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We have investigated in detail the influence of defect on the focusing of electromagnetic waves in a two-dimensional

photonic-crystal flat lens by using the finite-difference time-domain method. The result shows that many focusings can

be observed at the symmetrical positions when a defect is introduced into the lens. Furthermore, the wave-guides in

the lens can confine the transmission wave effectively and improve the quality of the focusing.
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1. Introduction

Recently, left-handed materials (LHMs) and neg-
ative refraction have increasingly attracted attention
due to their implication for some unusual electromag-
netic (EM) wave propagation phenomena. Veselagol!l
for the first time analysed some interesting pecu-
liar properties of such materials over 30 years ago,
but only recently did people demonstrate these mate-
rials experimentally.>3] These materials have many
unusual EM properties, such as negative refraction

4,5]

and superlensing effect, inverse Snell law, reversed

[6] and reversed Cherenkov radiation.[”]

Doppler shift,
These characteristics open the door for the new ap-

proaches to a variety of applications.

Recently experimental and theoretical studies
have also indicated that negative refraction phenom-

[8—22] In

ena in photonic crystals (PCs) are possible.
particular, Luo et al " have shown that all-angle neg-
ative refraction (AANR) can be achieved at the lowest
band of two-dimensional (2D) PCs. The physical prin-
ciple that allows negative refraction in PCs is based on
the dispersion characteristics of wave propagation in
a periodic modulation medium, which can be well de-
scribed by analysing the equi-frequency surface (EFS)

of the photonic band structures.[?3=29 Tt is well known

that an important application of negative refraction

materials is making the flat lens.[®]

Ideally, such a lens
can focus a point source on one side of the lens into a
real point image on the other side even for the case of
a flat slab of material. It possesses some advantages
over conventional lenses. There is no diffraction limit.
The imaging behaviours based on the PC have been
observed by some numerical simulations!3:15—2330,31]
and experimental measurements.4:24-26]

There have appeared some theoretical and exper-
imental studies on the focusing and imaging of PC
lens. However, detailed theoretical and experimental
investigations about the influence of defect on the fo-
cusing of electromagnetic waves are still lacking.[*? It
is very important to investigate the focusing. In the
present, we study theoretically the influence of defect
on the focusing in a two-dimensional photonic-crystal
flat lens in detail.

The rest of the paper is organized as follows. In
Section 2 we analyse the band structure, the EFS of
the periodical structure and the focusing in a flat lens
without defects. The focusing is discussed when the
defects are introduced in Section 3. In Section 4 we
study the effect of wave-guide on the focusing. Finally,
the conclusion draw from the present study is given in
Section 5.
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2. Focusing in PC without defect

We consider a 2D square lattice of dielectric cylin-
ders with a dielectric constant of 8.6 and a radius of
The pho-
tonic band structures and the EFS contours are crucial

3mm. The lattice constant of PC is a.

for the investigation of negative refraction and focus-
ing effect. They are calculated by using the finite-
difference time-domain (FDTD) method with peri-
odic boundary conditions, and the results of the TM-
polarized EM waves are plotted in Figs.1(a) and 1(b).
It can be seen from Fig.1(b) that the contour at a
frequency of 7.65GHz for the S wave is significantly
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Fig.1.

distorted from a circle. It is convex around the point
M, and this means that the directions of the group
velocity and the phase velocity are opposite to each
other. The conservation of the surface parallel wave
vector will result in the negative refraction effect in
this case. According to the analysis approach by Luo
et al!*3l we can obtain an all-angle negative refraction
(AANR) region. The shadow in Fig.1(a) represents
such a region. In this region, a slit beam of TM-
polarized wave incident on the I'M surface at various
incident angles can propagate into this crystal from
the negative refraction side. In all of our simulations
the electric fields are kept parallel to the cylinders.
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Theoretical photonic band structure of a square lattice of cylinder for TM-

polarized wave (a) where the light line is shown by the dashed line and the shadowed

area represents the AANR region, and several equi-frequency contours for TM-polarized
wave (solid lines) in the first band of the 2D PC (b).

In a way similar to that in Ref.[13], we can de-
sign a flat lens to realize the focusing by using the
above PC systems. Thus, we take a square slab with
each side length of 15v/2a as shown in Fig.2(a). A
continuous-wave point source is located at a distance
of 1.0a from the left surface of the slab. The frequency
of the incident wave emitting from such a point source
is 7.66GHz, chosen to lie within the region where the
absolute all-angle negative refraction may occur (see
Fig.1(a)). Using the FDTD method, we investigate
the propagation of the TM-polarized wave in such a

system. The result is plotted in Fig.2(b). One can
find a high-quality focusing formed on the opposite
side of the slab. The distance of the focusing from the
right surface of the slab is about 0.8a. That is to say,
the focusing of a point source can be observed at this
frequency by such a 2D PC slab. The physical reason
can be understood from the analysis by Luo et al.['%]
Furthermore we locate the point source at the centre
of the sample. We can observe high-quality focusings
along other directions. It is proved that the sample

can focus in many directions.



No. 3 Effect of the defect on the focusing in a two-dimensional photonic-crystal-based flat lens 1103

Fig.2. Structure of the flat lens (a), where the holes repre-
sent dielectric cylinders, the field distribution for the point
source located outside of the lens (b), and the field distribu-
tion for the point source at the centre of the lens (c).

3. Focusing in PC with point de-
fect

Now we investigate the effect of defect on the fo-
cusing. Above all we introduce one defect into the
centre of the sample. It means that the four cylinders
around the centre are taken out as shown in Fig.3(a).
In a similar way to the one used in the above inves-
tigation, we first calculate the field distribution when
the point source is outside the sample. It can be seen
from Fig.3(b) that the wave changes its transmission
direction when it arrives at the position of the de-
fect. Interestingly, we observe the other two focusings

in other directions. There is also a focusing in the
transmission direction, but the quality of the focusing
degrades. It means that the defect can cause many fo-
cusings of the lens. The result also demonstrates that
both the negative refraction effect and self-collimation
effect are important for the focusing of the lens. The
reason is that the photonic crystal possesses a four-
fold symmetry. When the wave arrives at the position
of defect, the focusings appear at other symmetrical
position because of the holdback of defect. To further
support our observation, we locate a point source at
the centre of the sample. Figure 3(c) shows the simu-
lation result. Four high-quality focusings are observed
at the four symmetrical positions.
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Fig.3. Structure of the lens with a defect (a), the field
distribution for the point source located outside the lens
(b), and the field distribution for the point source at the
centre of the lens (c).
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Since the wave does not transmit at the posi-
tion of defect, we consider introducing four defects as
shown in Fig.4(a). We calculate the field distribution
when the point source is outside the lens as shown in
Fig.4(b). We also observe the focusing in the other di-
rections. When the transmission source is located at
the centre of the sample in Fig.4(c), we find that all
the energies are located at the centre of the sample.
The lens does not focus in any direction. It is also
proved that the defect can confine the transmission of
the wave effectively.

Fig.4. Structure of the lens with four defects (a), the field
distribution for the point source located outside the lens
(b), and the field distribution for the point source at the
centre of the lens (c).

4. Focusing in PC with waveg-
uide

To test the above theoretical analysis, we adopt
a wave-guide in the lens. We first consider W1 wave-
guide, which is formed by a line of missing cylinders.
The structure is displayed in Fig.5(a). Firstly, we in-
vestigate the case in which the point source is located
outside the sample as shown in Fig.5(b). We find that
the lens has a high-quality focusing. But at other
positions outside the wave-guide there also exists the
transmission wave. To test this result, we locate the
point source at the centre of the sample. Figure 5(c)

Fig.5. Structure of the lens with W1 wave-guide (a), the
field distribution for the point source located outside the
lens (b), and the field distribution for the point source at
the centre of the lens (c).
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shows there appear four focusings at four symmetri-
cal positions. It is proved that W1 wave-guide does
not confine enough the transmission wave. The EM
does not attenuate totally when it traverses the W1
wave-guide. Secondly, we take out two lines of cylin-
ders (W2 wave-guide) as displayed in Fig.6(a). We
carry out the same simulation. The field distributions

are shown in Figs.6(b) and 6(c). We can observe that
the transmission wave is confined completely into the
region between the two wave-guides. In the other di-
rections there appears no transmission wave. When
the point source is located at the centre of the lens,
there remain only two focusings. Moreover, the qual-
ities of the focusings have been improved.

Fig.6. Structure of the lens with W2 wave-guide (a), the field distribution for the point source located

outside the lens (b), and the field distribution for the point source at the centre of the lens (c).

5. Conclusion

Using the numerical simulations based on the
finite-difference time-domain method, we study the ef-
fect of defect on the focusing of lens that is built by a

square lattice of dielectric cylinders. We find that the
lens with defects can focus in many directions. When
the wave-guides are introduced, the transmission wave
is confined effectively within this region.
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