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Partial Parabolic Single Layer Crossing for
Silicon-on-Insulator Nanophotonic Waveguides

Yuan-Ting Shih

Abstract—Under the dimension of 6 pm overall length, a 220
nm partial parabolic taper fabricated on silicon-on-insulator (SOI)
wafer with 2 pm buried oxide at 1.55 pm, to simply fabrication
processes and reduce cost, we design a Partial parabolic single
layer crossing, which modifies crossing curves around the crossing
regions and input-output regions of crossing for fitting the initial
input status of the fundamental mode. This single layer crossing
for SOI photonic wires which are broadened using a 3 pm partial
parabolic taper in each arm to get 97.8 % high transmission (—0.097
dB) and —62 dB low crosstalk. It not only can simplify the fabrica-
tion processes, reduce cost, and shrink device size to produce more
compact photonic circuits, but also keep high transmission over
96.8% even under 110 nm fabrication dimension variation.

Index Terms—Integrated nanophotonic, waveguide devices.

1. INTRODUCTION

HE concept of optical integrated circuits (OICs) was
T introduced in the end of 1960 for optical communication,
signal processing, optical computing and sensing. OICs was
designed to have a certain function by integrating a source
(laser diode), functional components (switches, modulators),
interconnection waveguides and detectors (photo diodes) on a
single substrate [1]. The development of optical and electrical
packaging integrated optical I/O directly with electronic circuits
(electrical packages with optical I/O and optical waveguide-
based printed circuit boards). It heavily influenced the associated
cost of systems cabling, power dissipation of the link and system
cooling etc. [2]. In the late of 1980s, the silicon photonics started
to develop, then in the late 1990s its technology booming and
abundance of the private capital triggered a rapid growth. Owing
to the strong optical confinement of high index contrast between
silicon (n = 3.455) and SiO5 (n = 1.45) scaling photonic devices
wafers to nanometer level, silicon photonics researchers created
low-cost photonics (waveguide circuits) on silicon-on-insulator
(SOI) with the mighty IC industry for mass-market applications.
It also provided a solution to solve the thermal and cooling
problems of system [3]. From 2004, investments of industry and
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government quickened the pace of the development of silicon
photonics and brought out preliminary results which indicated
that the silicon photonics were truly CMOS compatible,
however, silicon laser had not been attained [4]. In 2006, a
low-cost hybrid silicon laser was created and can be performed
at the wafer or die level to provide a solution for large-scale
optical integration onto a silicon platform. This development
solved one of the last obstacles of integrated silicon photonics to
produce low-cost, highly integrated silicon photonic chips [5].
Silicon photonics were created by a laser source manufactured
directly on the silicon photonic chip. High-transmission,
low-loss, low-crosstalk, and low-cost waveguides crossing of
silicon-on-insulator (SOI) photonic wires was one of critical
important fundamental components for producing dense and
compact silicon photonic circuits. It was one of good solutions
to solve interconnections problems of SOI photonic circuits.
There were many kinds of waveguide crossings designed out,
such as direct, elliptical, parabolic, etc. modes, including single,
double and multi-layers [6]—[12].

Especially, W. Bogaerts etc. presented a double layer
parabolic taper crossing of 6 pm overall length which was
constituted of a shallow-etched parabolic taper etched through
the 220 nm silicon core fabricated top over 2 pum oxide on SOI
photonic wires. To reduce the diffraction losses in the crossing
region, they introduced a scheme to maintain confinement
over a larger part of the expanded crossing, which at the same
time lowered the lateral refractive index contrast. The lower
index contrast reduced the diffraction and back reflections in
the nonconfined region. The lower lateral index contrast of the
waveguide was achieved through a double-etch scheme. The
high-contrast photonic wires and the parabolic mode expanders
were etched through the silicon core, but a shallow-etched
crossing confined the light to the center of the mode expander.
The crossing had a parabolic expander would reach a center
width of 2.5 pm. The shallow-etched waveguide expanded
linearly from 0.5 to 0.8 um over the length of the crossing, and
each 3 pm parabolic taper with a lower index contrast using a
double-etch technique crossing to reduce the diffraction losses
in the crossing region, details as Fig. 1. At the wavelength of
1.55 pm, its transmission is over 95%. When the start of shallow
etch at left of the starting position of the fundamental mode
input (< —3 pum), the transmission raises up to over 97.5% [13].

II. DESIGN AND SIMULATIONS

Under the same dimension of 6 pm overall length, a
shallow-etched parabolic taper etched through the 220 nm
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Fig. 1. Double layer parabolic taper crossing.
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Fig.2. Double layer parabolic taper crossing with modifying crossing curves
around the upper and lower crossing regions.

silicon core fabricated over 2 um buried oxide of SOI wafer at the
wavelength of 1.55 pm, to reduce the diffraction losses more in
the crossing region, we modify crossing curves around the upper
and lower crossing regions, details as shown in Fig. 2. When the
start of shallow etch at the starting position of the fundamental
mode input (xx = —3 um, yy = 0.25 pm) and parabola focus
cc = —2.90 um, using finite-difference time-domain (FDTD)
simulation [14]-[16] and particle swarm optimization (PSO)
method [17]-[20], we got a good result of transmission 97.7%
and its electric (E) field distribution as shown in Fig. 3, where
transmission is calculated at output of crossing by the optimiza-
tion figure of merit (FOM) which is transmission(7) minus back
reflection(R) and 2 x crosstalk.

Transmission (%) = FOM = T — R — 2 x crosstalk
ey
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Fig. 3. E field distribution of double layer parabolic taper crossing with
modifying crossing curves around the upper and lower crossing regions.

TABLE I
SEGMENTATION LEVELS BETWEEN (x2, y2) AND (x3, y3)

Level 1
2" segments by
(_{xi}, y_{xi}); i =

(_{xl}, y_{x1}), (_{x9}, y_{x9}), (x_{x17},
y_{x17});
where (x_{x1},y {x1})=(x2, y2), (x_{x17},

1,9,17 y {x17})=(x3, y3).

Level 2 (x_{xl},y {x1}), (x_{x5},y {x5}), (x_{x9},
2% segments by v {x9}), (x_{x13},y {x13}), (x {x17},
(_{xi}, y_{xi}); i = y_{x17})

1,5,9,13,17

Level 3 (x_{x1},py {x1}), (x_{x3},y {x3}), (x_{x5},

y_{x5)), ({7}, y_{x7}), (_{x9}, y_{x9}),
(_{x11}, y_{x11}), (c_{x13}, y_{x13}),
(x_{x15},y {x15}), (x_{x17},» {x17})
(_{xl}, y_{x1}), (e_{x2}, y_{x2}), (x_{x3},
y_{x3}), (_{x4}, y_{x4}), (_{x5}, y_{x5}),
(_{x6}, y_{x6}), (x_{x7}, y_{xT}), (x_{x8},
y_{x8}), (x_{x9}, y_{x9}), (x_{x10},
y_{x10}), G_{x11}, y_{x11}), (x_{x12},
y_{x12}), c_{x13}, y_{x13}), (x_{x14},
y_{x14}), c_{x15}, y_{x15}), (x_{x16},
y_{x16}), x_{x17}, y _{x17})

23 segments by
(_{xit, y_{xi}) i =
1,3,5,7,9,11,13,15,17
Level 4

2% segments by
(_{xi}, y_{xi}); i =
1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16,17

The segmented structures are based on the bisection method
[21], and we design 4 levels to find 17 segmentation points for
dividing the design into 16 segments. As Tables I-III, on Level
1 we find segmentation points: Nos. 1, 9, and 17 for processing
2! segments. On Level 2, based on segmentation points: Nos.
1,9, and 17, we find segmentation points: Nos. 5 and 13 for
processing 22 segments. On Level 3, based on segmentation
points: Nos. 1, 5,9, 13, and 17, we find segmentation points:
Nos. 3, 7, 11, and 15 for processing 23 segments. On Level
4, based on segmentation points: Nos. 1, 3, 5, 7, 9, 11, 13,
15, and 17, we find segmentation points: Nos. 2, 4, 6, 8§,
10, 12, 14, and 16 for processing 24 segments. Between (x2,
y2) and (x3, y3), we set 4 segmentation levels for fitting new
curves, the details as shown in Table I. Between (ux2, uy2)
and (ux3, uy3), we also set 4 segmentation levels as shown in
Table II. The flow chart of the double-layer simulation pro-
cesses is shown in Fig. 4. We get the high FOM 97.8% of
Figs. 2 and 3. at Level 3, its parameters as bellows: (x_{x1},
y_{x1}) = (x2, y2) = (—1.9798, 0.9033), (x_{x3}, y_{x3})
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TABLE II

SEGMENTATION LEVELS BETWEEN (ux2, uy2) AND (ux3, uy3)

Level 1

2! segments by
(c_{uiy, y_{ui});i
1,9,17

(_{ul}, y_{ul}), (c_{u9}, y_{u9}),
C_{ul7}, y_{ulT});

where (x_{ul},y {ul})=(ux2, uy2),
(x {ul7},y {ul7}) = (ux3, uy3).

Level 2

2% segments by
(c_fuiy, y_{ui}); i
1,5,9,13,17

G_{ul}, y {ul}), (c_{u5}.y_{u5}), (x_{u9},
y_{u9}), (c_{ul3}, y_{ul3}), (c_{ul7},
y_{ulT})

Level 3

23 segments by
(r_{ui}, y_{ui}); i =
1,3,5,7,9,11,13,15,17

(_{ul}, y_{ul}), c_{u3}, y_{u3}), (x_{u5},
y_{us}), c_{uT}, y_{uT}), (x_{u9%}, y_{u9}),
O _{ull}, y_{ull}), (c_{ul3}, y_{ul3}),
(x_{ul5},y {ulsS}), (x {ul7},y {ul7})

Level 4

2% segments by
Ce_{ui}, y_{ui});i=
1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16,17

O _{ul}, y {ul}), (c_{u2},y_{u2}), (c_{u3},
y_{u3}), (c_{ud}, y_{ud}), (c_{uS}, y_{uS}),
(e_{u6}, y_{u6}), (x_{u7},y_{uT}), (x_{u8},
y_{u8}), (x_{ud}, y_{u9}), (x_{ul04,
y_{ul0}), (x_{ull}, y {ull}), (x_{ul2},
y_{ul2}), (c_{ul3}, y_{ul3}), (x_{uld},
y_{uld}), c_{ul5},y {ul5}), (x_{ul6},

v {ul6}), & {ul7},y {ul7})

TABLE III

SEGMENTATION LEVELS BETWEEN (xx, yy) AND (x1, y1)

Level 1

2" segments by
(e_{si}, y_{si});i=
1,9,17

(_{s1}, y_{s1}), (c_{s9}, y_{59}), (x_{s17},
y_{s17});

where (x_{s1},y {s1})=(xx, yy), (x_{s17},
y {s17})=(x1, yl).

Level 2

2% segments by
(e_{si}, y_{si});i=
1,5,9,13,17

(_{s1}, y_{s1}), (c_{s5}, y_{s5}), (x_{s9},
y_{s9}), (x_{s13}, y_{s13}), (x_{s17},
y {s17})

Level 3

2% segments by
(x_{si}, y_{si})ii=
1,3,5,7,9,11,13,15,17

(_{s1}, y_{s1}), (c_{s3},y_{s3}), (x_{s5},
y_{s5}), (c_{s7}, y_{s7}), (x_{s9}, y_{s9}),
(x_{s11},py {s11}), (x {s13},y {s13}),
(x_{s15},» {s15}), (x_{s17},y {s17})

Level 4

2% segments by
(x_{si}, y_{si});i=
1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16,17

Ge_{s13, y_{s13), (x_{s2}, y_{s2}), (x_{s3},
Y {s3}), (x_{s4},y_{s4}), (x_{s5}, y_{s5}),
(x_{s6},y_{s6}), (x_{s7},y_{s7}), (x_{s8},

y_{s8}), (x_{s9},y_{s9}), (x_{s10},y_{s10}),

(_{s11}, p_{s11}), (x_{s12}, y_{s12}),
(_{s13}, y_{s13}), (x_{s14}, y_{s14}),
(_{s15}, y_{s15}), (x_{s16}, y_{s16}),
(x_{s17},» {s17})

= (—1.9768, 0.9328), (x_{x5}, y_{x5}) = (—1.9314, 0.8749),
(x_{x7}, y_{x7}) = (—1.9300, 0.8997), (x_{x9}, y_{x9}) =
(—1.8838, 0.8465), (x_{x11}, y_{x11}) = (—1.7114, 0.8473),
(x_{x13}, y_{x13}) = (—1.5344, 0.8555), (x_{x15}, y_{x15})
=(—1.2103,1.0748), (x_{x17},y_{x17}) =(—1.0010, 1.0010);
(_f{ul}, y_{ul}) = (ux2, uy2) = (—2.3308, 0.3514), (x_{u3},
y_{u3}) = (—1.7941, 0.3518), (x_{ud5}, y_{u5}) = (—1.6242,
0.3991), (x_{u7}, y_{u7}) = (—1.3666, 0.4756), (x_{u9},
y_{u9})=(—1.3212,0.4639), (x_{ull},y_{ull})=(—-1.2692,
0.4565), (x_{ul3}, y_{ul3}) = (-0.9747, 0.5121), (x_{ul5},
y_{ul5}) = (—0.6453, 0.55484), (x_{ul7}, y_{ul7}) = (ux3,
uy3) = (—0.5406, 0.5406). Because of the complex structures
of the 2-layer designs for reducing the diffraction losses in the
crossing region, it’s hard to find a trend in these parameters to
provide physical explanation for the optimization results.

6617506

Level 1 parameters boundaries setting and finding <
simulation values by PSO

Values not touching
boundaries?

Level 2 parameters boundaries setting and finding
simulation values by PSO

A

FOM 2>FOM 1 &
values not touching
boundaries?

Level 3 parameters boundaries setting and finding
simulation values by PSO

A

FOM 3>FOM2 &
values not touching
boundaries?

Level 4 parameters boundaries setting and finding
simulation values by PSO

A

FOM 4 >FOM 3 &
values not touching
boundaries?

YES (if always FOM 4 < FOM 3,
FOM 3 is result)

(End (FOM 3 or FOM 4)

Fig. 4. Flow chart of simulation process.

Under the same dimension of 6 pm overall length, a shallow-
etched parabolic taper etched through the 220 nm silicon core
fabricated over 2 um buried oxide of SOI wafer at the wavelength
of 1.55 pm, compared with parabolic taper without modifying
crossing curves as shown in Fig. 5, when the start of shallow
etch at the starting position of the fundamental mode input
(—3 pm) and parabola focus cc at —2.90 um, using FDTD and
PSO results in a transmission 96.5%, and its E field distribution
as shown in Fig. 6. Obviously, double layer parabolic taper
crossing with modifying crossing curves around the upper and
lower crossing regions result in a better effectiveness to reduce
the diffraction losses in the crossing region than that without
modifying crossing curves around the upper and lower crossing
regions.
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Fig. 6. E field distribution of double layer parabolic taper crossing without
modifying crossing curves around the upper and lower crossing regions.

Under the dimension of 6 um overall length, a 220 nm partial
parabolic taper fabricated on SOI wafer with 2 pm buried oxide
at 1.55 pm, to simply fabrication processes and reduce cost,
we replace the upper crossing (not etched) regions of double
layer parabolic taper crossing (Fig. 2) by designing a “partial
parabolic single layer crossing” not only modifying crossing
curves around the crossing regions but also modifying input and
output regions of crossing for fitting the initial input status of the
fundamental mode. Comparing with the double layer parabolic
taper crossing structure, the single layer crossing was easier
calculated by a mathematical model to estimate its structure
parameters for achieving high transmission, details as shown in
Fig. 7. At the beginning of the optimization process, the curve
is parabola. After the optimization is completed, the perimeter
of the curve deviates from the original parabola and becomes a
wriggling curve so as to achieve a high transmission.

The positions of parabola focus and beam equivalent Gaussian
waist are both the same at cc pm. Under the different numbers
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of cc pm, we get different curves of the fundamental mode and
parabola, and there is a distance d pm between them (the blue
solid and dashed lines in Fig. 7.). We obtain d from the function
of the fundamental mode width y,, (as a function of x, and its
beam waist located at cc) and parabola function y,, as bellows:

2
yw:wo\/H(W), ?)
nmwo

Cp (x — hh), 3)

Yp = 2

where wy is the beam waist of the fundamental mode 0.34 pm,
A is wave length 1.55 um, n is silicon refractive index 3.455, cc
is the position of wy and parabola focus. The parabola always
passes through the point (xx = —3 pm, yy = 0.25 pm) which
is the intersection of the input waveguide arm and the crossing
with its shape determined by (xx, yy) and (cc,0), and C), is the
distance between parabola vertex hh and focus cc,

( (cc — 22) + 1/ (wz — cc)2+yy2>, @)

1
where xx = —3 pm, yy = 0.25 pm and hh = cc — C},. When
cc=—-317um,x = =243 pm, y =y, =y, = 0.462 um, the
fundamental mode and parabola are tangent each other. Around
the position, cc from —3.22 to —3.16 pm, using FDTD and PSO
we get curves parameters of high transmission more than 96.5%
and from —3.20 to —3.19 um, more than 97.5%, their relative
information as shown in Fig. 8. One of the excellent examples
shows a high transmission 97.8% (—0.097 dB) and low crosstalk
—62 dB as shown in Fig. 9, its E field distribution as shown in
Fig. 10.

Between (x2,y2) and (x3, y3), we set the same 4 segmentations
levels for fitting new curve as shown in Table I. Between (xx,
yy) and (x1, yl), we also set 4 segmentations as shown in
Table I1I. The flow chart of the single-layer simulation processes
is the same as that shown in Fig. 4. We get the high FOM
97.8% of Figs. 9 and 10 at Level 3, its parameters as bellows:
(x_{s1}, y_{s1}) = (xx, yy) = (—3.00, 0.25), (x_{s3}, y_{s3})
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Fig. 9. One (transmission 97.8%) of excellent examples of partial
parabolic single layer crossing.

= (—2.8711, 0.2859), (x_{s5}, y_{s5}) = (—2.7244, 0.3598),
(x_{s7}, y_{s7}) = (=2.6705, 0.3873), (x_{s9}, y_{s9}) =
(—2.6131, 0.4346), (x_{s11}, y_{s11}) = (—2.2578, 0.5481),
(x_{s13}, y_{s13}) = (=2.0022, 0.5628), (x_{s15}, y_{s15})
= (—1.7443,0.5606), (x_{s17}, y_{s17}) = (x1, y1) = (—1.70,
0.5457); (x_{x1}, y_{x1}) = (x2, y2) = (—1.35, 0.6010),
(x_{x3}, y_{x3}) = (—1.2453, 0.6063), (x_{x5}, y_{x5}) =
(—1.2368, 0.6074), (x_{x7}, y_{x7}) = (—=0.9793, 0.6603),
(x_{x9}, y_{x9}) = (—0.7263, 0.6459), (x_{x11}, y_{x11}) =
(—0.7008, 0.6410), (x_{x13}, y_{x13}) = (—0.6814, 0.6339),
(x_{x15}, y_{x15}) = (—0.6533, 0.6329), (x_{x17}, y_{x17})
= (x3, y3) = (—0.6372, 0.6372). Between {sl} and {s13}, the
fitting curve is like a horn, as shown in Fig. 9, and it is useful
to fit the initial input status of the fundamental mode for high
transmission outputs.

The narrower crossing size can produce more compact pho-
tonic circuits to shrink the device size. The crossing size is
mainly decided by parabola dimension, which is depend on its
focus position cc. When cc > —3 um (at right of the starting
position of the fundamental mode input), parabola has wide
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Fig. 10. E field distribution of the excellent example (transmission 97.8%)
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dimension, but cc < —3 pm (at left of the starting position of
the fundamental mode input) narrow. Comparing with parabolic
taper double layer crossing, the cc of the partial parabolic single
layer crossing < —3 pm has narrow parabola, which means its
smaller crossing size available to shrink device size, and their
distributions are shown in Fig. 11.

We briefly estimate the area ratio A of parabolic crossing
structure area to overall crossing dimension area (square 6 pm
x 6 pm), which is defined:

A % = ( horizontal parabola area + vertical parabola area

—overlap area) /36, Q)

where parabola area = 4 x parabola area integral from xx = —3
to O um, overlap area is a square. At right side, high transmission
happens (> 97.5%) at cc = —2.9 um, and its A is 53.07%;
at left side, high transmission (>97.5%) in ranges of cc from
—3.20 to —3.19 pm, and A from 35.15% to 35.53%. The A of
partial parabolic single layer crossing is lower than double layer
parabolic taper crossing about 18%. It means that the smaller
dimension size of partial parabolic single layer be beneficial to
shrink photonic circuits, and maybe it can contribute more areas
for heat dissipation and system cooling.

The partial parabolic single layer crossing not only has high
transmission, small size, low-loss and low crosstalk, but also
high fabrication dimension tolerance. Even under +10 nm di-
mension variation due to fabrication, it keeps high transmission
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Fig. 13. FOM trends for the fabrication tolerance analysis in C+L band

(1.530—1.625 pm).

TABLE IV
PERFORMANCE COMPARISON OF CROSSINGS

Double layer Double layer Partial
parabolic parabolic taper | parabolic single
taper crossing layer crossing
crossing [12] (this work) (this work)
Transmission (%) 95-97.5 97.8 97.8
Crosstalk(dB) -40 -66 -62
Number of
structure layers 2 2 !
Area ratio A (%) 53.07 53.07 35.15-35.53

over 96.8%, details as shown in Fig. 12. Although the resolution
of our device design is 0.0001 pm (0.1 nm) for the calculation
and optimization, the transmission of the device can still be
higher than 96.8% even the designed parameters are truncated
into 0.01 pm (10 nm) according to the fabrication tolerance
analysis. The minimum spacing between two devices of our
design can be as small as 6 pm.

The FOM trends for the fabrication tolerance analysis in
C+L band (1.530—1.625 pum) are shown in Fig. 13. Our device
is basically designed at the wavelength of 1.550 pm, so the
performance in C band is better than that in L band.

We compare the performances of the 3 kinds of crossings,
including items of transmission, crosstalk, number of structure
layers, and area ratio A as shown in Table IV.

III. CONCLUSION

We provide a partial parabolic single layer crossing, which
has excellent performance of high transmission of 97.8%
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(—0.097 dB) and low crosstalk of —62 dB, which can simplify
fabrication processes, reduce cost, and get narrower crossing to
shrink device size to produce more compact photonic circuits,
also keeping over 96.8% high transmission between 10 nm
fabrication dimension tolerance.
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