensional beam propagation method to correct the error of effective index method and

guided mode method. The devices are fabricated. Excellent performances, such as low propagation loss of — 1. 37dB/ em, low excess

loss of = 2. 2dB, and good uniformity of 0. 3dB, are achieved.
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1 Introduction

The unique optical properties owing to large refrac
tive index difference between the core ( ng;= 3.5) and
the cladding ( nsjo,= 1.45) have caused the emergency of
silicorr orr insulator ( SOI) as a platform for both photonic
integrated circuits (PIC” s) as well as VLSI. This promis-
ing trend has led to inrdepth investigation of the charac-
teristic and application of SOT waveguides' "“? and silicon

3~ .
(331 in the past tens of years.

based photonic devices
Comparing with other channel waveguides such as
Si0,'%, most SOI single mode waveguides with core dir
mensions comparable with singlemode fibers are rib
structure, planar wafers have to be etched by dry-etching,
such as reactive ion etching ( RIE) and inductively cou-
pled plasma (ICP), or wet- etching.

In comparison, wet-etching method has several sig-

nificant advantages over dry etching method. Firstly, it re-
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quires no expensive equipments. The constant temperature
box can be easily found in a common chemical laboratory.
Secondly, unlike ICP or RIE, it can be easily carried out
and can be repeated exactly, avoiding huge number of
samples to be tested for etching condition. Thirdly, this
method can provide very smooth bottom surface and side
walls, thus yield surprising propagation loss as low as
0. 1dB/ em! ™.

waveguides is trapezoidal with side angle at 54.74° be

Unfortunately, the cross-section of the

cause of the anisotropic etching speed along different crys
tal orientations, resulting in inconvenience for designing
various devices. In this paper, we present the design of
single mode SOI waveguide and 1 x 2 3dB multimode
mode interference (MMI) splitters by three dimensional
beam propagation method ( 3D BPM) . Also, these de
vices are fabricated and tested, showing excellent perfor-

mance.
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2 Design

The slope side walls of the rib waveguides as shown
in Fig. 1 make effective index method ( EIM) unworkable
to obtain single mode curve as rib waveguides with vertical
side walls stated as' "

K03 T—, 1= f]{m f;,r <0.5(1)

Fig. 1  Cross section of trapezoidal SOI waveguide

Some other analytical methods as transfer matrix method to
calculate trapezoidal cross section waveguides'® are stud-
ied. However, more accurate method such as 3D BPM
have to be employed especially when dealing with MMI
couplers due to the uncertainty of effective width of multi-
mode waveguide including Goos-Hahnchen extension. Fig-
ure 2 represents the schematic diagram of a 1 x 2 MMI
splitter based on the self-imaging property!” of a multi
mode waveguide. The minimum length of the multimode

waveguide to form two fold image cannot be determined by

2

n. Wiy
L — MJE‘\-XSU (2)

where n, is the refractive index of the multimode section
and Wy is the effective width of the multimode waveg-

uide, since it is difficult to determine W .
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Fig. 2 Schematic diagram of 1 x 2 MMI splitter

Our numerical simulation by 3D BPM employed
perfect match layer (PML) boundary condition and alter-

nating direction implicit (ADI) method. The program was
executed on Matlab platform. The default wavelength was
set to 1. 55Hm. For the single mode waveguide, H = 5, w
=3, h= 3.2 and the computation window was 16 x 16
plus 2 x 2 PML layer, and the default unit was microme
ter.The input Gaussian field had a radius of 44m repre
senting optical field of the single mode fiber. Figure 3 ( a)
illustrates the outfield after propagating 2000Mm and Fig-
ure 3 (b) shows the total energy in the computation win-
dow as a function of the propagation length. The base TE
mode contour map would keep steady after 1000¥m and
no more than 62.24% energy would remain in the waveg
uide, representing the couple efficiency between single

mode fiber and the SOI waveguide.
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Fig.3 (a) Contour map of TE mode in cross section; ( b)

Remaining energy in computation window

The MMI splitter in this paper consisted of one input
waveguide located at the center of the multimode waveg-
uide and two symmelrical output waveguides with W.g/ 2
spacing. The widths of these waveguides were 3Hm and
50um respectively. During the process of simulation, to
seek the best length for the MMI splitter, there were only
one input waveguide with 1000Mm in length and one mul-
timode waveguide of 3700Mm. The computation window
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was 70Hm x 20Em including 2Mm x 28m PML layer. Fig-
ures 4 (a) and (b) show the contour map of TE mode in
the propagation plane and cross section at the optimum

length of the multimode waveguide. It can be seen that the
4500
w0} 4
1500 ¥

000t

3500} F

2fpm

2000
o8

1000 K. e
SO0 Sy

1| S - ~
30 -20-10 0 10 20 30
v/jem

y/pm

Helative amplitude

L} i A i i i i
-30 =20 <10 0 10 20 30

v/ium

Fig.4 (a) Contour map of TE mode in the propagation
plane; (b) Contour map of TE mode in the cross section at

the optimum length

best length is 3262Hm, while the length derived by Eq.
(2) is 3151¥m considering Goos-Hahnchen extension.
The two output waveguides should be located £ 13.7um
offset the center axis to receive maximum power, while +
13. 26m according to guided mode theory!®!. To evaluate
the performance of the MMI splitter, power uniformity
(UF) and excess loss (EL) are defined as:
UF = 10lg( P/ P»)
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P+ P
EL= 10lg ) (4)
0

Pyand P2 P> P3) are the output powers in the two
branches respectively. Py is the output power from the
straight single mode waveguide under the same testing cir-

cumstance.

3 Fabrication

The bond and etch-back SOI ( BESOI) wafer which
had a SiO5 thickness of 1Mm and an Si thickness of 5Hm
was used 1o fabricate the single mode waveguide and the
MMI splitter by conventional Si process. The rib waveg-
uides were wet chemically etched to a depth of 1. 84m us-
ing a mixture of KOH, CH3( CH2)20H and H20 in the
mass ratio of 23. 4 13. 3: 63. 3. The width of SiO, lithog-
raphy mask for the single mode waveguide was 3Mm since
the undercutting of the mask by anisotropic etching pro-
cess was so small as to be omitted. This case could also be
true with respect to multimode waveguide. The multimode
waveguide was 3262Hm in length and 50Hm in top width.
The smooth side wall surface could be clearly seen from
the SEM graph as Fig. 5, which is indispensable for low
propagation loss. A 0.3Hm SiO2 covering layer was de
posited by plasma enhanced chemical vapor deposition

(PECVD) on top of the silicon layer to protect the sur

Fig. 5 SEM graph of SOI waveguide

face. Also, tapered waveguides were used to connect the
multimode section with the output waveguide to reduce
loss and enlarge power uniformity!®’. The wafer was
thinned and cleaved at last.
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4 Experimental result

The wafer was located on the MELLES GRIOT six-
dimension adjusting platform to couple with the single
mode fiber, from which the laser at wavelength of 1. 554m
was launched to the cleaved facet of the input waveguide.
The light through the output waveguides was collected by
a lens and then projected onto an infrared sensitive CCD.
With the help of PC laser beam analyzer ( a software run-
ning on a PC), the image could be displayed on the PC
monitor. If another single mode fiber connecting with a
power meter was aligned to the output waveguides in place
of the convex, the outcome powers were directly mea
sured. To measure the propagation loss of the straight sin-
gle mode wave guide, multi-reflecting method using HP
8504B precision reflectometer was employed. showing ex-
cellent veracity and iteration. The propagation loss coeffi-
cient can be derived by

AL Py

a=- 2Ll" R2* Py = ZLI“

P
Ll s

or
8= 10alge (6)
here L represents the length of the waveguide, R= 0. 31
is the Fresnel reflective coefficient, and P;(i= 2,3.4 ...
is the power of the ith reflective peak that can be read
from the reflectometer. Figures 6 (a) and (b) are the
measured near field images of the single mode waveguide
and 1 x 2 MMI splitter respectively. The propagation loss
coefficient of the single mode waveguide measured by
multt reflecting method is 1. 37dB/ em. The uniformity of
the splitter is as low as 0.3dB and excess loss of
— 2.2dB. The total insertion loss for one port of the split-
ter is — 15.7dB, including — 2.8dB propagation loss,
3dB splitting loss, — 3. 5dB Fresnel reflecting loss and —
4. 2dB coupling loss between two end surfaces and single

mode fibers.
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Fig.6 (a) Near field image of single mode waveguide;

(b) Near field image of 1 x 2 MMI splitter

5 Conclusion

In this paper, we demonstrated the single mode
waveguide and 3dB MMI splitter based on BESOI wafer
fabricated by wet chemical etching method that can be
easily carried out. The output near-field images were ob-
tained and output powers were directly measured by power
meter. Also, the multr reflecting method was applied to get
propagation loss coefficient as 1. 37dB/ em for the single
mode waveguide. The excess loss and power uniformity of

the splitter were — 2. 2dB and 0. 3dB respectively.
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