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Controlling the self-collimation characteristics of a
near-infrared two-dimensional metallic photonic crystal*
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Self-collimation characteristics of the two-dimensional square-lattice photonic crystal (PC) consisting of metal rods

immersed in silicon are studied by the finite-difference time-domain method. The Drude dispersion model is adopted to

describe the metal rod, and the self-collimation behaviours of the near-infrared light through the PC are studied. The

frequency region and the tolerance of incident angle for the self-collimation behaviour can be controlled by changing

the shape of the metal rods.
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1. Introduction

Photonic crystal (PC) has attracted a lot of at-
tention owing to the existence of photonic band gaps,
where light propagation is completely prohibited in
any direction.['?! By creating different kinds of de-
fects into a perfect PC, various photonic devices can
be created, such as waveguides,33 filtersl~9 and
ultrafast optical switches.!'%11] In recent years, there
has been a growing interest in anomalous dispersion
properties of PC, such as negative refraction,!!2:13]
self-collimation, =19 and so on. The self-collimation
phenomenon allows an incident light to propagate
along a definite direction with almost no diffraction in
a perfect PC. The advantage of the self-collimation-
based device is that it requires neither a physical
boundary for achieving the narrow lateral confine-
ment nor a precise alignment for coupling into narrow
waveguides. Many interesting devices have been de-
signed based on the dispersion-based self-collimation
effect, such as defect-free waveguides, beam splitters,
polarization splitters, and so on.

Kosaka et all'¥ first demonstrated the self-
collimated propagation of light in the PC experimen-
tally; Lee et al.['®) showed that self-collimated beams

can be easily bent and split by introducing line defects
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in the PC structures. In the last few years, a great deal
of research work has been done to broaden the fre-
quency region where the self-collimation phenomenon

[16] to expand the incident angle range,m] and

occurs,
to reduce the reflection on the interface.['8] Recently,
Wu et al.' found that the all-angle broad-band self-
collimation phenomenon exists in the two-dimensional
(2D) rhombic-lattice PC consisting of silicon rods in
air. The effects of the lattice angle and radius of the
rod on the bandwidth of the self-collimation frequency
region are investigated. In this paper, we study the 2D
all-solid-type PC structure consisting of metallic rods
immersed in a silicon background. It is shown that
the frequency region and the tolerance of incident an-
gles for self-collimation phenomena can be controlled
by changing the shape of the metallic rod. The self-
collimation frequency bandwidth and the transmission
efficiency can be enhanced by increasing the metal side
length along the light propagation direction.

2. Numerical simulation and dis-

cussion

The structure studied in this paper is based on a
2D square-lattice PC consisting of metallic rods im-
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mersed in silicon. The length of the PC lattice con-
stant, denoted by a in the following section, equals
400 nm and the refractive index of the background ma-
terial is 3.45. The Drude dispersion model is adopted
to describe the permittivity of the metal rod, which is

given as

W= (1 - w<w+w> /

where wy, is the plasma frequency, and + is the damp-
ing coefficient. The metal studied in this paper is Ag,
and the corresponding values are w, = 1.37 x 1016 Hz
and v = 2.73 x 103 Hz. For 2D PC, the electro-
magnetic waves can be separated into two indepen-
dent polarized modes, the TM-polarized mode and
TE-polarized mode. In this paper, we consider only
the TM polarization mode, where the electric field E,
is kept parallel to the extension axis of the metal-
lic rod (assumed to be the z axis). In all the simu-
lations throughout this paper, we employ the finite-
difference time-domain (FDTD) method with the pe-
riodic boundary condition to calculate the band struc-
tures and the equal-frequency surface contours (EFCs)
in the reciprocal space, while Berenger’s perfectly
matched layer absorbing boundary condition is em-
ployed to calculate the wave propagation in the finite
real space.2921] In all the simulations, the size of the
lattice constant is divided into 30 lattice grids. For
the frequencies centred at 0.26 c¢/a (c is the light ve-
locity in a vacuum), which are studied in this paper,
the size of the lattice grid is less than one percent
of the central wavelength in a vacuum. This value is
much less than the lattice grid’s basic requirement of
smaller than A/15, and good accuracy is ensured.

At first, we adopt square metal rods to constitute
a square-lattice PC structure. The side length of the
metal is [ = 170 nm. Ignoring the absorption of the
metal to the light beams, the calculated band struc-
tures for several lowest photonic bands are shown in
Fig. 1(a) for the TM-polarized modes. It can be seen
that the metallic rods lift the first TM-polarized band
and cause a stop band at the lowest frequencies. The
cutoff frequency of this metallic PC is about 0.15 ¢/a.
There is no band gap between the second and the third
photonic bands.

It is well known that the propagation direction
of light is identical to the direction of the group ve-
locity of light given by v, = Vjiw(k), which means
that the group velocity is perpendicular to the EFC.
Through an analysis of the EFC as a function of

k, we can find the frequency range in which the
self-collimation phenomenon occurs and the propa-
Several EFCs
in the second and third TM-polarized bands are

gation direction of the light beam.

shown in Figs. 1(b) and 1(c), respectively. It can be
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Fig. 1. (a) TM-polarized photonic band structure of

the 2D square-lattice metallic PC, and the correspond-
ing EFCs within the second (b) and the third (c) photonic
bands.
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seen from Fig. 1(b) that the EFCs around the fre-
quency 0.26 c¢/a (the corresponding wavelength in a
vacuum is 1538 nm) are quite flat and have the sur-
face normally pointing to the I'X direction. It means
that the incident light at this frequency will propa-
gate through the PC along the I"X direction. In the
minor part of the curve around the I'M direction,
the curve points towards the I' point; the radius of
curvature reduces with an increase of the frequency,
meaning an apparent negative refraction direction
for the PC slab. When the light beam resonant at
frequency 0.26 ¢/a propagates through the PC struc-
ture with incident angles of 0° and 30°, whose sketch
map is shown in Fig. 2(a), the steady spatial light
intensity distributions through the metallic PC slab
are calculated by the FDTD method; the results are
shown in Figs. 2(b) and 2(c), respectively. It can be
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Fig. 2. (a) Structure of the metallic PC, and the spatial
distributions of light intensity at the frequency 0.26 c¢/a
and the incident angles of (b) 0° and (c) 30°.

seen that good self-collimation behaviour occurs at
normal incidence, and disappears when the incident
angle is changed to 30°. The frequency region, in
which the self-collimation phenomenon occurs at nor-
mal incidence, is calculated; it spans the frequencies
0.25 ¢/a and 0.275 c/a.

To enlarge the frequency region in which the
self-collimation phenomenon occurs, we change the
shape of the metal from square to rectangle. Firstly,
we set the side length of the rectangle along the
light propagation to be 250 nm, and the other side
length to be 130 nm. Figure 3(a) shows the pho-
tonic band structure of the above structure, from
which we can see that the lowest photonic band is
not sensitive to the change of the metal’s shape,
while the third photonic band moves upwards ev-
3(b) that the
EFCs around 0.26 c¢/a are quite flat in the region

idently. It can be seen from Fig.

centred on the I'X line, and its surface normal
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Fig. 3. (a) TM-polarized photonic band structure of the
2D square-lattice metallic PC, and (b) the corresponding
EFCs within the second band.
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points to the I'X direction, meaning that good self-
collimation behaviour occurs along the I'X direction.
When the wave vector of 0.26 departs from the I'X
line and is located around the I" direction, the corre-
sponding EFC’s surface normally points to a negative
refractive direction, which can be deduced by analyz-
ing the radius of EFC’s curvature reducing with the
increase.

Figure 4(a) shows the sketch map of the above
PC structure consisting of rectangular metals. When
a light beam resonant at frequency 0.26 c¢/a propa-
gates through the PC structure at the incident an-
gles of 0°, 30°, and 45°, the light intensity spatial
distributions across the metallic PC slab are shown
in Figs. 4(b)—4(d), respectively. It can be seen that
good self-collimation behaviour occurs at the normal
incidence. When the incident angle is 30°, good self-

collimation behaviour occurs inside the PC, and two
output light beams are obtained at the other side of
the PC. The direction of one output light beam is
parallel to that of the incident light beam, which can
be easily understood by the law of refraction. The
light beam points to a negative-refraction direction,
which is formed by the collective action of the paral-
lel subwavelength-width light beams at the right side
of the PC boundary. Figure 4(d) shows that the self-
collimation direction deviates from the I'X direction
of the PC when the incident angle is changed into
45°, which can be understood by analyzing the shape
of the EFC. The frequency region, in which the self-
collimation phenomenon occurs at the normal inci-
dence in this kind of PC structure, is from 0.24 ¢/a to
0.3 ¢/a.
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Fig. 4. (a) Structure of the metallic PC, and the spatial distributions of light intensity at the frequency 0.26
¢/a and the incident angles of (b) 0°, (c¢) 30° , and (d) 45°.

Finally, we changed the side length of the rect-
angle along the light propagation to 330 nm, and the
other side length to 90 nm. Figure 5 shows the pho-
tonic band structure of the above structure and sev-
eral EFCs in the second band. Comparing Fig. 5 with
Fig. 3, the third photonic band moves upwards fur-
ther for a certain degree. And the EFCs in the whole

second band are almost perfectly flat with the normal
surface pointing to the I'X direction, meaning that
all-angle self-collimation behaviour occurs regardless
of the size of the corresponding EFC in air. This all-
angle self-collimation frequency region is from 0.22 ¢/a
to 0.31 ¢/a. The relative bandwidth of this region is
about 34% of the central frequency.
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Fig. 5. (a) TM-polarized photonic band structure of the 2D square-lattice metallic PC and (b) the correponding

EFCs within the second band.
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Fig. 6. (a) Structure of the metallic PC, and the spatial distributions of light intensity at the frequency 0.26
¢/a and the incident angles of (b) 0°, (c¢) 30°, and (d) 45°.

When the light beam at 0.26 ¢/a propagates
through the PC structure shown in Fig. 6(a) at the
incident angles of 0°, 30°, and 45°, the corresponding
steady light intensity spatial distributions across the
metallic PC are shown in Figs. 6(b)-6(d), respectively.
It is shown that good self-collimation behaviour along
the I'X direction occurs in all the incident angles.
When the light beam is not at the normal incidence,

two output light beams are obtained through the PC.

Figure 7 shows the calculated light transmittance
through the above 16 pum-thick PC slab at the nor-
mal incidence. The dashed line a corresponds to the
structure shown in Fig. 2(a), the dotted line b corre-
sponds to the structure displayed in Fig. 4(a), and the
solid line ¢ corresponds to the structure indicated in
Fig. 6(a).
tion, the areas of the above three metal rods may not

Owing to the convenience of our calcula-

be exactly the same. The difference between their ar-
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eas is trivial for influencing the self-collimation work-
ing frequencies. It can be seen that the central fre-
quencies, where the self-collimation behaviour occurs,
It was found that the high-
transmittance frequency region can be enlarged by in-

are almost the same.

creasing the rectangle side length along the I'X di-
rection of the PC. At the same time, the light trans-
mission efficiency can also be further enhanced. The
light transmittances through the same PC structure
at different incident angles are also calculated. Owing
to the decrease of the light intensity component in the
self-collimation direction, the light transmittance re-
duces with the increase of the incident angle. And the
corresponding values are of the same order of magni-
tude on the condition that the incident angle is not

very large.
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Fig. 7. Light transmittances at normal incidence through
the 41-rod-thick PC structures shown in Figs. 2, 4, and 6,
which are shown by the dashed (a), dotted (b), and solid
(c) lines, respectively.

3. Conclusions

The self-collimation characteristics of 2D near-
infrared metallic PC are studied. The frequency
region and the tolerance of incident angle for self-
collimation behaviour can be adjusted by changing
the size of the rectangular metal. The light propa-
gating direction within the PC region can tolerate a
change of the incident angle within a certain region.
When the light is not at normal incidence, two output

light beams can be obtained through the PC, while the

light beam travels within the PC in the same direc-
tion. The absorption of metal rods can be further re-
duced by lessening the width of the rectangular metal
vertical to the light transmission. Our designed struc-
tures provide the evidence for the intriguing potential
of self-collimated beams as a basis for integrated pho-

tonic circuits.
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