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Design, Fabrication, and Characterization of
S1-Based ARROW-B Photonic Crystal Sharp-Bend
Waveguides and Power Splitters

Jian-Hua Chen, Yang-Tung Huang, Member, IEEE, Yu-Lin Yang, and Ming-Feng Lu

Abstract—Si-based type-B antiresonant reflecting optical wave-
guide (ARROW-B) photonic crystal waveguides (PCWs) with 60°
bend, 120° bend, and Y-branch power splitter were first success-
fully fabricated and characterized. A simple capsule-shaped de-
fect was designed to modulate the 60° and 120° photonic crystal
(PC) bend corners and Y-branch PC power splitters. In the pre-
liminary experiments, the average bend losses of 60° and 120° PC
bend waveguides for both polarizations were lower than 1.5 and
4.2 dB/bend, respectively. For the Y-branch PC power splitters,
power imbalances for both polarizations were all lower than 0.7
dB. It shows that the fabricated Si-based ARROW-B PCWs can
provide good light sharp-bend ability and power-split ability.

Index Terms—Antiresonant reflecting optical waveguide
(ARROW), bend waveguide, photonic crystal (PC), photonic
crystal waveguide (PCW), power splitter.

I. INTRODUCTION

HOTONIC CRYSTALS (PCs) are periodic structures

for dielectric constants. If line defects are introduced
into two-dimensional (2-D) PCs to construct 2-D PC waveg-
uides (PCWs), certain frequency ranges of lightwaves can
propagate well in PCs by photonic band gaps (PBGs) [1], [2].
The well-designed PCWs can provide good light transmis-
sion through sharp-bend and Y-branch structures. It can be
further applied for the development of ultracompact photonic
integrated circuits (PICs). To increase the light transmission
through the bend corner, many possible methods have been
proposed, such as adjusting the positions of air holes [3]-[7],
changing the radius of certain air holes at the bend corner [7],
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[8], making topography optimization [9]-[11], adding some
air holes into the bend path [3], [11]-[14], and substituting
air holes with line-defect shapes at the bend corner [15], [16].
Although these methods can greatly increase the high-transmis-
sion bandwidth and efficiency, complicated time-consuming
computation and modulation are often needed [9]. For the
fabrication process, it is also a challenge to pattern and etch out
such specific shapes as the original design [15]. Any fabrication
shifts could affect the overall transmission bandwidth and
efficiency.

In our research, we used a simple capsule-shaped design to
modulate 60° and 120° PC bend corners, and Y-branch PC
power splitters by directly connecting two adjacent air holes
with a rectangular-shaped defect [11], [17]-[19]. Compared
with the conventional topology design, the capsule-shaped
defect has a relatively large defect size and a smooth hole
shape. For the lithography and etching processes, it becomes
much easier to maintain hole shapes as the original design.
Besides, we combined a PCW with a type-B antiresonant
reflecting optical waveguide (ARROW-B) [20] instead of an
index-guiding structure in the vertical direction to improve
the coupling efficiency with a single-mode fiber. ARROW-B
structures have been proposed as optical chip platforms because
of some attractive advantages: 1) a relatively large core size
with quasi single-mode propagation for efficient coupling with
a single-mode fiber [21]; 2) a relatively lower core refractive
index than a conventional waveguide for the use of a high sensi-
tive evanescent-field-type refractometric sensor [22] or surface
plasmon resonance biosensor [23]; 3) a low-loss leaky-guiding
mechanism for the realization of a directional coupler with
a short coupling length [24]; 4) easy fabrication and flexible
material choices and thickness control for each layer [25]. In
this paper, we will show the design, fabrication, and charac-
terization of Si-based ARROW-B PC bend waveguides and
Y-branch power splitters applied at the optical communication
wavelength A = 1.55 pm for the TE-like and TM-like modes.

II. DESIGN OF AN ARROW-B SLAB WAVEGUIDE

A basic ARROW-B slab waveguide consists of three layers:
a core layer with a refractive index n,. and thickness d., a first
cladding layer with a low refractive index n; and thickness d;,
and a second cladding layer with a high refractive index no and
thickness ds, respectively. Two cladding thicknesses must be
chosen appropriately to satisfy low-loss and quasi single-mode
propagation. The first cladding thickness is so thin such that the
frustrated total internal reflection occurs at the interface of the
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Fig. 1. Propagation losses in an ARROW-B waveguide as functions of the first cladding thickness for first four (a) TE modes and (b) TM modes.

core and the first cladding layer. The second cladding thickness
is chosen by the antiresonant condition [25]:

Wi

A n? AZ O\
do 2 — (1 - S + —— 2P +1
> 7 dny ( n3 + 4ngd3) 2P +1)
where P =0, 1, 2,.... (1)

If the refractive index of the core layer is equal to that of the

second cladding layer, (1) can be further reduced to
dC
dy = ?(ZP +1). 2)

Although increasing the thickness of the core layer is benefi-
cial for butt coupling with a single-mode fiber, it has a challenge
for the deep-etching process [18], [19]. To consider the fabrica-
tion feasibility and provide a good light-coupling support, we
chose the thicknesses and refractive indices of the core layer
and the second cladding layer as d. = 2.0 ym, dz = d./2 =
1.0 pm, and n, = ny = 2.0, respectively. The refractive index
of the first cladding layer was chosen as ny = 1.46. To choose
an appropriate thickness of d; for the quasi single-mode propa-
gation, the propagation losses of the first four TE and TM modes
as functions of the d; thickness in an ARROW-B slab wave-
guide were calculated with the transfer matrix method [26],
which are shown in Fig. 1(a) and (b), respectively. As we chose
d1 = 0.5 um, the propagation losses of the fundamental TE and
TM modes were lower than 1 dB/cm, and those of higher order
TE and TM modes were much higher than 10 dB/cm. Thus, ef-
fective single-mode propagation could be attained.

To verify the coupling efficiency from a single-mode fiber
to a 7-pm-width ridged ARROW-B structure or a 7-pm-width
ridged silicon-on-insulator-based (SOI-based) waveguide, we
performed three-dimensional finite-difference time-domain
(3-D FDTD) simulations to calculate the overlap integrals
between the fiber mode and the ridged-waveguide modes at the
connected interface. The single-mode fiber has a core diam-
eter of 6 ym with a refractive index of 1.451 and a cladding
diameter of 125 um with a refractive index of 1.445. The

ridged SOI-based waveguide has a core thickness of 0.22 yum
with a refractive index of 3.5 and a cladding thickness of 2.0
pm with a refractive index of 1.46. The calculated coupling
efficiency between the single-mode fiber and the 7-um-width
ridged SOI-based waveguide was only 18.5%. However, the
calculated coupling efficiency between the single-mode fiber
and the 7-pm-width ridged ARROW-B structure was 59.2%. It
shows a significant coupling improvement due to a relatively
large core size of an ARROW-B structure.

III. DESIGN OF ARROW-B 60° AND 120° PC
BEND WAVEGUIDES

Air holes arranged in a triangular lattice were used to con-
struct a 2-D PC structure for a broad TE band gap [3]. The ra-
dius of holes r was set as 0.4a for the largest PBG, where a was
the lattice constant. The 2-D photonic band structure was cal-
culated by the 2-D plane-wave expansion method. As shown in
Fig. 2, there was only a TE band gap ranging from 0.4 to 0.5
(a/A). We chose ¢ = 0.74 pm and » = 0.30 um so that the
operation frequency a/A could fall in the band gap region. One
row of air holes in the I'-K direction was removed to construct
a 2-D PC bend waveguide.

We introduced a capsule-shaped design [17], [ 18] into our 60°
PC bend waveguide, as shown in Fig. 3(a). The capsule-shaped
defect consisted of two air holes directly linked by a rectan-
gular-shaped defect with a length L; = v/3a. To have the output
channel to be parallel to the input channel, the double 60° bend
corners were used. The capsule-shaped design is much easier
than the conventional topography design because we only di-
rectly connect two adjacent air holes at the bend corner without
any complicated computation to make a modulation of hole
shapes. The 2-D FDTD simulations for observing the TE mode
profiles through the conventional and designed 60° PC bend
waveguides are shown in Fig. 3(b) and (c), respectively. As
seen in Fig. 3(b), the effective channel width at the bend corner
was a little broader than a straight PCW width, so the field
through a conventional 60° PC bend corner easily excited an
odd mode. Since the mode was different from the original even
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Fig. 3. (a) Schematic of a designed 60° PC bend waveguide and the path of the
light transmission. (b) Steady-state field distributions by the 2-D FDTD simula-
tion through the conventional 60° PC bend waveguide. (c) Mode profile through
the designed 60° PC bend waveguide.

mode guiding in the input PCW, the mode mismatch would
cause large light reflection and scattering. In Fig. 3(c), the field
through the designed capsule-shaped bend corner could be re-
garded as propagating in a short-width bend waveguide sur-
round two air claddings [18]. Similar designs and characteri-
zations have also been confirmed experimentally by some re-
searchers [11], [17]. The light could be well confined with the
help of index-like guiding and photonic-bandgap guiding.

Combining the 60° PC bend with the ARROW-B structure,
we then performed the 3-D FDTD simulations of bend losses
in four types of the 60° PC bends to verify which transmission
optimization is mainly contributed from the capsule-shaped de-
sign or the ARROW-B structure. As shown in Fig. 4, it is found
that the improvement of light transmission at the 60° PC bend is
mainly contributed from the capsule-shaped design rather than
the ARROW-B structure. For the wavelength ranging from 1.50
to 1.62 pm covering the C-band and L-band frequency ranges,
the bend loss of our designed 60° PC bend waveguide was lower
than 0.5 dB/bend. It shows that our designed 60° PC bend wave-
guide can be integrated into the PICs and be applied for both
C-band and L-band optical communications.
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—m— Designed 60° PC bend with full ARROW-B structure

A Designed 60° PC bend without ARROW-B second cladding
—@— Conventional 60° PC bend with full ARROW-B structure
—w— Conventional 60° PC bend without ARROW-B second cladding
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Fig. 4. Bend loss spectra of TE-like modes in four types of the 60° PC bends
by the 3-D FDTD simulation.
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Fig. 5. (a) Schematic of a designed 120° PC bend waveguide and the path
of the light transmission. (b) Steady-state field distributions by the 2-D FDTD
simulation through the conventional 120° PC bend waveguide. (¢) Mode profile
through the designed 120° PC bend waveguide.

We further extended the mirror-like idea of the 60° PC bend
design into the 120° PC bend waveguide, as shown in Fig. 5(a).
Without any calculation or modulation of the hole position at the
sharp-bend corner, we used a sharp-bend design consisting of
three air holes directly linked by two rectangular-shaped defects
with the same length L, = v/3a. The 2-D FDTD simulations
for observing the TE-mode profiles through the conventional
and designed 120° PC bend waveguides are shown in Fig. 5(b)
and (c), respectively. In Fig. 5(b), it is clearly seen that the con-
ventional 120° PC bend corner looks like a small cavity [27], so
the field through the bend corner would excite a cavity mode,
unlike the original even mode guiding in the input PCW. Such
structure and mode mismatch caused the light to reflect and
scatter at the bend corner. By introducing two capsule-shaped
defects into the 120° bend corner, as shown in Fig. 5(c), the
two capsule-shaped defects could act as two mirror-like struc-
tures and support sharp-bend propagation without any transient
cavity-mode exciting.

Combining the 120° PC bend with the ARROW-B structure,
we also performed the 3-D FDTD simulations of bend losses in
four types of the 120° PC bends to verify which transmission op-
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—m— Designed 120° PC bend with full ARROW-B structure
A— Designed 120° PC bend without ARROW-B second cladding
—@— Conventional 120° PC bend with full ARROW-B structure

1 —w— Conventional 120° PC bend without ARROW-B second cladding
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Fig. 6. Bend loss spectra of TE-like modes in four types of the 120° PC bends
by the 3-D FDTD simulation.
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file through the designed Y-branch PC power splitter.
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timization is mainly contributed from the capsule-shaped design
or the ARROW-B structure. As shown in Fig. 6, it is found that
the improvement of light transmission at the 120° PC bend is
mainly contributed from the capsule-shaped design rather than
the ARROW-B structure. For the wavelength ranging from 1.50
to 1.58 ;sm covering the C-band frequency ranges, the bend loss
of our designed 120° PC bend waveguide was lower than 1
dB/bend. It shows that our designed 120° PC bend waveguide
can be integrated into the PICs and be applied for the C-band
optical communications.

IV. DESIGN OF AN ARROW-B Y-BRANCH
PC POWER SPLITTER

For improving the power-split efficiency in a Y-branch PCW,
one air hole at the Y-junction region was replaced by a capsule-
shaped defect [11], [19]. This defect consisted of two air holes
linked by a rectangular line defect with a length L, = 0.3a,
as shown in Fig. 7(a). To prevent the interfield coupling of two
output channels, output channels were set parallel to the input
channel with the same capsule-shaped 60° bend corner and were
separated with a distance.
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Fig. 8. Transmission spectra of TE-like modes in four types of the Y-branch
PC power splitters at one output channel by the 3-D FDTD simulation.

Fig. 7(b) and (c) shows the 2-D FDTD simulations for
observing the TE-mode profiles through the conventional and
designed capsule-shaped Y-junction regions, respectively.
In Fig. 7(b), the effective channel width at the conventional
Y-junction region was very broad, so the higher-order modes
might be excited. Owing to the structure discontinuity and
mode mismatch at the Y-junction region, much light was
reflected. As shown in Fig. 7(c), the designed capsule-shaped
defect at the Y-junction region could reduce two channel widths
at the Y-junction region and eliminate the higher order mode
excitation and the field reflection [19].

Combining the Y-branch PC power splitter with the
ARROW-B structure, we performed the 3-D FDTD simu-
lations to get the transmission spectra of one channel output
for TE-like modes in four types of the Y-branch PC power
splitters to verify which transmission optimization is mainly
contributed from the capsule-shaped design or the ARROW-B
structure. As shown in Fig. 8, it is found that the improvement
of light transmission at the Y-branch PC power splitter is
mainly contributed from the capsule-shaped design rather than
the ARROW-B structure. For the wavelength ranging from
1.50 to 1.56 pm covering the C-band frequency ranges, our
designed PC Y-branch power splitter provided transmission for
one output channel higher than —5 dB. The total transmission
of two output channels was higher than —2 dB. It shows that our
designed Y-branch PC power splitter can be integrated into the
PICs and be applied for the C-band optical communications.

V. SCHEMATIC LAYOUT OF THE ARROW-B PC BEND
WAVEGUIDE AND POWER SPLITTER

The schematic layout for analyzing the efficiencies of the
ARROW-B PC bend waveguides and power splitters is shown
in Fig. 9. It consists of a straight PCW, 60° and 120° PC bend
waveguides, and a Y-branch PC power splitter. For 60° and
120° PC bend waveguides, two kinds of lateral shift distances
with 12.8 and 25.6 pm were designed to verify the bend ability.
All PC bend losses were normalized to a straight PCW with the
same propagation length. For the Y-branch PC power splitter,
two kinds of separation distances with 25.6 and 51.2 um were
designed to verify the power-split ability. Two lateral tapered
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Lateral shift distance = 12.8 or 25.6 pm

W;=7.0 um
SiNx 2.0 pm ] 3.0 mm
SiO, 0.5 um
SiNx 1.0 pum 2.0 mm

ARROW-B structure

6-inch Si substrate

2.0 mm/

3.0 mm

Separation distance =25.6 or 51.2 pm

| Spot-size converter
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Fig. 9. Schematic of a Si-based ARROW-B: (a) straight PCW, (b) 60° and (c) 120° PC bend waveguides, and (d) a Y-branch PC power splitter.

Fig. 10. AEI images. (a) to (f) are top-view images and (g) to (h) are cross-sectional view images. (a) Straight PCW. (b) 60° PC bend waveguide. (c) 120° PC
bend waveguide. (d) Y-branch PC power splitter. (¢) PCW input. (f) SSC input. (g) Hole depth observation at a PCW. (h) Ridged waveguide.

ridged waveguides as spot-size converters (SSCs) for the adia-
batic mode conversion were connected with the PCW input and
output.

VI. FABRICATION PROCESS

First, low-stress ARROW-B membranes were deposited on
the wafer by the plasma-enhanced chemical vapor deposition
system (Oxford 100 PECVD cassette system). Silicon nitride
(SiN,.) and silicon oxide (SiO,;) were adopted as the deposi-
tion materials. The ARROW-B structure consists of three layers
SiN,./Si0,/SiN,. of thicknesses 2.0/0.5/1.0 ;#m with refractive
indices 2.0/1.46/2.0. Next, an aluminum (Al) film of thickness
0.3 um, used as the etching hardmask, was deposited on the

ARROW-B membranes by the thermal coater (ULVAC EBX-
6D). A negative e-beam photoresist (P.R.) (NEB-22) of thick-
ness 0.38 xm was spun on the Al film by the Track (TEL clean-
track system MK-8). Later, patterns were defined and developed
by the e-beam (Leica weprint 200) and Track with a TMAH so-
lution. A dry etching instrument (Anelva ILD-4100) was uti-
lized to etch the hardmask and core layer. The Cl; gas was used
for the Al etching, and the CF4+/CHF3/O, mixed gases were
mainly used for the SiN, etching. After dry-etching process,
the residual Al film was removed with HoSO4 and H> O3 mixed
solutions. The AEI images photographed by the thermal-field
scanning electron microscope (TF-SEM) (JEOL JSM-6500F)
are shown in Fig. 10.
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Fig. 11. Schematic of the optical measurement setup. (a) Light spot observa-
tion. (b) Output power measurement.

VII. OPTICAL MEASUREMENT SYSTEM SETUP

The light of a 1.55-zm wavelength launched from a diode
laser (Newport LD-1550-21B) was polarized with TE-like
or TM-like mode by a fiber polarizing controller (Newport
F-POL-PC). Then, the light was coupled into an input ridged
ARROW-B structure by a lensed fiber. Next, the light from
an output ridged ARROW-B structure was first collected with
a lens and an infrared (IR) camera (Electrophysics 7290) to
observe the light transmission ability, as shown in Fig. 11(a).
The observed images indicated that fabricated ARROW-B
PCWs had light bend ability and power-split ability. Then, the
IR camera was removed and the output signal from an output
ridged ARROW-B structure was received by a lensed fiber with
a photodetector (Newport 918D-1G-OD3) and a power meter
(Newport 2935-C) to read the output power value, as shown in
Fig. 11(b).

VIII. CHARACTERIZATION OF ARROW-B 60° AND 120° PC
BEND WAVEGUIDES

For evaluating the average bend loss, on a chip we designed
five bend PCW samples with the same lateral shift distance of
12.8 psm and five bend PCW samples with the same lateral shift
distance of 25.6 psm. The average 60° and 120° PC bend losses
for a chip were evaluated by the average output powers of five
same bend PCWs normalized to five same straight PCWs. The
evaluating results for 60° and 120° PC bend waveguides are
shown in Tables I and II, respectively.

From Tables I and 11, it is found that both TE-like and TM-like
modes have sharp-bend ability. For the SiN,, layer as the PCW
core layer with the triangular lattice, there is no TM bandgap,
so the TM mode cannot be well confined in the straight PCW.
However, from previous investigations, a geometry-optimized
bend corner could provide a broad-band transient index-guiding
bend support for both polarization [10]. From our experimental
results of PC bend efficiencies, it is also shown that the TE-like
mode could be well confined with both index-guiding support
and photonic bandgap-guiding effect in the lateral direction; the
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TABLE 1
AVERAGE BEND LOSSES OF THE TE-LIKE AND TM-LIKE MODES IN DESIGNED
60° PC BEND WAVEGUIDES FOR FIVE CHIPS: (A) 12.8-z4M SHIFT DISTANCE
AND (B) 25.6-4M SHIFT DISTANCE

()

Chip number 1 2 3 4 5 Flvp chip
average
Average TE-like mode
bend loss (dB/bend) 170 | 1.35 | 148 | 1.50 | 1.29 1.46+0.14
Average TM-like mode
bend loss (dB/bend) 1.14 | 093 | 037 | 0.86 | 0.97 0.85+0.26
(b)
i Five chip
Chip number 1 2 3 4 5
average
Average TE-like mode ]
bend loss (dB/bend) 138 | 1.18 | 0.96 | L.05 | 1.36 1.18+0.17
Average TM-like mode
bend loss (dB/bend) 0.47 |1 099 | 1.35 | 1.33 | 1.01 1.03+0.32
TABLE 11

AVERAGE BEND LOSSES OF THE TE-LIKE AND TM-LIKE MODES IN DESIGNED
120° PC BEND WAVEGUIDES FOR FIVE CHIPS: (A) 12.8-uM SHIFT DISTANCE
AND (B) 25.6-ytM SHIFT DISTANCE

(a)

Chip number 1 2 3 4 5 ]:ai:,/;‘rzgiep
Ag:;g%f):;'ijg‘ ,Z:lg‘)le 281 | 3.03 | 2.82 | 277 | 287 | 2.86+0.09
A;:;zgfofj‘f(;g‘;j;:g? 467 | 400 | 422 | 431 | 371 | 4.18+032

(b)

Chip number 1 2 3 4 5 Fai\\/’:rzgiep
Ag:;g%z;’igg‘/;gg;‘e 3.07 | 363 | 424 | 414 | 486 | 3.99+0.60
Agj;iffojjﬁ;gkﬂ;’ggfe 206 | 247 | 187 | 257 | 377 | 2.55+0.66

TM-like mode could be still well confined with index-guiding
support in the lateral direction. In the vertical direction, the
light for both polarizations could be well confined with the an-
tiresonant reflection. It shows that our fabricated ARROW-B
PCW for both polarizations could provide a good transmission
through a capsule-shaped sharp-bend corner.

IX. CHARACTERIZATION OF ARROW-B Y-BRANCH PC
POWER SPLITTERS

On a chip two kinds of separation distances (25.6 and 51.2
pm) of Y-branch PC power splitters were designed to verify the
power split ability. To evaluate the average power imbalances
on a chip, each kind of the power splitter consisted of five same
samples, respectively. Table III shows the average power im-
balances of the five chips for TE-like and TM-like modes. The
power imbalances were all lower than 0.7 dB for both polariza-
tions. It shows that our fabricated Y-branch PC power splitters
could provide a good power-split ability for both polarizations.

X. CONCLUSION

Si-based ARROW-B PCWs with 60° bend, 120° bend, and
Y-branch power splitter were first successfully designed, fab-
ricated, and characterized. This waveguide structure has a rel-
atively large core size suitable for the coupling with a single-
mode fiber. A simple capsule-shaped design instead of time-
consuming topography optimization was applied for the bend
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TABLE III
AVERAGE IMBALANCES OF Y-BRANCH PC POWER SPLITTERS OF THE TE-LIKE
AND TM-LIKE MODES FOR FIVE CHIPS: (A) 25.6-ytM SEPARATION DISTANCE
AND (B) 51.2-1tM SEPARATION DISTANCE

(a)

Chip number 1 2 3 4 5
Average TE-like mode | 4\ 15 | 0 1840.07 | 0.50:0.12 | 0.05:0.04 | 0.31£0.00
power imbalance (dB)

Average TM-likemode | 141000 | 064£0.13 | 058:007 | 0072001 | 0.540.12
power imbalance (dB)
(b)

Chip number 1 2 3 4 5
Average TE-like mode | 464 | 03120.05 | 042005 | 0512008 | 0.52£0.05
power imbalance (dB)

Average TM-likemode | 5505 | 06240.12 | 0524008 | 040005 | 0.66+0.10
power imbalance (dB)

corner and Y-junction region to increase the light bend ability
and power-split ability, respectively. It has an easy fabrication
advantage in the etching process because of a large defect size.
From preliminary experiments, the average bend losses of 60°
and 120° PC bend waveguides for both polarizations were lower
than 1.5 and 4.2 dB/bend, respectively. Although there was no
TM bandgap in our designed ARROW-B PCWs, both TE-like
and TM-like modes through the capsule-shaped 60° and 120°
PC bend corners could still be well confined with both index-
guiding and photonic bandgap-guiding confinement in the lat-
eral direction and antiresonant reflection in the vertical direc-
tion. For the Y-branch PC power splitters, the power imbal-
ances for both polarizations were all lower than 0.7 dB. It shows
that our fabricated ARROW-B PCWs can provide good light
sharp-bend ability and power-split ability for both polarizations.
It has a potential to be further applied for the development of
PICs in C-band and L-band optical communications.
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