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Abstract

We present a review of our experimental and numerical studies on the
negative refraction related phenomena in two-dimensional dielectric
photonic crystals (PCs). By employing photonic bands with appropriate
dispersion, the propagation of the electromagnetic wave through a PC can be
controlled to a large extent, and diverse and completely novel
electromagnetic phenomena can be generated. We perform the spectral
analysis of the negative refraction arising from a convex TM polarized
photonic band of a hexagonal PC. As a consequence of negative refraction,
we demonstrate a photonic crystal flat lens, which has the ability to focus
electromagnetic waves and provide subwavelength resolution laterally.
Finally, a photonic crystal with an embedded source is shown to provide a
highly directional beam, which can be utilized in certain antenna

applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Photonic crystals (PCs) are periodically modulated dielectric
or metallic structures, which are envisaged as the building
block of the next generation of integrated optical devices [1,2].
The periodicity gives rise to bands for the propagation of
electromagnetic waves and band gaps, where the propagation is
prohibited for a certain frequency range, in close analogy of the
photon to an electron moving in a periodic electric potential in a
solid. By employing different dielectric materials and different
geometries in the fabrication of the PC, the band structure
and hence the propagation of light can be modified virtually
in any way in a controllable manner. In particular, two-
dimensional (2D) PC structures stand out for their potential
use in planar integrated photonic circuits. They also provide
a convenient framework to investigate novel electromagnetic
phenomena, since 2D PCs are easier to fabricate compared
with their 3D counterparts. An essential feature is the
scalability of the governing Maxwell’s equations; this enables
the straightforward projection of an existing PC design to
different scales ranging from microwave up to far-infrared.
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On the other hand, most of the target applications reside in
the near-infrared (communication) and optical wavelengths
which require submicron scale PCs. At present, the realization
of PC-based devices at this scale is still experimental [3-9].
When contrasted to the required level of uniformity of the
PCs, the existing fabrication technologies still need further
advancement. In this paper, we shall restrict our discussion
to the electromagnetic properties of microwave PCs and leave
the fabrication issues aside.

Most of the studies on PCs first addressed the utilization
of the photonic band-gaps [10], localized photon states [11],
band-edges [12], defect modes [13, 14] and coupled cavity
waveguides [15-20]. On the other hand, the investigation
of the dispersion of photonic bands revealed diverse and
novel electromagnetic phenomena. In particular, it was
demonstrated that the PCs refract the electromagnetic waves
in an unusual manner, including negative refraction, although
the PC is a positive medium intrinsically [21-29].

In this paper, we review our studies involving the negative
refraction phenomenon in 2D dielectric PCs. The paper
is organized as follows: in the next section, the spectral
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Figure 1. (a) TM polarized band structure of the hexagonal PC. The 5th band (shaded) is used to generate negative refraction. (b) The
frequency surface of the 5th band in the full Brillouin zone. Some EFCs are projected to the Brillouin zone plane.

investigation of the negative refraction originating from a
transverse-magnetic (TM) polarized PC band is presented by
experiment and simulation. In this context, the mechanism
arising from the band structure which generates the negative
refraction is discussed. We then consider the focusing of EM
waves emitted by omnidirectional sources to demonstrate that
the PC-based lenses can achieve subwavelength resolution
surpassing their conventional (positive refractive index)
counterparts. The flat lens behaviour (i.e. absence of an optical
axis) for PC slab lens is obtained.

A target application area involving PCs is antennas in
communication systems. For this purpose, we demonstrate the
shaping of the radiation pattern of an omnidirectional antenna
embedded into a PC. The radiation of the antenna couples to a
particular photonic band propagating through the PC and then
gets emitted through the PC surface with high directivity. This
type of beam formation is important for certain applications.

2. Spectral analysis of the negative refraction by a
2D photonic crystal slab

We have designed and constructed a PC consisting of a square
array of cylindrical alumina rods with dielectric constant
& = 9.61, diameter 3.15 mm and length 150 mm. The lattice
constant is @ = 4.79 mm. The TM polarized (i.e. electric field
vector, E, is parallel to the rods) band structure of the PC is
calculated by plane wave expansion method (figure 1(a)). We
focus on the 5th band shaded in the figure, which extends from
@ = 0.65 (f = 40.65GHz) to ® = 0.74 (f = 46.27 GHz),
where @ = wa/2mc is the scaled frequency. In figure 1(b),
the band surface in the full Brillouin zone is shown and several
equal frequency contours (EFCs) projected to the plane are
indicated. The EFCs of the band shrink with increasing
frequency, contrary to the EFCs in air (n = 1) which are given
by the dispersion @ = ck. As aresult, the effective refractive
index ne = sgn(f)g - ky)(clks|/w) becomes negative due to
the sign of the antiparallel group velocity U, = Vjw and the
phase velocity T)p =(c/ |neff|)12 r [25-27]. Here c is the speed
of light in vacuum and Igf is the unit wavevector in the PC.
The experiment setup to measure the negative refraction
consists of a network analyzer and a set of transmitter-receiver
antennas. The PC has 7 layers along the incidence (I'M)
direction and 31 layers along the lateral (I'K) direction. The
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Figure 2. The intensity map obtained by simulation. The
microwave signal is incident to the PC at an angle of 30°. Reflected
and refracted components are marked (see text for description). The
measurement setup is superposed on the image to provide visual
description of the experiment. The double arrow indicates the lateral
scanning directions.

field is incident from the negative side of the PC with respect
to its central axis. Along the other side of the PC, the spatial
distribution of the transmitted signal is scanned in 1.27 mm
steps. The frequency is swept from 38.5 to 43.5 GHz covering
the lower half of the 5th band (frequencies above 44 GHz were
beyond the measuring capability of the present equipment).
Figure 2 shows the experimental setup along with an FDTD
simulation for 6; = 30° incidence (mark 1) at frequency
o = 0.667(f = 41.7GHz). At this frequency, reflection
(mark 2) and diffraction (mark 3) occur since the condition
5] < a/(zainterface) is not met (24’ 26) Here, Uinterface is
the period along the interface (surface) of the PC. For the
hexagonal PC, aiperface = a for the interface normal to the I'M
direction; hence, the above condition reads @ < 0.5. Violating
this condition may generate higher order Bragg reflections for
higher angles of incidence, as exemplified here. Nevertheless,
the transmitted beam (marks 4 and 5) appears to be a single
component. Hence, we will employ Snell’s law to extract the
negr from the measurements.

In figure 3, the transmission spectra are shown as a
function of frequency and lateral position for three different
incidence angles of 9; = 15°, 30° and 45°. Evidently, the
transmitted beam appears on the negative side in agreement
with the simulation [29]. In figure 3(b), the intensity profiles
at f = 41.7 GHz are plotted. The incident field has a Gaussian
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Figure 3. (@) The measured negative refraction spectra of the 5th band along the PC-air interface for incidence angles 6 = 15°, 30° and 45°.
Measured (b) and simulated (c) intensity profiles at f = 41.7 GHz for the respective incidence angles. Solid curves are Gaussian fits.

beam profile centred at x = 0 (not shown in the figure).
The intensities are normalized with respect to the maximum
intensity for the 15° incidence. The profiles shiftin accordance
with increasing incidence angle. The shift is accompanied by
a decrease in the transmission intensity which is mainly due
to the increased reflection for oblique incidence. The intensity
profiles obtained from FDTD simulations in figure 3(c) show
good agreement with the experimentally measured profiles.

Using Snell’s law for this geometry n(w)sinf, =
nqir in 0;, where 6; is the angle of incidence and 6; is the angle
of refraction inside the PC, we obtain from the experiment
nesg = —0.52, —0.66 and —0.86 for §; = 15°, 30° and 45°,
respectively. The simulation results for the same incidence
angles give neg = —0.66, —0.72 and —0.80, respectively. Itis
evident that ne¢ (w) bears the anisotropy of the band structure,
particularly at the lower band edge where the EFCs start to
deviate significantly from the circular shape. This necessitates
the fine tuning of the material parameters to achieve circular
EFCs in the band structure, so that the angular anisotropy is
eliminated. We would like to stress that the 7.4 (w)introduced
for PCs does not intend to describe the optical properties in
terms of a homogeneous medium. Furthermore, one should
note that the propagation of electromagnetic waves within the
PC occur via Bloch modes, and not similar to a homogeneous
medium.

3. Subwavelength focusing by using a 2D photonic
crystal slab lens

In this study we construct a cubic PC with the same alumina
rods described in the previous section. The lattice constant
isa = 479mm. We employ the first band of the PC for
generating negative refraction. In this case, the part of the band
with convex EFC is centred around the M point (figure 4). As
indicated in [24], the EFCs are required to be both convex and
larger than the EFCs in freespace, in order to obtain negative
refraction. However, in this case k - dw/dk > 0 everywhere
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Figure 4. (a) (Left) The schematic view of the experiment setup.
The square PC slab is depicted by the array of grey dots. (Right)
The respective EFCs of the electromagnetic wave at @ = 0.2189 are
depicted in freespace and in the PC. The conservation of
surface-parallel wave vector gives the direction of the refracted
waves inside the PC. (b) The band structure of the cubic PC. The
shaded region between & = 0.2093 and @ = 0.2467 gives negative
refraction.

within the first Brillouin zone, and the group- and phase-
velocities are not antiparallel [22, 24-27]. For comparison,
the relevant band of the PC discussed in the previous section
was centred around the I" point, and the behaviour of the PC
medium was resembling a true left-handed (i.e. negative index)
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medium. This time we have aright-handed (positive index) PC
which is just exhibiting negative refraction. The advantage of
using the first band is that, since A > 2+/2a, the propagation
does not suffer from Bragg reflections inside the PC and a
well-defined single beam propagation is guaranteed within the
PC. The scaled frequency range that gives negative refraction
extends from @ == 0.2093 to & = 0.2467

By using the setup depicted in figure 4(a), the negative
refraction in this PC has been verified by scanning the lateral
profiles of the incident and transmitted signals [29]. Based on
the presence of negative refraction, we would like to investigate
the focusing phenomenon in this PC.

Superlensing, which is not limited by diffraction, was
proposed first by Pendry, as a negative refraction-induced
phenomenon [31]. Ideally, this requires an isotropic index
of refraction of negative unity and amplification of evanescent
field modes while propagating across the lens structure which
then contribute for an immaculate image formation on the
focal plane. Anisotropy and deviations from negative unity
will result in an impaired focusing, but still exhibit unusual
focusing properties in contrast to positive refractive index
materials. Following the prediction by Pendry on the perfect
focusing by negative refraction [31] and initial theoretical
studies concerning PCs [24], the subwavelength focusing by
PCs were demonstrated experimentally [28,29]. This quickly
led to an extensive literature on the subject [24-38].

In this study, we use a PC slab having 17 layers in the
propagation direction and 21 layers in the lateral direction.
The operation frequency is set to f = 13.698 GHz. At this
frequency, the overlap of the respective EFCs in freespace and
in PC provides the largest angular range for negative refraction
and thus better isotropy in focusing [24,29]. Two point
sources which are separated by a distance of ~A /3 (i.e. within
subwavelength separation) are placed 0.7 mm away from the
air—PC interface and the lateral profile of the transmitted signal
is scanned at 0.7 mm away from the PC-air interface. We
also simulated this experimental configuration using the FDTD
method. Figure 5(a) shows that the sources can be resolved
individually in the transmitted signal profile. The full width
at half maximum (FWHM) of the individual source peaks is
approximately 0.211. For comparison, the calculated FWHM
of the transmitted signal from a single source in the absence
of the PC was found to be 5.94A. We also note the good
agreement between the simulated and measured data. When
the crystal is removed, no features are visible on the intensity
profile (dashed line).

When the two sources are fed by the same signal
generator, they radiate coherently. It is then possible to see
interference peaks in the resulting radiation pattern which
may be incorrectly attributed to a subwavelength focusing
ability by the PC. To avoid such interference effects, we
repeated the experiment using two separate (incoherent) point
sources having frequencies 13.698 GHz and 13.608 GHz,
respectively. Independent signal generators are used for
driving the monopole antennas to ensure incoherent behaviour,
and a powermeter is used for the measurement. Again, the
individual peaks corresponding to each source are clearly
resolved (figure 5(b)).

The incoherent source setup was simulated for a uniform
dielectric slab with a high refractive index to check whether
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Figure 5. Subwavelength resolution: (a) measured (- - -) and
simulated ( ) power distribution at 0.7 mm away from the PC-air
interface for two coherent sources separated by A /3 at 0.7 mm away
from the air—PC interface. The dotted line denotes the simulated
intensity profile in the absence of PC. (b) Same setup with two
incoherent point sources. The lower dashed and dashed—dotted
curves indicate the power distribution for uniform dielectric slabs
with refractive indices n = 3.1 and n = 15, respectively. Note the
magnification of the curve.

the observed resolution originates from the refractive index
contrast as in the case of oil (or solid) immersion microscopy.
The dashed and dashed—dotted lines in the bottom panel of
figure 5 indicate the power distribution in the presence of a
dielectric slab of n = 3.1 and n = 15, respectively. Note
that n = 3.1 is also the refractive index of the alumina rods
used in constructing the photonic crystal. Even with the use of
unrealistically high refractive index (n = 15), the sources are
not resolved. Besides, the large reflection due to high index
contrast at the interface significantly reduces the transmitted
power when compared with the high (63%) transmission
obtained from the photonic crystal at this operating frequency.
So, even if the observed subwavelength is associated with near
field effects, this is not achievable by ubiquitous materials.

As the theoretical studies indicated [32], the subwave-
length resolution is due to the amplification of evanescent
wavevectors by the medium and their transfer between the in-
terfaces of the medium. In the case of PCs, the periodicity
imposes an upper cut-off to the transverse wave vector that
can be amplified, which brings an ultimate limit to the super-
lens resolution. Materials with true intrinsic negative index of
refraction do not have such limitation. Evidently, the source
and image plane should be close to the PC interfaces so that
the evanescent modes of the source can be picked up by the
PC and then be detected at the other interface.

4. Highly directional radiation from a plain
photonic crystal with an embedded source

The ability to control the propagation of electromagnetic
waves by PCs brings naturally the possibility of generating
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Figure 6. (a) The simulated and (b) experimentally measured TM field intensity pattern of a source with f = 41.9 GHz located at the centre
of the PC over a rectangular area. The hexagonal PC is a 17 x 13 layer rectangular slab. The light shaded area in the simulation map

corresponds roughly to the regions scanned experimentally.

highly directional radiation from omnidirectional sources.
Some studies utilize the PC as a cover or substrate to an
externally located source [39-41]. Other studies consider
embedded sources in PCs where the directivity was achieved
by employing localized cavity modes [42], generating partial
gaps in the band structure by stretching of the crystal structure
spatially [43], photonic band edges [44,45], corrugated surface
modes [46, 49], and self guiding modes governed by flat
photonic bands [47,48].

In this section, we present yet another example in which
the directional beam is generated by a plain bulk photonic
crystal without any modification to its geometrical and material
parameters. Employing a photonic band with appropriate
topology suffices to channel the radiation of the embedded
source and then transfer it to the free-space in the form of a
directional beam. The lateral isolation of the emitted radiation
within the PC is achieved by a compact size.

‘We use the 5th photonic band of the PC described in detail
in section section 2. We note that the equal frequency contours
(EFCs) depicted in figure 1(b) are of hexagonal shape at the
lower part of the band with nearly flat edges normal to the 'M
direction. It has been shown that the Bloch modes within the
PC possess even symmetry when the wavevector, k, is along
the I'M direction and odd symmetry when k is along the 'K
direction, whereas a plane wave propagating in freespace at
normal incidence is of even symmetry [44]. When the surface
geometry of the PC conforms to the band contours, the Bloch
modes with matching symmetry can couple to the freespace
with very high transmission. The flat band topology and the
enhancement (or suppression) of transmission induced by the
symmetry of the propagating modes provide the mechanism for
the spatial guiding of the electromagnetic wave within the PC.
At the interface, the electromagnetic wave will be refracted,
which is again governed by the dispersion of the PC band. The
mathematical formulation of the effective index of refraction
for a PC band was given as neg = sgn(ﬁg . I_éf)(c|kf|/a)),
where U, = Viw is the group velocity and I;,« is the wavevector
inside the PC. Based on this formulation, the flat segments of
the band would lead to ner small in magnitude (since %w
becomes small) and the convexity brings the negative sign.
For illustrative purpose, let us assume that the PC is a medium
with ner =~ 0. Then, Snell’s law at the PC—air interface
Nefr Sin 6; = sin 6 implies that all incident waves would refract
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almost parallel to the normal and hence would result in a highly
directional beam.

The 2D PC has 17 layers along the x (I'K) direction and 13
layers along the y (I'M) direction. Figure 6(a) shows the 2D
intensity pattern of the radiation at f = 41.9 GHz computed by
FDTD simulation. The strong directivity of the radiation along
the I'M direction and the absence of any significant amount of
radiation in the 'K direction are clearly observed in this simu-
lation. In figure 6(b), the experimental intensity pattern is plot-
ted. The measurement is performed by a 2D spatial scanning
setup and two monopole antennas, one inserted into the PC,
the other mounted on the scanning probe. The transmission
spectrum is measured by a network analyzer. The calibration
measurement is taken in the absence of the PC, the scanning
probe being located at x = 0 and at the y coordinate which cor-
responds to the location of the PC surface. The intensity map
in figure 6(b) is combined from two separate measurements,
each performed on a rectangular area in the 'M and 'K direc-
tions, respectively. The axes are scaled by the PC period. The
colour mapped intensity scale of the experimental plot ranges
from —20 to 10dB. The directional beam emerging from the
I'M surface is clearly observable. Some background noise is
present in comparison with the simulation, which is due to the
reflections in the experiment environment, and the finite size
of the PC normal to the measurement plane. In the simulations
the PC extends infinitely along the out-of-plane direction.

The intensity map of the monopole antenna obtained in the
(a) presence and (b) absence (i.e. freespace) of the photonic
crystal are compared in figure 7. The respective lateral profiles
of the beam at locations y/X = 0, 5, 10 and 15 (relative to the
PC surface) are plotted in figures 3(c) and (d). The intensity
is normalized by the maximum intensity of the profile at the
v/, = 0 (PC surface location). The FWHM of the profiles
obtained in the presence of the PC are 2.3, 2.0, 2.7A and
3.3A, respectively.

5. Conclusion

In this paper, we review our recent studies concerning the
negative refraction and the focusing properties of 2D dielectric
PCs. The mechanism leading to negative refraction originates
from the convex topology of the particular photonic band
structure, which can then be characterized by a negative
effective index of refraction, n.s. The spectral analysis of the
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Figure 7. The experimental 2D intensity map along the I'M direction starting from the PC surface location (a) when the monopole is
embedded in the PC and (b) when the PC is removed (freespace propagation). (c¢) The lateral beam profile at locations y/A = 0, 5, 10 and
15 taken from the map in (a). Intensity axis is normalized by the maximum of the respective y /A = 0 profile.

negative refraction indicates that n.g is in general anisotropic,
particularly towards the band edges. The negative refraction
enables the focusing of electromagnetic waves; hence, a PC
slab can be utilized like a focusing lens. We demonstrate
the focusing of the electromagnetic waves emitted by two
point sources which are located close to the PC interface and
separated from each within a subwavelength distance. The two
sources can be clearly resolved by the PC lens. Finally, we
employ a PC slab with an embedded point source to generate
directional radiation. In this case, the flat dispersion of the
photonic bands enables the guiding and spatial confinement of
the radiation.
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