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Abstract: A novel structure of spot=size converter is designed to allow low loss and large alignment tolerance be—

tween single-mode rib waveguide devices and fiber arrays theoretically. The spot-size converter consists of a ta—

pered rib core region and a double-cladding region. Through optimizing parameters. an expanded mode field can be

tightly confined in the inner cladding and thus radiation loss be reduced largely at the tapered region. The influence

of refractive index and thickness of the inner cladding on coupling loss is analyzed in particular. A novel, easy

method of fabricating tapered rib spot-size converter based on silicon-on-insulator material is proposed.
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1 Introduction

In order to facilitate the operation of align-—
ment between rib optical waveguide devices based
on the silicon-on-insulator (SOI) material and flat
end fibers and make optical module packaging
easy, fabricating V-grooves used to fix optical
fibers and rib optical waveguide devices on the
same SOI substrate is necessary. This method
needs a large alignment tolerance between optical
waveguide devices and fibers. However the tightly
confined rib waveguides have a small ( 1~ 2um),
abnormal mode field, whereas standard single-
mode fibers have a relatively large ( 8~ 9um), cir-
cular one. This means that increasing alignment
tolerance between them will particularlv reauire

spot-size converters (SSC) which convert the spot
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size of a propagating optical field and consequently
provide low Hoss and large alignment tolerance.

Although several kinds of spot-size converters
have been reported'™ . laterally and vertically ta-
pered converters based on the SOI is seldom re-
ported due to fabrication difficulty. Here, we pro-
pose a novel, easy method to obtain laterally and
vertically tapered converters.

The SSC with a Si core and a Si0:2 cladding is
bound to launch high-modes and therefore increase
the propagation loss due to the large refractive in-
dex differentia between Si and SiO:. This paper
presents double-cladding structure of SSC, which is
based on the SOI material. The relationship be-
tween structures of SSC and energy propagation
loss is analyzed by using 3-D beam propagation

method.
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2 Design of SSC structures

The schematic structure of the SSC integrated
with a single-mode rib waveguide is shown in
Fig. 1. The rib width of the single-mode waveguide
is designated as 3uym and the inner rib height is
Sum. The outer regions of rib have a thickness of
3. 2um. The section of the single-mode waveguide
shapes trapezoid in anisotropic etching solution and
the obliquity is 54. 74°. T he tapered waveguide con—
sists of a rib core region and a double cladding re—
gion, refractive indexes in the different regions are
expressed as newre= 3.3, n1,and n2= 1.45(n1> n2),
respectively. At one facet of the SSC, the width and
height of the rib core are the same as those of the
single-mode rib waveguide, and at the other facet,
the width and height of the core are 6.2uym and

Sum, respectively.
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Section view of SSC

The numerical simulation of SSC by 3-D
BPM employed perfect match layer (PM L) bound—
ary condition and alternating direction implicit
(ADI) method. The program was executed on M at-
lab platform. The default wavelength was set to
1.55um . The computation window was 16pm X
16pum plus 1. 6pm X 1. 6um PML layer, and the

computer step sizes in x,y, and z directions were

0.032, 0.032, and lum, respectively. The input
Gaussian field had a radius of 4um representing op-

tical field of the single mode fiber.

3 Results and discussion

When SSC structrues are designed for single—
mode rib waveguides, the fiber-coupling character—
istics of coupling loss and the degree of fiber-mis—
alignment tolerance must be considered. The cou-
pling characteristics are concerned with the ex-
panded mode size and the shape that is determined
by the sectional waveguide structures in the vicini-
ty of the output facet. The optical field distribu-
tions simulated by BPM method at both facets of
the tapered waveguide following by single-mode
rib waveguide is shown in Fig. 2. After propagating
3000um (including 1000um of the tapered length),
the field

shape converts into the another different shape
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Fig. 2 Optical field distributions at the both facets

of the SSC  (a) Input; (b) Output



8 1 Yang Di et al.:

Design of Tapered Rib Spot-Size Converter with -+ 915

which is the single-mode rib waveguide optical
field's match.

Another important function of the SSC is to
increase fiber-misalignment tolerance, which is
shown by Fig.3. Refractive index of the inner
cladding is 3. 34, which equates that of GaAs, and
the thickness is lum. The horizontal and vertical
alignment is less sensitive with the SSC because of
the change in the numerical aperture.
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Fig. 3 Calculated coupling loss of a single [iber-8SC
interface from misalignment in the horizontal (x)
and vertical (y) directions compared with the fiber-

rib misalignment coupling loss

It is not an adiabatic propagation in the

tapered waveguide because of radiation loss
brought by high-order modes, however, the loss
can be reduced by decreasing the sloping angle or
increasing the length of tapered waveguide. Unfor-
tunately, the radiation loss is reduced by the above
method at the expense of increasing size of chip.
Therfore the length of SSC generally is in the
range of 100 and 500 ym. In order to save compute
time the length of SSC is 100um in this paper,
whose sloping angle (0.03° is small enough to re—

duce radiative loss. The coupling loss is obtained

by overlap integral of optical field distributions be-
tween SSC and single-mode rib waveguide.

In order to analyze the influence of inner
cladding refractive index on the propagation power
in the core region, we change the refractive index
(n1) of the inner cladding from 1.95 to 3. 453, and
the step is 0. 5. The thickness of inner cladding re-
gion in these waveguides equates 0. 5um. Figure 4
shows comparison of the propagation powers in the
core regions normalized by input power. Curve a
and b in Fig. 4 represent the propagation powers of
the single-mode rib waveguide and the SSC with
Si02 mono-cladding, respectively. Obviously, there
is a higher propagation power in the tapered
waveguide than that in the single-mode rib waveg-
uide. Moreover, the attenuation of optical energy in

the tapered waveguide greatly decreases.
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Fig. 4 Propagation power as a function of refractive

index of the inner cladding

Curves ¢, d, e, and f in Fig.4 describe the
propagation powers of the tapered waveguides with
double-cladding and the refractive indexes of their
inner cladding are 1.95, 2. 45, 2.95, and 3. 45, re-
spectively. A regulation that the propagation power
increases along with a decrease of the refractive in—
dex differentia between the core region and the
cladding region is shown by these figures. It can be
explained by the following formula,

2

m [ 2
V= Pet ~ncore — 1
A

—ra

where V represents unitary work frequency and Pur

represents the effective size of a tapered rib waveg-
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uide. Under the condition of keeping Per constant,
the larger refractive index differentia between the
core region and the cladding region, the more high-
order modes will be launched in a tapered waveg—
uide due to large V. High-order modes will be part—
ly radiated from single-mode waveguide and con-
squently lead to energy loss.

In addition, when the refractive index differen—
tia is less than 0. 05, oscillation of the energy curve
becomes obvious. It is because that a tapered
waveguide with a small refractive index differentia
between the core region and the cladding region
has a small numerical aperture, which results in
more optical energy leaking out from the core re-
gion and then being confined in the inner cladding
region. The optical fields coulping between the
both regions will become obvious, that is, a part of
energy repetitively transform from one to another
during propagating. Considering the fact that the
energical oscillation will decrease the signal-to-
noise ratio of the optical waveguide devices, we
should select these materials whose refractive in-
dex ranging between 2.0 and 3.45 used as inner
cladding of the SSC. Therefor, N-doped SiO2, LiN-
bOs, and GaAs should be adopted.
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Fig.5 Coupling loss in the different structures

Figure 5 represents the coupling losses in rib
waveguides with different convertors. There is the
same regulation as shown in Fig. 4.

The thickness of the inner cladding must af-
fect the coupling efficiency according to the cou-—
pling effect. When the refractive index of inner
cladding maintains the value of 2. 95 invariable, the

thickness of inner cladding region changes from

0.05 to 2. 0um. Fig. 6 shows the coupling losses
corresponding to the different thickness.

Dots @, b, ¢, d, and e in Fig. 6 represent the
coupling loss of the thickness of 0.05,0.1,0.5,1.0
and 2. 0um, respectively. When the thickness less
than 0. Sum, the increasing of thickness would en-
hance the ability to confine optical field and then
reduce coupling loss. Whereas when the thickness
larger than 0.5um there is a decrease in coupling
efficiency, because the energy in inner cladding that
could not couple into the core region will radiate
away at the joint of SSC and single-mode rib

waveguide.
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Fig. 6 Coupling loss as a function of the thickness

of inner cladding

4 Fabrication method

T he technological processes of fabricating ver—
tically tapered SSC involved complicated growth
techniques, like shadow mask growth or selective
growth'”, or diffusion limited etching and precisely
controlled polish. In previous techniques, growth
techniques are more applicable for compounds than
for silicon and the later two techniques are not only
difficult but also costly. This paper presents a nov-
el, easy technique for fabricating vertically tapered
waveguides, and the experimental setup is shown in
Fig. 7. A prepared SOI wafer hanged on the step
motor whose single step is within micron magni-
tude is gradually immerged into KOH solution un-
der the precisely control of a computer. The fore-
and-aft parts of the SOI wafer undergo different

etching time in the KOH solution and thus vertical-
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ly tapered SSC is shaped.
Step motor

lated coupling efficiency can be increased by 20%
compared with that of rib waveguide. In addition,

the paper proposes a novel, easy method of fabri-

cating tapered rib SSC based on silicon-on-insula-

tor material.
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