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We investigate the optical characteristic, transverse magnetic (TM) and transverse electric (TE) band of two-
dimensional (2D) square lattice photonic crystal structure, which is composed of cylindrical air regions positioned at the
corners of the square shaped dielectric rods. We obtain the wide photonic bandwidths between TM1–TM2 and TM3–TM4
bands. According to the results, we demonstrate the band gaps close to each other in the TM and TE frequencies for pro-
posed structures. The resulting photonic gaps are formed to be about 8% at the higher frequencies of TE modes (TE4–TE5)
and TM modes (TM7–TM8 and TM9–TM10). In addition, we examine isotropically generated structures for light guiding
properties and observe that the light is directed in a particular route without using any deflection. We also investigate the
self-collimation effect with the designed structure. The obtained results reveal the influences of the radius of cylindrical air
holes and the angle between these air holes on absolute and partial photonic band gaps. Moreover, we observe the TM and
TE band gaps that overlap. It is thought that the obtained band overlap will provide an easy way to produce the photonic
crystals in practical applications like photonic insensitive waveguide. It is also believed that these results can provide the
photonic crystal structures to work as a beam deflecting and beam router in integrated optical circuit applications.

Keywords: photonic bandgap materials, electromagnetic wave propagation, beam characteristics
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1. Introduction
Photonic crystals (PCs) which were first proposed in

1987[1] have attracted considerable attention from researchers
due to their optical characteristics.[2–4] The permittivity values
of PCs changes in one, two, or three dimensions, depending
on their geometric structures. In this way, each of the PCs
has a large number of lattice types and demonstrates attrac-
tive features that can be used in many areas such as waveg-
uides, optical insulators, splitters, and optical devices.[5–7]

For example, they are well known for their ability to check
and manage the propagation of electromagnetic waves in re-
stricted space. PCs which have photonic frequency band
gaps are suitable structures to suppress and direct the in-
cident energy. Due to these unique features of PCs, they
are applicable to the integrated photonic circuits,[8–11] polar-
ization insensitive optical devices,[12,13] beam splitters,[14,15]

optical compact triplexer,[16] filters,[17] laser,[18] negative
refraction,[19–22] polarization-selective splitter,[23] Mach–
Zehnder interferometer,[24,25] and multifunctional gradient in-
dex (GRIN).[26–28] The photonic band gap (PBG) which oc-
curs within the photonic crystal is regarded as a most signif-
icant feature.[29,30] The PBG is represented by the energy or
frequency range in which the PC prevents light from propagat-
ing. Thus, all the optical modes are prohibited from occurring
in PBG. But, optical modes in PCs can be directed or guided
to a desired point. This situation is achieved by waveguides
and cavities. So, the light can propagate at the frequencies of
the PBG. Furthermore, these cases can be formed by breaking

the symmetry of the PC structure or by making a change of
unit cell size (structural configuration). All these mentioned
specific dispersion characteristics are obtained by anisotropic
photonic crystals in the absence of structural defects.

Recently, various studies about the anisotropic opti-
cal properties of two-dimensional (2D) PCs were carried
out.[31–33] An anisotropic structure formed in a periodic
medium can be obtained through the dielectric parameter.
These structures which may have lower symmetry can show
super-prism and self-collimation effects. Thus, there is no
need to create wave defects. There are also PC waveg-
uide bend studies showing the self-collimation effect on
structure.[34,35] All of these cases distort the light beam from
its route and guide it along the desired route. The guidance of
electromagnetic wave in a PC is efficiently succeeded by the
self-collimation effect. It means that its construction of the dis-
persion acts as the PC structure like the collimation of incident
wave with a specified angular range along the desired direc-
tions. Self-collimation provides constricted lateral limitations
without physical boundaries and coupling into narrow waveg-
uides without perfect arrangement. Besides, it is possible to
guide light over a larger bandwidth with respect to the line
defect counterpart. Applications of the self-collimation effect
present new challenges to research such as self-guiding,[36,37]

spatial beam routing,[38,39] and beam-splitting.[40,41] When the
previous studies about PCs are checked, it can be seen that
they generally contained symmetric structures. Dielectric rods
used in these symmetric structures are mostly in cylindrical
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and elliptical shapes. However, PC structures proposed in the
present work contain square dielectric rods. We position the
cylindrical air holes at the corners of these square dielectric
rods. Even though this structure is formed as an isotropic
structure, it yields anisotropic optical properties. Our goal is
to obtain the absolute photonic bandwidth for TM and TE po-
larization in the structure, to investigate the influence of self-
collimation of the structure and to guide the light through a
specific route in PC structure without lattice defects according
to the obtained iso-frequency contours. At the same time, for
determining the direction and the speed of the electromagnetic
wave in PC, the contours of the natural modes are examined.
These contours reveal the interaction between the light and the
matter. In this regard, many researchers have dealt with it in
different ways like the self-collimation effect by looking at the
natural mode curves in order to control light propagation.[42,43]

In this context, we aim to deliver an additional solution for the
parametrical adjustments of ultra-compact integrated devices.
We make these adjustments on the symmetry of the photonic
crystal structure to achieve wide photonic band spacing. Fur-
thermore, it is believed that this study will create a new appli-
cation area for GRIN medium, and also our work can provide
a new contribution to photonic band gap engineering.

We use the plane wave expansion (PWE) method to com-
pute the absolute PBG and ensure that enough plane waves
are used for dispersion analysis of PC. The rest of this paper
is organized as follows. In Section 2, we analyze the disper-
sion properties of the designed PC. In Section 3, we investi-
gate the self-collimation effect and simulation results with iso-
frequency contours for proposed PC structures using the finite-
difference-time-domain (FDTD) method and PWE method. In
Section 4, we demonstrate a different application to the de-
signed photonic crystal Y branch structure.

2. Proposed and designed 2D photonic crystal
structures

The 2D square dielectric rods are embedded in the air to
create a PC structure as shown in Fig. 1. The sizes of the
square dielectric rods are the same (d = 0.6a), which is based
on silicon with high dielectric constant (εr = 12 at 1500 nm).
There are cylindrical air gaps, each of which has a radius of
r = 0.20a, located in the corners of quadratic dielectric rods.
The centers of cylindrical gaps are assigned as the corners of
the quadratic dielectric rods (O, O1, O2, O3, and O4). The
PC band structure is examined with the plane wave method.
The 2D PC is periodically arranged along the x–y direction
and assigned to be infinite along the z direction as shown in
Fig. 2. Therefore, the absolute PBG is evaluated throughout
on the x–y plane. Any mode of optical signals in this absolute
PBG cannot be transmitted throughout the PC. However, the

harmonic modes are decomposed into two polarizations, i.e.,
transverse magnetic (TM) mode and transverse electric (TE)
mode due to the mirror symmetry.
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Fig. 1. (color online) Designed PC structures. The generation of the final
form of unit cell occurs by moving from panel (a) to panel (b). Centers of
the cylindrical air rods are at the corners of square dielectric rods (O, O1,
O2, O3, and O4).
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Fig. 2. (color online) (a) Proposed photonic crystal structures. Dielectric
constant of square dielectric rod is 12 and radius of cylindrical hole is 0.20a.
Side of dielectric rod is d = 0.60a. Here, α angle is −45◦. (b) Generated
finite size square lattice of the designed photonic crystal structure. (c) Bril-
louin zone of the worked photonic crystal structure. Γ (0,0), K1(0.5,0),
M1(0.5,0.5), M2(−0.5,0.5), K2(−0.5,0), M3(−0.5,−0.5), M4(0.5,−0.5)
represent Brillouin zone symmetry points.

As can be seen in Figs. 1 and 2, air holes are situated on
the corners of the square dielectric rod. Here, the α angle is
defined as the rotation angle. The location and number of the
air holes change the optical dispersion properties of the PC
structure. The studied opto-geometrical parameters (d, α , r,
and εr) affect absolute PBG. However, the selected parame-
ter values can be suitable for overlapping of the TM and TE
bands. So, we define an additional parameter (θ ) for over-
lapping of the bands and obtain the greatest complete PBG
(Fig. 1(b)). For this purpose, the θ angle is scanned from 0◦ to
90◦ while other parameters are constant. On the other hand,
the mirror and rotational symmetries are broken; the trans-
lational symmetry is protected from being influenced. This
asymmetric distortion of the symmetry of the structure allows
studying the dispersion features of the designed PCs.

Figures 3(a)–3(d) demonstrate the photonic band struc-
ture for a square lattice of dielectric square rods for TE and
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TM modes of PC structures whose unit cells are both depicted
in Figs. 1(a)–1(d) and in the insets. The vertical axis shows
dimensionless frequency values in units of c/a (c is the speed
of light) and the horizontal axis shows the wave vector. The
Γ (0,0), K1(0.5,0), M1(0.5,0.5), M2(−0.5,0.5), K2(−0.5,0),
M3(−0.5,−0.5), and M4(0.5,−0.5) represent the Brillouin
zone as shown in Fig. 2(c). The relative width of PBG is ob-
tained with a gap/midgap ratio of ∆ω/ω , where ω and ∆ω

represent the center of the band gap and frequency bandwidth,
respectively. The first TM band gap appears between the first
and second bands for all four cases (Figs. 3(a)–3(d)). The nor-
malized frequency range is (0.223–0.270) ωa/2πc with a fill-
ing fraction f = 0.343 for Fig. 3(a), (0.228–0.282) ωa/2πc
with a filling fraction f = 0.309 for Fig. 3(b), (0.229–0.281)
ωa/2πc with a filling fraction f = 0.309 for Fig. 3(c), (0.241–
0.322) ωa/2πc with a filling fraction f = 0.241 for Fig. 3(d)
at d = 0.4a. While relative widths of TM1–TM2 PBGs are

18.88%, 21.23%, 20.5%, and 29%, respectively. The observed
partial TM and TE PBGs are given in Table 1. Note that the
band gap region changes with unit cell shape. The largest
case corresponds to Fig. 3(d). The broad band gap occurs
only for the TM mode but not for the TE mode. The per-
centage is relatively small when we compare the two cases.
The TM modes prefer an isolated configuration to support a
wide band gap. On the other hand, TE modes yield a large
band gap for connected lattices. The physical reasons be-
hind this are the Maxwell boundary conditions, continuities
of the tangential component of electric and magnetic fields,
and continuity of the normal component of electric flux den-
sity. The broad band gaps for both TE and TM modes can
be used to design high-performance polarization-insensitive,
sensitive waveguides, ultra-compact switches, beam splitters,
optical intensity modulators, and novel sensor topologies.
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Fig. 3. (color online) TM and TE photonic band structures for a square lattice of dielectric square rods as shown in Fig. 1. The shaded region shows the
absolute photonic band range between TM1 and TM2.

Band gaps for TM and TE modes appear or disappear for different rod shapes. The TM3–TM4 band gap is generally larger
as shown in Table 1. The other partial TM–TE band gaps are very small except for the third structure. When figures 1(a) and
1(b) are compared with each other, it can be seen that figure 1(b) gives a wider absolute PBG, the number of observed partial
band gaps decreases. Modes observed for Fig. 1(b) have mostly higher frequencies. This results from the change of the effective
refractive index or in filling fraction. Adding the cylindrical air gap to a different point increases the number of observed partial
PBGs as shown in Figs. 3(b) and 3(c). In this case, while the TM6–TM7 partial band gap is eliminated, TM5–TM6 and TM7–
TM8 partial band gaps arise. Similar results are also observed for TE modes. The new partial PBG is due to the scattering of
short wavelength light between square dielectric rods at resonance. The increase in the number of cylindrical air gaps in the
corner of the square dielectric rod surprisingly expands the complete photonic band interval. For instance, the complete photonic
band interval belonging to Fig. 1(d) is quite wide (29%).
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Table 1. All of the other PBGs and their properties for that arrangement of PCs.

Structure TM frequency interval (a/λ ) (∆ω/ω)/% TE frequency interval (a/λ ) (∆ω/ω)/%

TM1–TM2 0.223–0.270 18.88 TE2–TE3 0.448–0.449 0.4
TM3–TM4 0.389–0.447 13.92 TE3–TE4 0.518–0.538 3.7
TM4–TM5 0.497–0.520 4.46 TE4–TE5 0.576-0.586 1.75
TM6–TM7 0.584–0.619 5.79 TE6–TE7 0.681–0.706 3.6
TM7–TM8 0.663–0.716 7.69 TE10–TE11 0.887–0.909 2.5
TM8–TM9 0.725–0.732 0.87 TE11–TE12 0.932–0.935 0.3

TM11–TM12 0.822-0.881 6.9

TM1–TM2 0.228–0.282 21.23 TE2–TE3 0.468–0.472 0.95
TM3–TM4 0.402–0.486 18.92 TE10–TE11 0.932–0.942 1.1
TM6–TM7 0.599–0.659 9.62

TM10–TM11 0.796–0.809 1.56
TM11–TM12 0.905–0.913 0.86

TM1–TM2 0.229-0.281 20.5 TE2–TE3 0.461–0.466 0.97
TM3–TM4 0.427–0.465 8.54 TE3–TE4 0.528–0.567 7.05
TM4–TM5 0.501–0.529 5.40 TE4–TE5 0.596–0.641 7.22
TM5–TM6 0.582-0.607 4.18 TE6–TE7 0.705-0.710 0.58
TM7–TM8 0.669–0.727 8.31 TE10–TE11 0.916–0.930 1.47

TM10–TM11 0.824-0.841 2.00 TE11–TE12 0.975–0.981 0.57
TM11–TM12 0.893–0.905 1.25

TM1–TM2 0.241-0.322 29 TE4–TE5 0.666–0.667 0.27
TM3–TM4 0.436–0.518 17.27
TM6–TM7 0.692–0.695 0.44
TM9–TM10 0.831–0.898 7.75
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Fig. 4. (color online) Photonic gap map for the square lattice of square rods in Fig. 1.
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The TM and TE gap — maps in terms of r/a ratio for
all arrangements of PCs are shown in Fig. 4. The absolute
PBG (∆ω) is the difference between frequencies of upper and
lower bands. The TM and TE bands overlap for some values
of cylindrical air gaps, which are important criteria to design
photonic crystal and polarization insensitive waveguides. In
addition to these cases, the gap-map is calculated with respect
to the angle (0◦ ≤ θ ≤ 90◦) between the centers of the cylin-
drical air gaps located in the structure in Fig. 1(b). When the
angle goes from zero to 90◦, the TM absolute PBG becomes
wider. Hence, the improvement of the PBG can be realized
with the angle between the centers of cylindrical air gaps.

Investigating unit cell modification reveals the polariza-
tion dependency of 2D PCs. Instead of starting with dielectric
square rods in air background, one can use the complementary
configuration square air rods in dielectric background. Then
the unit cell shape will affect the TE modes more than the TM
one. Lastly, the square lattice can be replaced by a hexagonal
lattice. It is expected to have a larger overlap of TE and TM
gaps in that case.

3. FDTD analyses of proposed photonic crystal
structures

The computational analysis consists of the time-domain
method based on 2D FDTD. The boundary conditions in this

method are surrounded by well-matched layers to remove the
back reflections coming from the ends of the finite computa-
tional window. In this regard, the Gaussian beam source in the
time domain method is preferred and the beam width value
is determined to be df = 0.2 in this study. For calculations,
the shape of iso-frequency contours (IFCs) can be presented
as an effective opinion while investigating for broad complete
band ranges. At the same time, another appealing property
for the worked structure can be used to design new structures
with the dispersion properties of PCs. In this system, the di-
rection of the group velocity of light is determined by the gra-
dient of the IFCs. The original forms of dissimilar IFCs reveal
the self-collimation effect together with generally following a
diffraction event. Moreover, IFCs can vary according to the
location of the cylindrical hole in the corner of the quadratic
bar. However, the behaviors of electromagnetic waves can be
determined by considering iso-frequency curves with respect
to the value of the horizontal angle of the cylindrical hole. As
a result, the angle parameter will generate the anisotropy situa-
tion for the second TM band. The propagation direction of the
self-collimated beam can easily be arranged to guide the opti-
cal pulse throughout the PC waveguide, and so it is not visibly
skewed IFC for the second band of the regular PC (Fig. 5).
Besides, there are important changes such as appearances of
self-collimation properties and regularities of the curves along
the symmetry directions for IFCs of the designed PC structure.

(a)

(b)

(c)

Fig. 5. (color online) Iso-frequency contours of the second TM band for structures in Fig. 1 and self-collimated light beam. The working frequency of TM
mode is 0.367 ωa/2πc for Figs. 1(a) and 1(b). The working frequency of Fig. 1(c) is 0.372 ωa/2πc.
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It is shown in Fig. 5 that the TM modes propagate in the working PC structures in Figs. 1(a) and 1(b). While the frequencies
of TM modes for Figs. 5(a) and 5(b) are approximately centered at a/λ = 0.367, the frequency of TM mode for Fig. 5(c) is almost
centered at a/λ = 0.372. The difference between Figs. 5(a) and 5(b) is the position of cylindrical hole. While the horizontal
angle value of it in Fig. 5(a) structure is α = −45◦, this value is α = +45◦ for Fig. 5(b). In these instances, the lattice constant
a is 568.85 nm and the radius of air rod is 113.77 nm. The horizontal lengths of the three structures are all 20a (11.377 µm).
Accordingly, the shift amount of the light is approximately equal to 1706 µm in the y direction. This value corresponds to 8.5◦

angularly for Figs. 5(a) and 5(b). However, for Fig. 5(c) while the horizontal angle of two cylindrical holes is θ = 90◦, the TM
light moves along the optical axis. As a result, the light beam can be directed according to the angles and locations of air holes
in the corners of dielectric rods and also the spread way of the electromagnetic wave can be determined with the IFCs.

The next calculation involves the photonic crystal structure formed with rods, which removes from the corners O1 and O2

(Fig. 6). For this, we combine the structure in Fig. 5(a) and that in Fig. 5(b), and so the light beam demonstrates the self-
collimation effect. If we pay attention, according to the positions of the holes, the light beam is first directed downward and then
upward. However, the TM mode is vigorously restricted at the sharp edges of each square dielectric rod.

Fig. 6. (color online) Photonic crystal structure formed with rods removed from the corner O1 and O2. The light first propagates downward, then upward.
The working frequency of the TM mode is 0.367 ωa/2πc.

4. Photonic crystal Y branch structure
One of the important applications in optical integrated cir-

cuits in the future is planar photonic crystal waveguide tech-
nology. At the beginning of this technology, waveguide bends
and Y branches come into being. The numerical and exper-
imental researches about 2D photonic crystal waveguides in-
clude photonic crystal waveguide bends and branches show
an increase.[41–45] In this context, it is believed that the pro-
posed structure will present a new contribution to the studies
of waveguide bends and Y branches. We realize the theoret-

ical investigation for our structure and obtain the results as
shown in Fig. 7. In the proposed structure, the light source is
positioned on the left side of the working structure. The nor-
malized working frequency of the TM mode is 0.376 ωa/2πc
and the light propagates along Γ M1 and Γ M4. But at a cer-
tain time, it moves along a straight line (Γ K1). Finally, the
light incurs a deflection again in the directions of Γ M1 and
Γ M4. When the normalized frequency is 0.376 ωa/2πc, the
lattice constant a is 582.8 nm and the radius of each air rod is
145.7 nm.

Fig. 7. (color online) Photonic crystal is Y-branch structure. Light is divided into two branches, and then spreads along a straight path.

044204-6



Chin. Phys. B Vol. 27, No. 4 (2018) 044204

The obtained results demonstrate that the structure, which
is created by cylindrical air gaps removed from the corner
of the square dielectric rod, carries anisotropic properties on
the iso-frequency curves even though they are formed in an
isotropic way. Moreover, light with the same polarization can
move through different directions in an anisotropic medium.
This shows that the structure can work as Y-junctions and a
Mach–Zhender interferometer. As a result, the proposed struc-
ture reveals a situation similar to a medium with double re-
fractive index (birefringence). Due to the limited size of the
PCs, the side coupled light is usually examined. It becomes
possible to light up/down directing and splitting with the pro-
posed design. According to the research on this subject, such
light manipulation scenarios are very difficult in determining
the defect-type guiding mechanism, due to the fact that lattice
type necessitates very sharp corners that deteriorate the trans-
mission efficiency of light.

5. Conclusions
In this study, we demonstrate the TM and TE bands of

photonic crystal structures formed by cylindrical air gaps re-
moved from the corners of square dielectric rods in the first
calculation. According to the obtained results, we show that
there is a large photonic band gap between TM1–TM2 and
TM3–TM4 bands. These results provide a suitable environ-
ment for the integrated optical circuit applications. In the sec-
ond calculation, we realize the determination of the gap-map
belonging to these structures. The obtained graphs demon-
strate the effect of the radius of cylindrical air gap r and θ

angle between absolute and partial photonic band gaps. Addi-
tionally, we show that TM and TE band gaps overlap at some
values of the radius r and angle θ . It is thought that this over-
lap will ease the production of photonic crystals for the prac-
tical applications like photonic insensitive waveguide. The
third calculation includes iso-frequency contours and electric
field distributions. According to this calculation, the proposed
structure provides a photonic crystal structure to act as beam
deflecting and beam router by showing the self-collimation ef-
fect. The final calculation is about the Y-junction with a com-
posite structure, which directs the light beam into two separate
arms by the self-collimation effect. In this context, it is be-
lieved that designed structures will present a new contribution
to the studies of waveguide bends and Y branches.
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