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Abstract—The effects of structure parameters and structural
deviations on the characteristics of photonic crystal directional
couplers (PCDCs) were analyzed through a systematic simulation
study. The relationship between coupling characteristics and
structure parameters was discussed. The results reveal that the
remained power in the coupling region is detrimental to reducing
the insertion loss of PCDCs, especially for the PCDCs with shorter
coupling length. An improved structure, which increases the radii
of air holes in the post coupling region, was proposed to suppress
the remained power and reduce the insertion loss effectively. The
influence of structural deviations, which is caused by fabrication
imperfections and results in the mismatch between experimental
results and theoretical predictions, was also investigated using
statistical methods. The simulation results show that the air hole
position misalignment perpendicular to the waveguide direction
has the largest effect on the insertion loss of PCDCs, and reducing

is helpful to improving the robustness of PCDCs.

Index Terms—Couplers, photonic crystals, structural deviations,
structure parameters.

I. INTRODUCTION

T WO-dimensional photonic crystal waveguide (2-D
PCWG) has a great advantage over the conventional

optical waveguide by total internal reflection because it is
possible to realize sharp waveguide bends with low losses [1],
[2]. So it has been expected to realize optical integrated circuits
with ultrasmall size [3], [4].

Photonic crystal directional couplers (PCDCs) are formed by
two parallel PCWGs which are placed closely. They are impor-
tant components in optical integrated circuits. The character-
istics of PCDCs, namely the coupling frequency, the coupling
length and the insertion loss, are sensitive to the structure pa-
rameters of PCDCs, such as the length and width of the wave-
guide, the radii of air holes in the coupling region, and the ratio
of the radii of air holes to the lattice constant, etc. Up to now,
a lot of studies have been carried out into PCDCs [5]–[11], in-
cluding the researches on the relationship between the coupling

Manuscript received November 06, 2008; revised February 25, 2009. First
published April 28, 2009; current version published August 21, 2009. This work
was supported in part by the National Natural Science Foundation of China
(NSFC-60537010) and in part by the National Basic Research Program of China
(973 Program) under Contracts 2006CB302804 and 2007CB307004.

The authors are with the Department of Electronic Engineering,
State Key Laboratory of Integrated Optoelectronics, Tsinghua Univer-
sity, Beijing 100084, China (e-mail: maoxy@mails.tsinghua.edu.cn;
yidonghuang@mail.tsinghua.edu.cn; cuiky05@mails.tsinghua.edu.cn;
zhangchao02@mails.tsinghua.edu.cn; zwei@mail.tsinghua.edu.cn; pengjd@
mail.tsinghua.edu.cn).

Digital Object Identifier 10.1109/JLT.2009.2021865

characteristics and the waveguide length [5]. It was also reported
that the coupling length could be changed by adjusting the radii
of air holes in the coupling region [6]–[8]. However, the effects
of the width of PCWG and the ratio of the radii of air holes
to the lattice constant on the coupling length have never been
studied. Meanwhile, the performances of PCDCs are deterio-
rated by the structural deviations accompanied during the fabri-
cation process, such as the size nonuniformity and position mis-
alignment of air holes, etc. [9]–[11]. In this paper, the effects of
both structure parameters and structural deviations on the char-
acteristics of PCDCs were analyzed by plane wave expansion
(PWE) and finite difference time domain (FDTD) methods. The
research results show that the power remaining phenomenon in-
creases the insertion loss of PCDCs, especially for the PCDCs
with shorter coupling length. An improved structure, which in-
creases the radii of air holes in the post coupling region, is pro-
posed to suppress the remained power and reduce the insertion
loss effectively. Through statistical analyses of the PCDCs with
structural deviations, it’s found that the air hole position mis-
alignment perpendicular to the waveguide direction has a larger
effect on the characteristics of PCDCs than the air hole size
nonuniformity and the air hole position misalignment parallel
to the waveguide direction, and reducing is helpful to im-
proving the robustness of PCDCs. These researches not only
reveal the operation mechanism of PCDCs, but also benefit the
design of practical PCDCs greatly.

II. THEORY AND RESULTS

A. Relationship Between Coupling Characteristics and
Structure Parameters

The structure of the PCDC is shown in Fig. 1. Here the PCDC
is composed of a triangular lattice of air holes formed in the
GaAs-based dielectric slab which is sandwiched by air. To re-
lieve the need for three-dimensional (3D) calculations, the effec-
tive refractive index has been used to replace the
refractive index of the dielectric material [12], [13]. The effec-
tive refractive index method has been known as a good approx-
imation to 3D calculations and can reduce the computing time
and memory remarkably. By removing two lines of air holes in
the direction, two single-line defect waveguides separated
by three lines of air holes are introduced. The lattice constant
and the radii of air holes are and , respectively. The wave-
guide width is the distance between the centers of the two
lines of air holes separated by the single-line defect waveguide,
and , corresponds to a normal single-line defect
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Fig. 1. Structures of the PCDC. The waveguide is along the ��� direction,
and its width is � . The lattice constant is �, and the radii of air holes are �. The
radii of air holes in the middle row of the coupling region are represented by � .

waveguide. The radii of air holes in the coupling region which
affect the coupling characteristics greatly are indicated by .

The coupling mode theory was employed to analyze the char-
acteristics of PCDCs. Here only TE modes were considered be-
cause the structure of etching air holes in the dielectric slab is
easy to have a TE band gap [5]. The PCWG usually has two
guided modes within the photonic band gap, which are even
mode or odd mode because their magnetic field has even or
odd symmetry with respect to the mirror plane along the guide
axis respectively. Due to the close proximity of the two parallel
PCWGs, the mode in the single PCWG will split into two kinds
of modes [8], [14]. The even mode splits into even-even (e-e)
mode and even-odd (e-o) mode, and the odd mode splits into
odd-odd (o-o) mode and odd-even (o-e) mode. Because no odd
modes can be stimulated in the PCWG if the incident light has
the centre plane of the PCWG for even symmetry, only the even
mode was considered in our researches. The e-e and e-o modes
have different propagation constants and , respectively,
and the mismatch between and determines the coupling
length . The larger is, the shorter
is, complying with [5]

(1)

Utilizing the PWE method, we calculated the TE band diagrams
of PCDCs with different , , and . A grid size step of
was applied here. Fig. 2 shows the defect modes in the photonic
band gap. For a PC structure with [Fig. 2(a)–(c)], a
TE bandgap appears in the range of normalized frequency 0.237
to 0.289. The e-e mode and e-o mode of PCDCs are originated
from the even mode of the single waveguide. In Fig. 2(a), for

, and , it is noticed that there is a wide fre-
quency range in which the mismatch is quite small. Weak
coupling occurs in this frequency range, leading to a very long
coupling length. While in Fig. 2(b), where is reduced to ,

becomes larger than that shown in Fig. 2(a). becomes
further larger when is also reduced to [Fig. 2(c)].
It is noticed that changing dispersion curves, namely the band
diagrams, will change , therefore the coupling length and
strength will be changed. In PCDCs with enough wide bandgap,

Fig. 2. Dispersion curves of the PCDCs with different structure parameters.
The wave vector � is along the � � � direction: (a) ��� � �����, � �

���� � � � �; (b) ��� � �����,� � ���� , � � ����; (c) ��� � �����,
� � ����� , � � ����; (d) ��� � ���, � � ����� , � � ����.

the refractive index contrast between the air holes and the slab
is usually quite large. This will strongly confine the optical field
profiles of guided modes inside the guiding waveguides. As a
result, the coupling strength is weak because the overlap of the
field profiles is small. Reducing and equals to reducing the
refractive index contrast between the waveguides and the cou-
pling region, therefore the confinement of the guided modes is
weaken and the coupling strength determined by the overlap of
the field profiles of the two guided modes is enhanced. Similar
experimental results have been reported in [8], where decreasing

shortens the coupling length. Fig. 2(d) shows the band dia-
grams for , and . Compared
to Fig. 2(c), the normalized frequency of the modes in Fig. 2(d)
is higher, but does not change much because larger in-
creases and decreases at the same time.

Coupling lengths of the PCDCs with different structure pa-
rameters were calculated by FDTD with perfectly matched layer
(PML) absorbing boundary conditions at the boundary of the
PCDCs to terminate the computation window [15]. The thick-
ness of PML was and the FDTD grid size was set to .
Fig. 3 shows the normalized coupling lengths of PCDCs with
different structures. Line (f), (g), (h) in Fig. 3 were calculated by
formula (1) in which was calculated by the PWE method. It
can be seen that line (b), (d), (e) accord with line (f), (g), (h) well,
which significantly validates our computations. Comparing the
line (a) and (b) or (c) and (d), where and are the same
and only is changed from to , it can be found that a
smaller corresponds to a shorter coupling length in the whole
frequency range. Line (a) and (c) or (b) and (d), where only is
changed from to with fixed and , show a
narrower waveguide has a shorter coupling length and a higher
coupling frequency. Line (e) has a higher coupling frequency
and almost the same coupling length with line (d), which means
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Fig. 3. The coupling lengths of the PCDCs with different structure parameters
versus normalized frequency.

the coupling length is not very sensitive to . These simula-
tion results match the theoretical analyses of the band diagrams
above very well.

Different frequencies correspond to different coupling
lengths, and here the shortest coupling length in the whole
frequency range is denoted by . We set the waveguide
length to for each set of structure parameters.

In Fig. 1, a power monitor is set at the waveguide length of
to detect the power in the coupling waveguide. The total

output power is distributed among three areas: the input wave-
guide with power , the coupling waveguide with power ,
and the coupling region with power , so .
We consider the insertion loss as . The insertion
loss of the structure in Fig. 1 has been shown by line (a) and
(b) in Fig. 4. It can be seen that the insertion loss is high be-
cause of the power remaining phenomenon, described in [16].
Reducing and is equal to reducing the refractive index con-
trast between the waveguides and the coupling region, which
can weaken the confinement of the guided modes and increase
the overlap of the field profiles of the two guided modes, there-
fore there will be more power in the coupling region. This re-
mained power in the coupling region, , strongly affects the
characteristics of the PCDCs. On one hand, the more the power
in the coupling region is, the stronger the coupling strength and
the shorter the coupling length can be obtained (this is why more
power leaking into the coupling region by reducing the wave-
guide width or can increase the coupling strength), on the
other hand, the more the power in the coupling region is, the
lower the density of the power inside the waveguides is. The re-
mained power can be considered as a waste power because it
belongs to neither input waveguide nor coupling waveguide and
is difficult to be coupled into the common waveguide which is
connected with the PCWG because of mode mismatch. As a re-
sult, the insertion losses of PCDCs become larger. This power
remaining phenomenon is enhanced when the coupling length
becomes shorter, so the insertion loss for lines (a) and (b) in
Fig. 4 have a maximum near the frequency 0.262 and 0.253 re-
spectively, which correspond to the shortest coupling length.

In order to depress the remained power in the coupling re-
gion, a kind of improved structure was proposed by introducing

Fig. 4. The insertion loss of two kinds of PCDCs. The insertion loss of the
structure of Fig. 1 has been shown by line (a) and (b). The insertion loss of the
structure of Fig. 5 has been shown by line (c) and (d).

Fig. 5. The structure of the improved PCDCs. The radii of air holes in the post
coupling region are � , and � � ����.

a post coupling region in the middle row after the waveguide
length of . The radii of air holes in the post coupling re-
gion are different from , as shown in Fig. 5. Simulation was
carried out for and the monitor was placed two lat-
tice periods after . In this structure, the remained power in
the post coupling region reduces and transfers into the coupling
waveguide quickly within 2 or 3 pitches of air holes because of
increasing . The insertion loss of the structure in Fig. 5 has
been shown by line (c) and (d) in Fig. 4, and is obviously re-
duced compared with line (a) and (b). Meanwhile, it can be seen
that the insertion loss for lines (c) and (d) in Fig. 4, are flat over
a large frequency range compared with lines (a) and (b) because
of the depressing of the power remaining phenomenon. B.

B. Effects of Structural Deviations on the Characteristics of
PCDCs

In Fig. 5, the dot line circles represent the ideal PC structure.
In fact, there are always structural deviations from the ideal PC
structure because of the fabrication imperfections. We consider
the size nonuniformity of these hundreds of air holes in PCDCs
as a normal distribution in which the air hole diameter devia-
tions ( and are the diameters of ideal and actual
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Fig. 6. The instruction of air hole size nonuniformity and position misalign-
ment in PCDCs.

air holes in PCDCs) follow a normal “bell curve” distribution
with a standard deviation . And the standard deviations of the
air hole position misalignment parallel and perpendicular to the
waveguide direction are indicated by and , respectively, as
that shown in Fig. 6 where the solid line circle represents the
actual air holes [17]. The probability of air hole diameters com-
plies with formula (2)

(2)

And the probability of air hole position misalignment com-
plies with

(3)

(4)

where , are the air hole position misalignment parallel
and perpendicular to the waveguide.

The deterioration of the insertion loss of PCDCs due to ,
and was simulated by FDTD method with different and
waveguide width . The waveguide length was for dif-
ferent and . The , and of the fluctuation patterns
were 0, , , and for each value of , and

, 10 fluctuation patterns were used to get a statistical result.
The FDTD parameters except the grid size were the same with
those used in the FDTD simulation of coupling length in Fig. 3.
In order to estimate the influences of FDTD grid size on the cal-
culation results, we first calculated various for two perturbed
devices with the grid size of , , , respectively, as
shown in Fig. 7. The structure parameters of the two devices
are , , , , and

, , , , respectively.
It can be seen that the main tendency of the insertion loss is al-
most the same, and the calculation results converge when the
grid size becomes smaller and smaller.

As a further smaller grid size corresponds to a further longer
calculation time, a grid size of was used in the FDTD
method and a FDTD stop time of 1000 was applied in this paper.
The results are shown in Fig. 8. We can see that when , or

Fig. 7. Simulation results for the insertion loss of PCDCs due to � with grid
size of ����, ����, ����. And the structure parameters of the two devices are
��� � ����	, � � ��		 � , � � ����, � � ���� and ��� � ���,
� � ���� , � � ����, � � ����.

, is larger than (that is about 9 nm for ),
the insertion loss will increase dramatically, which means it’s
important to control the standard deviation of structural fluctu-
ations within 9 nm during the fabrication process, that is, the
structural fluctuations of most air holes should be controlled in
the range from to 9 nm. This fabrication precision can be
realized by current advanced electron beam lithography (EBL)
which can make 10 nm or even smaller line width. It also can be
found that has a larger effect on the insertion loss of PCDCs
than and in the case that the structure parameters are the
same. It means the insertion loss of PCDCs are more sensitive to
the air hole position perpendicular to the waveguide direction.
Meanwhile the results show that has a smaller in-
sertion loss than when they have the same , or

. That means a small is helpful to improving the robust-
ness of PCDCs. These conclusions will benefit the design and
fabrication of practical PCDCs greatly.

III. CONCLUSIONS

We have studied the effects of structure parameters and struc-
tural deviations on the characteristics of PCDCs theoretically. It
is found that reducing the waveguide width and decreasing the
radii of air holes in the coupling region can shorten the coupling
length of PCDCs effectively. While a shorter coupling length,
accompanying by a strong coupling strength, would lead to an
increasing density of power remained in the coupling region, so
called mode power remaining phenomenon. This phenomenon
is detrimental to reducing the insertion loss of PCDCs. An im-
proved structure was proposed by simply increasing the radii
of air holes in the post coupling region. The simulation results
demonstrated that the insertion loss can be reduced dramatically
by suppressing the power remaining phenomenon. The statis-
tical analyses of PCDCs containing structural deviations have
been carried out. The results show that when , or , is
larger than (that is about 9 nm for ), the
insertion loss will increase dramatically and has a larger ef-
fect on the insertion loss of PCDCs than and . Meanwhile
reducing is helpful to improving the robustness of PCDCs.
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Fig. 8. Simulation results for the insertion loss of PCDCs with different structure parameters due to � , � or � .

These works are significant in the design and fabrication of prac-
tical PCDCs.
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