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Efficient, Wide Angle, Structure Tuned 1 3
Photonic Crystal Power Splitter at 1550 nm
for Triple Play Applications
Din Chai Tee, Toshio Kambayashi, Seyed Reza Sandoghchi, Nizam Tamchek, and Faisal Rafiq Mahamd Adikan

Abstract—We propose a wide angle, efficient and low loss 1 3
power splitter based on triangular lattice air holes silicon slab Photonic Crystal (PhC). Desired power splitting ratio was achieved by
altering the structure at the junction area of the power splitter.
Simulation results obtained using 2-D finite difference time domain
method show that for TE polarization incident signal, the power is
distributed almost equally with total normalized transmission of
99.74% and negligible reflection loss at the 1550 nm optical operating wavelength. In addition, the power splitter can operate at
1388 nm and 1470 nm optical wavelengths.
Index Terms—Finite difference method, optical devices, optical
tuning, photonic crystal.

I. INTRODUCTION

P

HOTONIC CRYSTAL (PhC) is a low loss structure which
the refractive index of its different materials alternates periodically. PhC devices work based on both bandgap theory for
guiding light in one direction, and total internal reflection to
confine light in the other direction. Using the two mechanisms,
the scattering loss induced by wall roughness in conventional
planar waveguides [1] can be minimized. In addition, successful
signal propagation through 90 degree sharp bend or any degree
of bending in PhC was shown both theoretically and experimentally [2]–[4].
In general, there are two types of PhC slabs. The first is dielectric rods in air, which shows a transverse magnetic (TM)
bandgap, and the second is air holes in dielectric slab that exhibits transverse electric (TE) bandgap [5]. In terms of fabrication difficulty, air hole slab is much easier to fabricate and is
more reliable for practical applications. PhC devices fabricated
by dielectric rods in air, in contrast, induce more out of plane
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losses due to the insufficient vertical confinement by total internal reflection. Some researchers apply high-index segments
in the dielectric rods leading to vertical confinement, resulting
in extremely low out of plane losses in the PhC waveguides [6].
However, this adds to fabrication complexity.
PhC has emerged as an important enabling key for future compact optical integrated devices. They include basic
optical components such as power splitters [7], directional
couplers [8], and optical filters [9]. Theoretically, PhC based
components should have nearly zero reflection and 100% transmission. However, practical devices are limited by fabrication
accuracies.
PhC slab based 1 2 power splitter, or Y-branch power divider, has been demonstrated and fabricated by many research
groups since a decade ago [4], [7], [10]–[13]. However, recently,
there have been growing interests in 1 3 PhC power splitters,
enabling triple play capabilities for example. By applying multimode interference (MMI) technique [14], or coupling [15],
[16], researchers have been able to demonstrate 1 3 power
splitter theoretically and experimentally. In the work reported
by Zhang et al. [14], the optimum normalized transmittance caldB for each branch at
culated through simulation is around
1567.4 nm wavelength and the experimental results show values
around
dB for each branch at 1550 nm. Such a high transmission loss is not desirable for efficient photonic integrated
devices. Another problem for MMI devices is the considerable
small output splitting angle which limits its application. In a separate work, a power splitter based on dielectric rod in air was
fabricated by Liu [15], which shows the transmission loss of
10%. However, the device is not suitable for optical communication because of its operating wavelength in the visible range
(532 nm). In another attempt, a 1 3 power divider based on
ring resonators and directional couplers has been reported by
Djavid et al. [16] which shows 99% transmission. Using dielectric rods in air, they obtained about 33% normalized transmission for each of the three branches at operating wavelength of
1594 nm through the coupling between the waveguide and the
ring resonators. In relation to this coupling technique, the size
of the PhC will become longer due to the required interaction
length for complete transfer of the propagating electromagnetic
wave from one waveguide to another. Therefore, such a design
may not fulfill the high integration requirement for compact optical integrated devices.
Beside the aforementioned MMI and coupling methods,
modification of PhC structure can result in 1 3 power splitters. In this manuscript, a structure tuning method for a 1 3
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Fig. 2. Layout of the drop hole used in the 1

Fig. 1. Basic 1 3 power splitter. Zoom-in box shows the modified power
splitter with drop holes DH1 and DH2 at the junction area.

PhC slab based power splitter is proposed and the results are
verified by numerical simulation. This paper is organized as
follows. Section II describes the design and parameters used for
the proposed splitter. In Section III, the simulation results and
discussion are presented. And finally, conclusion and future
works are presented in Section IV.
II. DESIGN AND PARAMETERS
A basic PhC slab based power splitter with triangular lattice
air holes is shown in Fig. 1. It consists of a Y branch with 120
degree angle and a waveguide connected at the junction. Generally, the waveguides are similar, and the signal is input from
the position indicated in Fig. 1. The output power for each of the
branches are measured at the locations shown in the same figure,
where P1, P2, and P3 are the transmission powers at the upper,
middle, and lower output branches respectively. Moreover, the
reflection loss, , is measured at half lattice distance before
the input signal excitation location, and
, is the measure
of total input power, indicating the amount of power entered into
the structure and distributed within it [14].
The modified power splitter is shown in the zoom-in box in
Fig. 1 where the design has been changed at the junction area
of the branches by including two drop holes (DH1 and DH2).
The layout of the drop hole is shown in Fig. 2. The drop holes
are designed to interact with the incoming electromagnetic wave
while they reduce the reflection loss and guide the wave into the
branches effectively [13]. The main parameters of the drop hole
are
, and , where is the radius of the drop hole, is the
length from center of drop hole to the sharp corner, and is the
bending angle, with positive for upward bending and negative
for downward. In the layout shown in Fig. 2, r indicates air
hole radius. In the simulation, DH1 is bent downward
and
DH2 is bent upward
, which means that the two drop holes
are approaching each other or crossing each other depending on
the degree of bending and the drop hole’s length. Any changes in
and will either affect the reflection loss or power splitting
ratio or both at the same time.
In this work, a 2-D finite difference time domain (FDTD)
method has been used for analyzing the proposed device. For
the simulation, the effective refractive index of the PhC slab
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with holes is calculated using the effective index method [17].
Moreover, air hole radius of
nm, lattice constant of
nm, and slab-effective refractive index of 2.9 corresponding
to 240 nm thick silicon on silica substrate operating at 1550 nm
wavelength are used [8]. The aforementioned effective index is
applicable for other wavelengths as well [8]. As 2-D method is
used in the simulation, the out of plane losses are fully ignored.
Detailed study showed that the magnitude of these losses is very
low [18].
The PhC slab is on the x-y plane, with the z axis pointing
out of plane. The input signal propagates along the x-axis. The
2-D FDTD mesh size used in this simulation are
nm. The time step,
is obtained from Courant limit and is
equal to
seconds. We have used 200 000 iterations
for the FDTD computation to obtain the steady-state result. The
overall size of splitter is about 13 um 10 um, and it can be further reduced because the structure is only altered at the junction
area. Its small size makes it promising for the future compact
photonic integrated optical devices.
A finite computation region with general Neumann or
Dirichlet boundary conditions causes the propagating electromagnetic wave to be reflected back at the boundary of
computational region. Therefore, a 22 layer Berenger perfectly
match layer (PML) [19] is applied at the boundary regions to
absorb the entire outward propagating electromagnetic wave.
TE polarization has been used for the simulation with its magnetic field only in the z direction
, and, the electric field in
both x and y directions ( and ).
III. RESULT AND DISCUSSION
To evaluate the advantages of the proposed structure, the
basic power splitter without drop holes is simulated and compared with the proposed splitter using the aforementioned
parameters.
By filling a row of air holes, a waveguide is created that
can support only single-mode propagation. The steady-state of
z-component of magnetic field
is shown in Fig. 3. The
fluctuation in magnitude of the field is due to higher confinement near the channel’s adjacent holes and less confinement
in the areas between the holes. Measured powers are normalized with respect to
. The basic structure has high reflection loss and unequal normalized output transmission at each
branch. The wide splitting space at the junction area causes
the incoming single-mode electromagnetic wave to transform
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Fig. 3. Basic power splitter design. Normalized output transmission and reflection powers are shown at the top left corner in the figure. The inset shows the
contour plot at the junction area.

into multimode. The mono-mode branches thus experience mismatch with the incoming multimode electromagnetic wave and
therefore, a considerable portion of power is lost due to reflection and dispersion.
In the proposed design, drop holes are utilized to reduce the
waveguide space at the junction area and consequently to prevent the multimode propagation and mismatch from occurring.
Besides, parameters of the drop holes, can alter and match the
impedance of waveguides, and consequently result in equal distribution of the incoming single-mode wave into three singlemode waves propagating in the branches.
Palamaru et al. [20] showed that a tiny hole, followed by
a line of holes in a gradually increasing size manner, could
adiabatically convert conventional waveguide mode into a PhC
waveguide mode to achieve mode matching without incurring
significant loss. The concept is verified experimentally by
Wilson et al. [13]. Besides, impedance matching between
output channels and input channel reduces the reflected wave
and increases the power transmission efficiency. By adding
extra holes to the input channel, intrinsic impedance can be
tuned to achieve almost perfect impedance matching [21]. In
order to split the power equally among the output channels with
very low reflection, the branches’ impedance should be similar
and should match with input channel [21]. Optimization for the
splitter is done by tuning one of the parameters while the other
two are fixed. Repeating the procedure for other parameters (if
required) can disclose a local optimized region. First, the radius
of the drop, , and the bending angles, and
are fixed,
while the effect of drop’s length is studied. The result shown
in Fig. 4 indicates that for the length size within 2.2 to 2.4 ,
the normalized output transmission is divided equally on each
output port, with the optimum length occurring at
.
Further optimizations were not necessary. The layout for the
drop hole length at
is shown in the inset. With the
current technology, fabrication of holes with accuracy up to 15
nm has been achieved using focused ion beam method [22].
The smallest dimension in the drop hole which is equal to the
mesh size used in this simulation is 10 nm which will be viable
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Fig. 4. Normalized output transmission and reflection power versus drop hole
normalized with respect to lattice constant
at
and
length
. The interval between the vertical red lines indicates the optimum
operation region. The optimum region is calculated based on the computation
accuracy of the simulation. The inset shows the layout of the drop holes at
.

Fig. 5. Steady-state magnetic field
distribution at
and
at 1550 nm wavelength. The inset shows the contour plot at the
junction area.

with a slight improvement in the aforementioned fabrication
technology.
Steady-state magnetic field
distribution at point
, and
is shown in Fig. 5 indicating
a desirable field separation into the branches. The multimode
behavior at the junction area has been suppressed by the drops
showing a good impedance matching between channels, leading
to a considerable reduction in reflection and dispersion loss. The
normalized transmitted power at P1 is 32.93%, at P2 is 33.26%,
and at P3 is 33.53%, while the reflection loss is as low as 0.26%,
which is quite negligible. The slight asymmetry in output power
P1 and P3 is due to the possibility that the discretization mesh
used in the simulation do not share the central axis of symmetry
with the structure. Therefore, there is a 0.6% of tolerance in the
calculated output powers. This suggests an interval (a region)
of optimum operation highlighted in Fig. 4. Within the interval,
the normalized power transmission is nearly 33% for all output
branches. For
, and
the structure shows the best symmetry within the region. Compared with
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Fig. 6. Normalized output transmission and reflection power versus drop hole
and
radius , normalized with respect to air hole radius , at
.

the work reported in [14], our design shows better performance
for power transmission at 1550 nm.
The parameters of drop holes within the local optimum operating region are feasible for fabrication. From the results, the
drop hole length for the proposed slab can be varied between
1003 nm and 1025 nm. In order to show the flexibility of the
fabrication parameters for the proposed splitter, the sensitivity
of the design to the other parameters are studied, as follows.
While the drop’s length at
and bending angles at
are fixed, the drop’s radius, , is changed. The result,
shown in Fig. 6, indicates that while radius is changing from
to
, the average reflection is negligible,
and is about 0.33%, while the normalized output transmission
is almost equal for all branches. This allows for a
% tolerance in drop’s radius for fabrication of the drop holes. The effect of drop’s radius in reflection loss is explained by waveguide
input impedance that is altered by drop’s parameters. Increase
in drop’s radius decreases the local effective index experienced
by the incoming electromagnetic wave and thus increases the
impedance mismatch. Therefore, more light is reflected back
toward the input direction and consequently reflection loss increases. In contrast, as
reduces
, DH1 and DH2 become smaller in size, and the device starts to behave like the
basic power splitter as shown in Fig. 1, with most of the output
signal intensity flowing into the direction of P2.
Study of the bending angles shows that, while the drop’s
length is fixed at
and drop’s radius at
,
for the bending degree from
to
, the normalized output transmission for each branch is within % %
with low reflection. This is depicted in Fig. 7. Also, this tolerance in bending angle, , adds extra advantage in fabrication of
drop holes and thus the splitter. Fig. 8 shows the field distribution at bending angles of 25 , 35 and 45 . Fig. 8(a) represents
the fields amplitude for the corresponding yellow dash-dot line
in Fig. 8(b). It shows that the magnetic field is continuous, while
electric field and power are discontinuous across the drop hole
(low index region). This discontinuity is due to the fact that the
electric displacement field requires to be continuous across the
index contrast interface. Light confinement in low index material region of sub-wavelength size can be achieved by the dis-
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Fig. 7. Normalized output transmission and reflection power versus bending
and
.
angle at

Fig. 8. Field distribution for different bending angles. (a) Field amplitude corresponding to the dash-dot line (yellow) in (b), where P is the power, Ey is the
y-component of the electric field vector and Hz is z-component of the magnetic
field vector. Power distribution (b) at bending angle of 25 , (c) at bending angle
of 35 , and (d) at bending angle of 45 .

continuity of electric field perpendicular to the index contrast
interface. The confinement of light power in the drop holes, as
shown in Fig. 8(b)–(d), is due to both Ey and Ex distributions.
Naturally, larger Ey values correspond to a larger transmittance
into the center branch and Ex to the upper and lower branches.
By introducing drop holes, the Ey and Ex distribution is altered
and simulation result indicates that at certain range of drop’s
bending angles, the transmitted powers to the branches are similar. This is possibly due to the fact that, within the aforementioned bending range, the power is trapped and guided in the
drop holes, and distributes equally to all branches. In contrast,
more power flows into the P2 direction as the bending angle
is outside of the range mentioned above. This possibly can describe the impedance matching caused by altering the bending
angle.
Fig. 9 shows the normalized output transmission and reflection power for a chosen optimum parameters with respect to
different wavelengths. The graph shows that the power splitter
can effectively operate at two other wavelengths as well. The
first wavelength is 1388 nm, which is in the E-band of the
optical communication spectrum. The second wavelength is
1470 nm, which is in the S-band of the spectrum. Having this,
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Fig. 9. Normalized output transmission and reflection power versus waveand
.
length at
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The steady-state magnetic fields for the 1388 nm and 1470 nm
wavelengths are shown in Figs. 10 and 11.
Fig. 10 shows a reflection loss as low as 0.11%, obtained
when 1388 nm wavelength is used for the simulation. The
normalized output transmission is 33.31% at P1, 33.08% at
P2, and 33.28% at P3. From Fig. 11, the normalized output
transmission for the three branches at 1470 nm wavelength
is about 33% and the structure has slightly higher reflection
loss of 0.94%. Channel waveguides created based on photonic
bandgap principle can support single mode behavior over a
wide range of wavelengths. However, different wavelengths
may experience different transmittance. In the proposed splitter,
similar transmittance has been demonstrated for 1388 nm and
1470 nm wavelengths in addition to 1550 nm, opening the
potential for triple play applications.
IV. CONCLUSION
In this study, a power splitter was proposed by modifying the
lattice structure in which two drop holes were introduced at the
junction. Based on the results, the structure is capable of dividing the electromagnetic wave power desirably, i.e.,
% at
each branch with a very negligible reflection loss, at operating
wavelength of 1550 nm. Besides, it was shown that this splitter
is capable of operating at two other important optical communication bands, E-band and S-band, with desirable power splitting
ratio and low reflection loss.
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Fig. 10. Steady-state magnetic field
distribution for
and
at 1388 nm wavelength. The inset shows the contour plot
at the junction area.

Fig. 11. Steady-state magnetic field
distribution for
and
at 1470 nm wavelength. The inset shows the contour plot
at the junction area.

we can operate the splitter at three different optical communication spectrums to suit certain applications. This multiple
operating wavelengths feature has not been reported before.
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