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Imaging properties of a two-dimensional photonic crystal (PC) slab consisting of a triangular lattice of metallic

cylinders immersed in a dielectric background are investigated by the finite-difference time-domain technique.
With the calculated field patterns of a point source placed in the vicinity of the PC slab and the corresponding
equifrequency-surface contours, we find that a high-quality image can form in the opposite side of the slab in the
lowest TM-polarized photonic band, and this near-field image is formed mainly by the self-collimation effect.

PACS: 78.20.Ci, 42.70. Qs

Negative refraction of electromagnetic (EM) waves
have attracted a great deal of attention in the last
few years.[!'=5 Pendry predicted that a negative in-
dex material (NIM) slab, which is characterized by
simultaneous negative permittivity and permeability,
could make a superlens with a resolution far beyond
the diffraction limit, which is inherent in the conven-
tional far-field lens.['! One prominent example towards
an NIM is a metamaterial built from arrays of copper
split-ring resonators and copper wire strips.[?!

It has been shown that negative refraction can also
be achieved in photonic crystals (PCs) with a positive
index.[5=17] The physical principles that allow nega-
tive refraction arise from the dispersion characteristics
of wave propagation in a periodic medium, which can
be described by analysing the equifrequency-surface
(EFS) contours of the band structures.[® In partic-
ular, Luo et al.["8 showed that all-angle negative re-
fraction (AANR) could be achieved at the lowest band
of two-dimensional (2D) square-lattice PCs and at
a wavelength four times larger than the lattice con-
stant. As a result of this AANR, a subwavelength
image could be formed in the near-field region of the
PC slab. Berrier et al.l?! showed that negative refrac-
tion and light focusing can be achieved in the infrared
wavelengths theoretically and experimentally for the
two-dimensional PC consisting of a triangular lattice
of air holes in a low-index contrast slab. Up to date,
most discussions about the imaging properties of a
triangular-lattice PC slab are concerned with the fre-
quencies in the second band. In this Letter, we present
that negative refraction and superlensing effect can
also be achieved in the lowest TM-polarized photonic
band for a triangular-lattice metallic PC slab.

We consider a 2D triangular lattice of metallic
cylinders immersed in a dielectric background with
the lattice constant a. When the frequency of an EM
wave is much lower than the collision frequency of the
electrons in the metal, a metal can be described by a
frequency-independent conductivity. In this study, we
only consider the TM polarization, where the electric
field F, is kept to be parallel to the extension axis of
the metallic cylinders (assumed to be the z axis). In
all the simulations, the radius of the metallic cylin-
ders keeps to be r = 0.15a, and @ = 2cm. A constant
o = 5.8 x 107 S/m for the copper conductivity is used
and the permittivity of the background material is set
to be 14.

First, we employ the finite-difference time-
domain (FDTD) method with periodic boundary
conditions!'®1%! to calculate the band structures and
the EFS contours of the above PC. Figure 1(a) shows
the calculated band structures. The dashed line rep-
resents the light line of the environment shifted to the
K point. According to Pendry’s theory, when AANR
occurs, the frequencies must be under the light line
of the environment. We can see from Fig.1(a) that
the metallic cylinders lift the first TM-polarized pho-
tonic band and cause a stop band gap at the lowest
frequencies. The cutoff frequency of this metallic PC
is 0.135 (in units of 2wc/a). The dotted line repre-
sents the location of frequency 0.18. We can find from
the dotted line that the frequency 0.18 is outside the
AANR region, although very near to the upper edge
of the AANR region. The frequency 0.186 is located
far away from the AANR region.

The EFS contours at several frequencies such as
0.15, 0.18, and 0.186 are demonstrated in Fig.1(b).
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The 0.15 contours is very close to a perfect circle, so
that the group velocity at any point of the contour
is collimated with the wave vector k, indicating that
the crystal behaves like an effective homogeneous and
isotropic medium of usual positive refractive index at
this long wavelength. The 0.18 contour is significantly
different from a circle. In most part of the 0.18 con-
tour, which is centred around the I'K direction, the
curve is quite flat and has the surface normal point-
ing to the I'K direction, while the surface normal is
directed towards the K point near the Brillouin-zone
(BZ) edge (line MK). As the group velocity for a given
Bloch mode characterized by k is parallel to the EFS
normal at this k, we can see that the group veloc-
ities of the excited Bloch wave modes near the BZ
edges (shown as V) are pointed towards the K point
and correspond to an apparent negative refraction di-
rection for the PC slab, which is assumed to have a
surface normal parallel to the I'K direction.

Frequency (wa/2mc)

Fig. 1. (a) TM band structures and (b) EFS contours of
a 2D PC. The PC is composed of a triangular lattice of
metallic cylinders in a dielectric background. The metal
has constant conductivity of o = 5.8 x 107 S/m. The ra-
dius of cylinders is » = 0.15a, and a = 2cm. The permit-
tivity of the background material is 14. The dashed line
represents the light line of the air environment.

In contrast, the group velocities centred around the
I'K direction (shown as Vj;) would point dominantly

along the I'K direction in most part of the contour.
The 0.186 contour is similar to the 0.18 contour. The
only difference is that the 0.186 curve is slightly dis-
torted from a straight line and is convex with respect
to the K point in the most part centred around the
I'K direction, corresponding to a negative refraction
direction. The convex degree of the 0.186 curve be-
comes heavier when the curve moves to the BZ edges.
For comparison, we also give the EFS contours at
frequencies 0.18 and 0.186 for the air background,
which are shown by the dashed and dotted circles in
Fig. 1(b), respectively.
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Fig. 2. E, field patterns of a point source and its image
across a metallic PC slab. The rectangular PC slabs are in
width of 61 layers and in thicknesses: (a) 9 layers, (b) 19
layers. The slab surface normal is along the K direction.
The distance from the left and right slab edges to the cen-
tre of the adjacent cylinders is 0.1a. The point source is
placed at * = —a and y = 0, and resonant at w = 0.18
(in units of 2wc/a). The slab surfaces are represented by
two dashed lines. Dark and bright regions correspond to
negative and positive E,, respectively.

Secondly, we employ the FDTD method with a
boundary treatment of perfectly matched layers to vi-
sualize the propagation of EM waves through this kind
of metallic PC slab. The rectangular metallic PC slab
we consider is in width 61 layers and thickness 9 lay-
ers, and the surface normal is along the I'K direction.
The whole PC slab is embedded in the air environ-
ment. A point source of continuous wave resonant at
w = 0.18 is placed at the left side of the PC slab and
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fixed at x = —a and y = 0. The centre of the metallic
cylinders in the first layer is located at * = 0, and the
slab is symmetric with respect to y = 0. The distances
from the left and right slab edges to the center of the
adjacent cylinders are both 0.1a. The calculated E,
field pattern is displayed in Fig.2(a). We see that the
EM wave radiated from a point source forms a high-
quality image in the opposite side of the PC slab. The
size of this image (full size at half maximum) is about
2.4a, corresponding to 0.432)\. We have changed the
amount of the cut, while keeping other parameters
just the same as described above, and calculated the
corresponding field patterns. Visible image spots can
also be formed in the right side of the PC slab, but the
qualities of these image spots degrade to some extent.
The reason is that the PC slab lens with an optimum
termination can minimize the reflection between the
air-slab interfaces. Thus a high-quality image spot can
be achieved.

Then we change the thickness of the above PC slab
to be 19 layers, while keeping other parameters un-
changed. The background material still cut the out-
ermost layer of cylinders by an amount of 0.05a. The
calculated field pattern is shown in Fig.2(b), from
which we can see that a good-quality image spot also
forms in the opposite side of the PC slab. The width of
this image is about 2.9a, corresponding to 0.522\. No
apparent focusing of the EM wave is found inside the
slab. Instead, there is a bright channel connecting the
point source and the image. This indicates that the
self-collimation effect that has been found in dielectric
photonic crystals!'®! also plays an important role here.
Besides the central bright channel, some wave powers
from the point source are dispersed across the PC slab
along other directions.

The above-mentioned wave propagation behaviour
is consistent with the analysis on the EFS contour.
The bright channel connecting the image spot and the
point source is parallel to the direction of the group
velocity Vj1.
coupling of the incident energy power into the Bloch
modes in the wide area centred nearly in the I'K di-
rection of the 0.18 EFS contour. The two weak wave
beams propagating within the PC slabs are strongly
inclined from the surface normal of the PC slab in a
way consistent with the direction of the group velocity
Vi2. We have attributed these wave beams to coupling
of the incident energy power into the Bloch modes lo-
cated in the small region near the MK direction of the
0.18 EFS contour.

Now we alter the frequency of the point source to
be 0.186. The point source is placed at x = —1.5a and
y = 0, while the other parameters of the PC slab keep
unchanged. The calculated E, field distributions are
shown in Figs.3(a) and 3(b) for the 9- and 19-layer

We can attribute this wave beam to

samples. From Fig.3(a) we can find a good-quality
image spot formed in the right side of the PC slab.
Compared with the image shown in Fig.2(a), this im-
age is slightly elongated in the lateral direction, while
contracted in the longitudinal direction. The width of
this image spot is about 3.3a, corresponding to 0.614\.
The possible reason for the degradation of the imag-
ing quality is that this frequency is much more above
the light line of the environment. The reason for the
degradation of the imaging quality again can be vi-
sualized from the EFS characteristics of the photonic
crystal. As can be found in Fig. 1(b), although the fre-
quency 0.186 is only slightly far away from the light
line of the environment than the frequency 0.18, the
corresponding 0.186 EF'S contour within the photonic
crystal is much more contracted towards the BZ edge,
and runs across a BZ area much smaller than the 0.18
EFS contour. By comparing the EFSs of the frequency
0.18 in air and in PC, we find that almost all the
EM waves radiated from the point source can trans-
mit the PC slab either through a collimation direction
(for wave components with small incident angles) or
through a negative refraction direction (for wave com-
ponents with large incident angles). In contrast, when
the frequency becomes 0.186, quite a part of the EM
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Fig. 3.
point source becomes 0.186, and the source is located at

z = —1.5a and y = 0.

The same as Fig.2 but the frequency of the
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waves radiated from the point source (with large in-
cident angles) cannot excite Bloch modes within the
PC structure, so they cannot transmit through the PC
slab and will finally be reflected. As a high-quality
image spot requires as much as possible wave com-
ponents transmitting the PC slab, increasing the fre-
quency of the point source from 0.18 to 0.186 will lead
to the imaging degradation.

When the thickness of the PC slab becomes 19
layers, we can see from Fig.3(b) that a visible image
spot is also formed on the right side of PC slab, but
with a still degraded quality. The width of this im-
age spot is about 5.0a, corresponding to 0.93\. The
bright channel inside the PC slab becomes narrower
when it transverses across the PC slab. This is also
consistent with the analysis of the EFS contour of the
frequency 0.186. The good consistence between the
FDTD simulation of the wave propagation behaviour
and the EFS contour analysis on Bloch wave modes
once again demonstrates that the EFS is a very useful
physical quantity to understand the main properties
of EM wave propagation in PC structures.

In summary, we have investigated the imaging
properties of EM waves by 2D PC slabs consisting
of a triangular lattice of metallic cylinders immersed
in a dielectric background. From the analysis of the
EF'S contours and the field patterns of a point source
placed in the vicinity of the PC slab, we find that a
high-quality image is formed in the opposite side of
the PC slab. This image is formed not only by the
negative refractive effect, but also mainly by the self-

collimation effect. In addition, high-quality images

can form at frequencies in the fundamental band and
above the light line of the environment, in a way be-
yond the expectation from the AANR mechanism.
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