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a b s t r a c t

A 1�2 power-splitter with parallel output that exhibits high-bandwidth and low-loss splitting for

TE-polarized light is designed based on a photonic crystal slab in a silicon-on-insulator (SOI) material.

The high performance is achieved by the integration of a Y-junction and 601 waveguide bends, which is

designed to ensure single-mode operation, and keep the output channels of the power-splitter be

parallel to the input channel. With a three-dimensional finite-difference time-domain (3D-FDTD)

technique, ultralow-loss output of the optimized power-splitter with normalized transmission above

45% (in the range 3.21670.18 dB) is obtained in the high-bandwidth range 1472–1634 nm, which

covers the entire C-band of optical communication. In addition, the simulation results demonstrate that

when the manufacture error of the lattice shift (dx) is in the range of 710 nm, the disturbance of the

transmission and the bandwidth are 1.52% and 6.79%, respectively. Both the specific result and the

general idea of integration design are promising in the optical integrated circuit (OIC) and integrated

optical devices in the future.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since the concept of photonic crystal (PhC) was first proposed
by E. Yablonovitch and S. John in 1987 [1,2], the property of
controlling the propagation of light has drawn a lot of attention
due to its unique photonic band gap (PBG). PhCs offer the
possibility of fabricating compact optical devices due to their
ability to confine light in small regions. These periodic structures
can inhibit the propagation of light in a certain wavelength range,
property that can be used to fabricate sub-micrometer devices.
Among a plethora of devices that can be designed using photonic
crystals, PhCs can be very useful to light guiding devices.

As a new type of light guiding device, PhC waveguides have
the advantages of low loss and compactness, and they have
become a promising candidate to be a key component in Photonic
Integrated Circuits (PICs) [3–5]. Beam splitters are indispensable
in PICs, and a 1�2 beam splitter is the most fundamental one. To
date, these components have been designed and fabricated using
PhC [6–23], including direct splitting, such as Y-junctions [6–9]
and T-junctions [10,11], directional coupling splitter [12–14],
multi-mode interference (MMI) splitter [15–19], and self-colli-
mated beams splitter [20–23], etc. However, the design drawback
ll rights reserved.
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of these splitters is that they typically operate as a splitter with a
narrow bandwidth when the loss is low. Examples of such
systems include that of Frandsen et al. [8] who demonstrated a
low-loss 3 dB photonic crystal waveguide splitter and Zhang et al.
[16] who demonstrated an ultra-compact splitter based on the
direct slow-light excitation in photonic crystal waveguide. And
the bandwidth of these two splitters are only 25 nm and 50 nm
with transmission above 45% (each output), respectively. In
addition, a lot of beam splitters demonstrated by previous
research do not have the parallel output, which is not good for
some actual application design for optical integrated circuit or
integrated devices. Ideally one would like a splitter architecture
that combines broad bandwidth, ultralow-loss with the parallel
output waveguide.

Among all kinds of beam splitters, the one based on the
Y-junction combines a compact device size, broad bandwidth
with low losses [24], so we choose it as part of our beam splitter.
The PhC slab beam splitter with parallel output waveguides
introduced in this paper is based on the integration of the
Y-junction and two low-loss 601 waveguide bends. We present
and model a 1�2 PhCW power-splitter for which the disconti-
nuities in the splitter and bend regions were carefully designed
and improved, thereby ensuring ultralow-loss splitting for TE-
polarized light with a high bandwidth. With a three dimensional
finite-difference time-domain (3D-FDTD) technique, we demon-
strate that ultralow-loss output of each channel with
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transmission above 45% (in the range 3.21670.18 dB) is obtained
in the range 1472–1634 nm (bandwidth is162 nm), and covers
the entire C-band of optical communication. In addition, the
simulation results demonstrate that when the manufacture error
is in the range of 710 nm, the disturbance of the transmission
and the bandwidth are 1.52% and 6.79%, respectively. In the rest
part of this paper, we illustrate this point by studying the
integration of a PhC Y-junction and low-loss 601 waveguide
bends, both based on a two-dimensional photonic crystal slab.
In Section 2 and Section 3, we introduce the design and perfor-
mance of Y-junction and low-loss 601 waveguide bend separately.
In Section 4, we investigate the integration of these two devices
and demonstrate the performance of high transmission efficiency
and high-bandwidth. And, we propose an optimized PhCW
power-splitter structure with parallel output, which effectively
improves the bandwidth with low-loss transmission of the
integrated unit. In Section 5, in order to discuss the performances
stability of the splitter transmission and the bandwidth, we also
investigate the disturbance of transmission and bandwidth
resulted from manufacture errors disturbance. In Section 6, we
draw a brief conclusion.
2. Y-junction design

Fig. 1 shows 3D schematic view of our Y-junction structure
design which is based on a triangular lattice, hole-array based PhC
slab. This is because that compared with the pillar-array based
PhC [25], hole-array based PhC is usually selectively removed the
material underneath the cavity to form a similar free-standing
membrane which can be better to reduce the vertical leakage into
the substrate than the pillar-array based PhC cavity. Additionally,
a pillar array based 2D PhC is difficult to form a similar free-
standing membrane. Moreover, a triangular lattice PhC can be
easier to create a large PBG compared with the square lattice PhC.
Therefore in order to obtain a PhC slab with large enough PBG and
small vertical loss, the structure design in our paper is based on
the triangular lattice, hole-array based PhC (Fig. 1). It is con-
structed in the silicon slab (nsi¼3.48) by arranging triangular
lattice of air holes, where the central row of air holes is removed
in order to form the line defect waveguide (W1). In our paper,
regarding the 2D PhC slab (considering thickness), a preliminary
analysis of this structure has been performed by using the open
source FDTD software Meep to calculate transmittance spectra;
and using the plane wave expansion (PWE) method MPB to
calculate their photonic band structure, respectively [26]. For
Fig. 1. 3D illustration of the Y-junction based on the PhC slab, where a¼413 nm,

r¼0.32a, T¼0.55a, r1 is the radius of the red air hole at the center of the

Y-junction. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
example, FDTD analysis of the photonic crystal structure is carried
out by using software with sub pixel averaging for increased
accuracy (Meep). Meep will discrete the structure in space, and
that is specified by a single variable, resolution that gives the
number of pixels per distance unit. We set this resolution to 20 in
our simulations (namely, with a grid spacing of a/20, where a is
the lattice constant). All simulations are carried out at the same
resolution (¼20) in order to obtain consistent comparison results.
The Gaussian-wave source is used and run for several iterations.
The simulation area is surrounded by one-spatial unit thick
perfectly matched layer (PML), which absorbed the fields leaving
the simulated region in order to prevent reflections.

As shown in Fig. 1, the PhC slab Y-junction is modeled by a
planar PhC with a triangular lattice of air holes. The holes in the
PhC are 265 nm in diameter and the lattice constant of the 2D
lattice constant is a¼413 nm. The slab thickness is that
T¼0.55a¼227.15 nm realized on silicon slab waveguide. Unlike
the model system of dielectric pillars in air [27], real optical
systems that consist of air holes in dielectrics tend to be multi-
mode. Multimode leads to mode-mixing problems at intersec-
tions and to difficulties in matching input and output fields at
discontinuities, thus resulting in reflections. And the transmission
through a junction depends strongly on the relationship between
the modes that may propagate in the PhC waveguides and the
modes of the junction region [12]. If the modes of the junction are
not compatible with those of the waveguide, transmission will be
poor. To improve matters, the obvious choice is to modify the
junction region [28]. By adding a smaller hole (the red hole, radius
is r1) at the center of the junction (Fig. 1), we reduce the optical
size of the cavity, thus eliminating multimode effects. In addition,
with careful design about the structure parameters such as lattice
constant, radius of the hole, and thickness of PhC slab as shown in
Fig. 1, the leakage into the substrate can be decreased and a high
Q hole-array cavity is feasible. In this Y-junction design, the
optical field is confined, horizontally, by a photonic band-gap
(PBG) provided by the PhC and, vertically, by total internal
reflection due to the refractive index differences between differ-
ent layers. A Gaussian-wave is excited from light source with a
center frequency (o0¼0.26(2pc/a)) (c is the velocity of light in
free space). Fig. 2(a) and (b) shows the simulation results of the
light propagation through the Y-junction in the x–y plane without
Fig. 2. Steady state electric field profile for the fundamental TE-like mode

propagating through Y-junction in the x–y plane with the operating frequency

o0¼0.26(2pc/a): (a) without optimization (r1¼0), (b) with optimization

(r1¼0.20a), and (c) the y–z plane (W1 waveguide section).
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optimization (r1¼0) and with optimization (r1¼0.20a), respec-
tively, Fig. 2(c) shows the steady state electric field profile for the
fundamental TE mode propagating through the W1 waveguide
section of the Y-junction in the y–z plane. In addition, as seen in
Fig. 2, the TE-like polarized light is confined strongly in both in-
plane direction (horizontally) and out-plane direction (vertically),
and the leakage of light becomes very small.
3. Low-loss 601 waveguide bends design

Although all kinds of low-loss waveguide bend structures have
been presented [29–35], it is not appropriate to use those bend
structures directly in our case, because we treat the lattice
constant and filling factor of the Y-junction as already fixed. In
order to minimize the loss introduced by the junction between
the border of the Y-junction and bend, the lattice constant and air
hole radius of the photonic crystal of the waveguide bend should
be the same as that of the Y-junction. Under this limitation, a low-
loss waveguide bend structure demonstrated by Ren et al. [36] as
a relatively effective method is used in our 1�2 beam splitter
design with parallel output waveguides. The proposed low-loss
601 waveguide bend structure is shown in Fig. 3.

The refractive index, the lattice constant and the air hole
radius are the same as the Y-junction (Fig. 1). We consider the
process of propagation through the bend as following: first, light
propagates along the straight waveguide in the G–K direction,
then it couples with and turns into the mode in the G–M
direction, and finally couples back to the mode in the G–K
direction again. Because the photonic band gap (PBG) and total
internal reflection (TIR) prohibit light from scattering out of the
waveguide, only reflection need be considered. And the bend can
be accurately described by a one-dimensional (1D) model deter-
mined only by the propagation constants (k) of the modes
propagating in each direction [29]. Generally, for a single-mode
mirror-symmetric bend, one can achieve high transmission over
broad frequency ranges by a resonant process analogous to one
dimensional electron resonant scattering [26–29]. Furthermore,
the 1D model predicts the broadest bandwidth of high transmis-
sion when the propagation constant in the G–M direction is
matched with that in the G–K direction. And the transmission
can be very high because the light-wave experiences the least
difference between propagating along the straight waveguide and
through the bend. In this paper, we perform the design as follows:
firstly, we should choose a mode in the waveguide bend, whose
mode pattern is similar with the guided mode in the straight
waveguide. Then, we optimize the band structure of the wave-
guide bend by adjusting the position and size of the air holes at
Fig. 3. 3D schematic view of the optimized 601 waveguide bend based on the PhC

slab, where a¼413 nm, r¼0.32a, T¼0.55a, r2 is the radius of the green air holes at

the center of the bend; dx is the lattice shift oppositely along the symmetric axis of

the bend. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
the center of the bend corner in order to have a wider frequency
region where the wave number of the mode in the PhC waveguide
bend matches with that of the PhC straight waveguide as shown
in Ref. [36]. Here, in order to minimize the loss caused by the
mode patterns mismatch between the guided modes in the
straight waveguide (G–K direction) and the waveguide bend (G–
M direction), we make the air holes (green holes at the corner of
the bend) move oppositely along the symmetric axis of the bend
and change these hole radius to optimize the bend performance
as shown in Fig. 3. The air holes have the radii of r2¼0.32a, and
they are moved 0.26a (dx¼0.26a) oppositely along the symmetric
axis of the bend (also the G–K direction). The photonic band
structures of the straight waveguide and the diagonal waveguide
in the bend are shown in Fig. 4(a) and (b), respectively. Note the
guided modes in the frequency region a/l¼0.2556–0.2816 indi-
cated by red lines. They are both even modes polarized along the
propagation direction. The magnetic field distributions of the two
modes are shown in the insets. Then we calculate the wave
numbers of these two modes in this frequency region. And the
mode patterns and wave numbers of these two modes match
well.

The transmission spectrum of the optimized bend waveguide
calculated by the 3D-FDTD method is shown in Fig. 5(a). The high
Fig. 4. The photonic band structures of (a) the straight waveguide and (b) the

waveguide bend. The red lines indicate the high-transmission frequency region.

The supercell and the mode pattern are also shown as the inset. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)



Fig. 5. (a) Transmission spectrum of the optimized 601 waveguide bend based on

the PhC slab, r2¼0.32a, dx¼0.26a; (b) Steady state electric field profile for the

fundamental TE-like mode propagating through the optimized 601 waveguide

bend in the x–y plane with the operating frequency o0¼0.26(2pc/a).

Fig. 6. 3D schematic view of the optimized PhC slab 1�2 beam splitter with

parallel output waveguides based on the integration of the Y-junction and two 601

waveguide bends, where a¼413 nm, r¼0.32a, T¼0.55a, r1 is the radius of the red

air hole at the center of the Y-junction, r2 is the radius of the green air holes at the

center of the bend; dx is the lattice shift oppositely along the symmetric axis of the

bend. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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transmission region ranges from 0.2515(2pc/a) to 0.2825(2pc/a).
When the lattice constant a is 413 nm, the bandwidth of high
transmission region is 180 nm, ranging from 1461.9 nm to
1642.1 nm, and covers the entire C-band of optical communica-
tion. This bend structure with high transmission, wide bandwidth
and the same PhC parameters with the Y-junction is a good
candidate used in our beam splitter design based on the integra-
tion of the Y-junction and waveguide bends. Fig. 5(b) shows the
steady state electric field profile for the fundamental TE mode
propagating through the low-loss 601 waveguide bend when a
Gaussian wave is excited from light source with a center fre-
quency o0¼0.26(2pc/a). As seen in Fig. 5, the transmission of
light propagates through the PhC slab bend waveguide is over
80%. The 3D-FDTD simulation results support our analysis of the
high transmission mechanism.
4. PhC slab 1�2 beam splitter with parallel output
waveguides based on the integration of the Y-junction and
two 601 waveguide bends

In our design, the PhC slab 1�2 beam splitter with parallel
output waveguides is achieved by use of integration of a Y-junc-
tion and two 601 waveguide bends as shown in Fig. 6. The total
size of the splitter can be realized smaller than 15�15 mm2. The
PhCWs are defined by W1 PhC slab waveguide missing hole line
defects along the G–K direction of the triangular lattice, too.
Because of the PBG effect in a PhCW, light can be guided around
sharp corners with bending radius of the order of the wavelength.
However, in single-mode operation small discontinuities in the
straight PhCW can introduce large reflections at the interface
between different sections of the PhCW [8]. Discontinuities can
also excite higher-order modes, which are not necessarily guided
in the PhCW. Because the functionality of the PhC component
typically arises from discontinuities, care is a necessity when
designing PhCW components to avoid losses. Both the Y-junction
and 601 waveguide bends represent severe discontinuities in the
PhCWs and are potentially regions in which the single-mode
operation might suffer from large transmission losses. Therefore
the discontinuities in these regions are carefully designed to
reduce the losses. For the Y-junction, to improve matters, the
obvious choice is to modify the junction region. By adding a
smaller hole (red hole) at the center of the Y-junction (Fig. 6), we
reduce the optical size of the cavity, thus eliminating multimode
effects [9]. For the 601 bends, improvement is realized by shifting
the two green holes (at the center of the bends) in the opposite
direction along the G–K direction of the triangular lattice, and
modifying their radius at the same time. In our optimized design,
the holes at the center of the Y-junction (red hole) and bends
(green holes) have radius r1¼0.20a and r2¼0.32a, respectively.
And the lattice shift is dx¼0.26a.

Since this type of hole-array PhCs slab favor photonic band gap
(PBG) mainly for TE polarization (electric fields are in-plane), we
focus on the TE-like polarization in this work. The transmission
spectrum for TE-polarized light at the output of the power splitter
is shown in Fig. 7. Fig. 7(a) is the transmission spectrum by direct
measurement; Fig. 7(b) is the normalized transmission spectrum
which was normalized to spectrum for the straight PhCWs of
equivalent propagation length. The low-loss bandwidths of the
1�2 beam splitter overlap with those of the 601 bends as shown
in Fig. 5(a). As seen in Fig. 7(b), a low-loss output of the optimized
power beam-splitter with extinction ratio above 35dB is obtained
in the range 0.2520(2pc/a)–0.2805(2pc/a). The bandwidth of high
transmission region of the beam-splitter is 166 nm, ranging from
1472.3 nm to 1638.9 nm (the lattice constant a is 413 nm), and
covers the entire C-band of optical communication.

Fig. 8 shows the steady state electric field profile for the
fundamental TE mode propagating through the splitter based on
the integration of a Y-junction and PhC waveguide bends when a
Gaussian wave is excited from light source with a center fre-
quency o0¼0.26 (2pc/a). As seen in Fig. 8, the optical field is



Fig. 7. (a) Transmission spectrum by direct measurement of the optimized

beam splitter based on the PhC slab, r1¼0.20a, r2¼0.32a, dx¼0.26a; (b) normal-

ized transmission spectrum which was normalized to spectrum for the

straight PhCWs of equivalent propagation length. The red dashed line represents

the transmission is 45% (�3.468 dB). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 8. (a) Steady state electric field profile for the fundamental TE-like mode

propagating through the optimized PhC slab splitter with the operating frequency

o0¼0.26(2pc/a) in (a) the x–y plane; (b) the y–z plane (transversal surface at the

dashed line in (a)).
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confined, horizontally, by a photonic band-gap (PBG) provided by
the PhC (Fig. 8(a)) and, vertically, by total internal reflection due
to the refractive index differences between different layers
(Fig. 8(b)). The 3D-FDTD simulation results support our analysis
of the high transmission mechanism. Therefore, this optical
component can be used to realize an ultralow-loss power-splitter
with broad bandwidth.
5. Discussion

In order to further discuss and demonstrate the performance
of the beam splitter in the range of the whole PBG ranging
from 0.2156(2pc/a)–0.2867(2pc/a) (a is the lattice constant, a¼

413 nm), we calculate the normalized transmission spectrum
which was normalized to spectrum for the straight PhCWs of
equivalent propagation length, as shown in Fig. 9. And the
normalized transmission property also has an excellent agree-
ment with the previous research [8]. As seen in Fig. 9, the blue
dash line represents the normalized transmission of 45%
(�3.47 dB). An ultralow-loss output of the optimized power-
splitter with transmission above 45% (in the range
3.21670.18 dB) is obtained in the range 1472–1634 nm (0.2526
(2pc/a)–0.2805(2pc/a), the lattice constant a is 413 nm), and
covers the entire C-band of optical communication. Compared
with the previous reported power-splitter, such as Ref. [8] and
Ref. [16], etc., the bandwidth of the ultralow-loss is improved
greatly. In addition, in the wavelength range 1678–1742 nm and
1780–1877 nm, the excess loss is found to be in the range 1–2 dB.
And hence optimizing the bends might improve the performance
of the splitter in this region.

In addition, in order to discuss the stability of the splitter
performances of the transmission and the bandwidth, we inves-
tigate the disturbance of the transmission and the bandwidth
resulted from the manufacture errors disturbance. As seen from
the design of the 1�2 power-splitter based on the integration of
the Y-junction and the two 601 waveguide bends, the lattice shift
dx is a key parameter for the performance of the splitter. As a
result, we mainly investigate the manufacture errors disturbance
of the parameter lattice shift dx as shown in Fig. 10. As seen in
Fig. 10, the transmission spectra for TE-polarized light at the
Fig. 9. 3D-FDTD normalized transmission spectrum (red curve) for TE-polarized

light at the output of the PhC power splitter. The blue dash line represents the

normalized transmission of 45% (�3.47dB). Ultralow-loss output of the optimized

power-splitter with transmission above 45% (in the range �3.21670.18 dB) is

obtained in the range 1472–1634 nm, and covers the entire C-band of optical

communication. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)



Fig. 10. 3D-FDTD normalized transmission spectra for TE-polarized light through

the PhC power splitter with the errors disturbance of the dx is 0 nm, �10 nm and

þ10 nm. The green dash line represents the normalized transmission of 45%

(�3.47 dB). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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output of the power splitter are obtained. When the manufacture
errors disturbance of the parameter lattice shift dx is 0 nm,
�10 nm and þ10 nm, the simulation results demonstrate that
the ultralow-loss output of the power-splitter with transmission
above 45% (in the range �3.21670.18 dB, �3.26570.25 dB, and
�3.24670.22 dB, respectively) is obtained in the range 1472–
1634 nm (162 nm), 1479–1630 nm (151 nm), and 1478–1637 nm
(159 nm), respectively. The disturbance of the transmission and
the bandwidth are 1.52% and 6.79%, respectively. The perfor-
mance of the power splitter introduced in this paper is stable,
which is more suited for actual fabrication and application. In
addition, compared with the Y-splitter demonstrated by Têtu
et al. in Ref. [6] and Borel et al. in Ref. [7], the fabrication
complexity of the splitter used in this paper is lower. Thus, in
view of the higher accuracy and simpler implementation, the
design of the splitter presented in this paper seems to be more
appropriate for actual fabrication and application. Both the
specific result and the general idea of integration design are
promising in the optical integrated circuit (OIC) and integrated
optical devices in the future.
6. Conclusion

To conclude, we have demonstrated that our 1�2 power-splitter
displays ultralow-loss with transmission above 45% (in the range
�3.21670.18 dB) output when compared with a straight PhCW in
a 162 nm bandwidth from 1472 nm to 1634 nm. The low-loss band
width can be further extended by careful optimization of the
integration between Y-junction and bends of the splitter. In addition,
compared with the Y-splitter demonstrated in Ref. [6] and Ref. [7],
etc., the fabrication complexity of the splitter used in this paper is
lower. The simulation results also demonstrate that when the
manufacture error of the lattice shift (dx) is in the range of
710 nm, the disturbance of the transmission and the bandwidth
are 1.52% and 6.79%, respectively. Thus, in view of the higher
accuracy and simpler implementation, the design of the splitter
presented in this paper seems to be more appropriate for actual
fabrication and application. In addition, both the specific result and
the general idea of integration design are promising in the optical
integrated circuit (OIC) and integrated optical devices in future.
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