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Off-axis directional beaming via photonic crystal surface modes
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We investigated off-axis directional beaming from a photonic crystal (PC) waveguide. We
theoretically and experimentally demonstrated that it is possible to control beaming from a PC
waveguide via PC surface modes using a gratinglike layer with different periods on different sides
of the waveguide. We observed off-axis directional beaming with full width at half maximum of 10°
with a beaming angle of 14° from a PC waveguide. Since the beaming angle only depends on the
periods of the gratinglike layer on the output side, this beaming angle can be easily changed by
arranging the grating periods asymmetrically. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2842424]

The diffraction limit is the main problem in manipulat-
ing light, especially for subwavelength scales. Electromag-
netic (EM) waves that transmit through a subwavelength ap-
erture are fully diffracted in all directions, as defined in the
standard diffraction theory by Bethe! in 1944. In order to
overcome this disadvantage, researchers have studied beam-
ing phenomena for many years now. In 2002, Lezec et al*
showed that it is possible to obtain directional beaming from
subwavelength apertures via the excitation of surface plas-
mons (SPs) on corrugated metallic surfaces. The SPs that
scatter from the output surface produce emitters that are
similar to an array antenna. Hence, the constructive interfer-
ence of the surface waves result in directional beaming.
Since the reporting of directional beaming through subwave-
length apertures, this phenomenon has been intensively in-
vestigated as per the theoretical and experimental aspects.3’5

Since the arrival of photonic crystals®’ (PCs), many ap-
plications based on PCs have been proposed and demon-
strated. Waveguides8 and highly directional antennae”'’ are
among these applications. PCs also have another important
property that can lead to important applications. PCs can
support surface propagating EM waves for the appropriate
crystal termination surfaces.'""!? Therefore, the surface of a
corrugated PC has a similar property as corrugated metallic
surfaces. A PC waveguide which has a width that is less than
the wavelength, also suffers from a diffraction limit. Hence,
this similarity has been suggested in order to solve this prob-
lem and by using this similarity it has been shown that it is
possible to obtain directional beaming from a PC
Wav<eguide.l3’14

On the other hand, one needs to control directional
beaming and the direction of the beaming in order to fully
solve the problem of diffraction from a subwavelength aper-
ture. Since controlling the direction of beaming is another
important issue, all of these studies are specifically investi-
gated on-axis beaming. Recently, Kim et al.’ proposed a
method for off-axis directional beaming and Lin et al.'®
showed that it is possible to control beaming at optical fre-
quencies using asymmetric gratings. However, there has not
been any conducted work that demonstrates off-axis direc-
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tional beaming via the surface modes of a PC. In the present
paper, we investigated the control of directional beaming via
a PC waveguide with asymmetric surface corrugations. By
using this new structure, we were able to change the beaming
angle and attain off-axis directional beaming from a PC
waveguide with a subwavelength width.

There are three types of modes that are supported by a
finite size PC, which is finite in one dimension and infinitely
periodic in the other dimension. The first of these modes
extends in the air and PC. The second mode extends in the
air but decays in the PC and the last mode decays in the air
but extends in the PC. On the other hand, the PC can also
support one more mode by modifying the PC-air interface.
This mode is known as the surface propagating mode, the
electric field of this mode decays in the air and PC. The
electric field of this mode is localized at the surface of the
PC. There are several ways to create this mode such as using
rods of different shapes or using rods with a different radius
at the surface. In the present work, we reduced the radius of
the rods at the surface of the PC.

We started with a two-dimensional PC constructed from
a 43 X 11 square array of circular alumina rods. The crystal is
11 layers along the propagation direction. The radius of the
rods is 1.55 mm and the dielectric constant of the alumina is
9.61. The separation between the center of the rods along
lattice the vectors is a=11 mm. This PC has a band gap
between 8.7 and 13.2 GHz. Then, we removed one row of
rods from this PC in order to obtain a waveguide. We also
modified the surface by adding a layer of rods with a radius
of 0.76 mm to this PC waveguide to create surface propagat-
ing modes in the band gap. Figure 1 shows the calculated
field intensity by the finite-difference time-domain (FDTD)
method when the surface corrugation is added to the exit
surface of the PC waveguide at 11.1 GHz. The data show
that the surface modes are not coupled to the radiating modes
of the free space. However, the surface modes excited by the
PC waveguide can be coupled to the radiating modes of the
free space when an extra layer, called a gratinglike layer, is
added in front of the corrugated layer of the PC.

The PC waveguide used in our study has a width that is
smaller than the wavelength radiation from the waveguide
would diffract in all directions. Directional beaming along
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FIG. 1. (Color online) Calculated field intensity when the surface corruga-
tion is added to the exit surface of the PC waveguide.

the axis of the propagating direction from the PC waveguide
was observed by adding a corrugated layer and a gratinglike
layer with a period of 22 mm in front of the PC wz:weguide.14
In the present study, in order to obtain off-axis directional
beaming from a PC waveguide, we used gratinglike layers
with different periods on different sides of the output surface
of the waveguide.

The experimental setup consists of a network analyzer
and two standard-gain horn antennae in order to measure the
transmission amplitude between 10 and 13 GHz. Radiation is
normally incident upon the PC from 15 cm by the source
antenna. The receiver antenna is 100 cm (=50\) away from
the PC’s back face, and was connected to a rotating arm in
order to measure the angular dependence of the far-field ra-
diation. The schematic of the experimental setup and PC
waveguide is illustrated in Fig. 2. We formed the gratinglike
layer with rods that have equal radii of the bulk PC rods. The
asymmetric gratinglike layer has a double period (22 mm)
on one side and triple period (33 mm) on the other side of
the PC waveguide (Fig. 2).

The measured and calculated radiation patterns of the
EM waves emitted from the PC waveguide at 11.1 GHz are
shown in Fig. 3. We observed a beam that was confined to a
narrow angular region with a FWHM of 10° and a beaming
angle of 14° (Fig. 3). This result is in good agreement with
the FDTD calculations. In addition, we measured the electric
field intensity at 11.1 GHz over a region of 60X 70 cm?.
Figure 4 shows that the electric field intensity is confined to
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FIG. 2. Experimental setup for angular distribution measurements. ®
changes from 0° to 180°. The right side of the 90° stands for the side with a
gratinglike layer period of 33 mm.
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FIG. 3. (Color online) The measured (a) and calculated (b) radiation pat-
terns of the EM waves emitted from the PC waveguide at 11.1 GHz. The
right side of 90° stands for the side with a gratinglike layer period of
33 mm.

a narrow spatial region and propagates along 14° without
diffracting. Hence, the asymmetric gratinglike layers provide
an off-axis directional beaming from the PC waveguide via
PC surface modes.

The off-axis beaming can be explained using the SP dif-
fraction theory. This theory states that when a wave vector of
the SP is smaller than the grating vector, the wave vector of
the diffracted light will be negative, or vice versa.” This can
also be stated as the projected direction of the diffracted
beam is the opposite of the SP propagation when a wave
vector of the SP is smaller than the grating vector. Since PC
surface can be designed to support surface waves as de-
scribed in the above, the same phenomenon holds for the
surface waves of the PC, depending on the period of the
gratinglike layer, the direction of the emitted beam changes.
For directional beaming, the gratinglike layers with the same
periods on both sides of the waveguide, the two emerging
beams overlap to form a beaming pattern along the axis of
propagation direction. On the other hand, the gratinglike lay-
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FIG. 4. (Color online) The measured intensity distribution at the exit side of
the PC waveguide when the corrugation and gratinglike layers are added to
the exit surface of the PC waveguide. The Y axis is parallel to the PC surface
and the positive side of the axis indicates the side of gratinglike layer with
a period of 33 mm.
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ers with different periods on different sides of the waveguide
can be arranged such that the wave vector of one of the
gratinglike layer is negative and the wave vector of the other
gratinglike layer is positive. Hence, such a combination will
provide a directional, yet off-axis, beaming. Therefore, the
desired emerging beam angle can be achieved by arranging
the grating periods of the output surface of the PC.

In conclusion, we were able to control the beaming angle
of the directional beaming from a PC waveguide. Using a PC
with a waveguide at the center and adding a corrugated sur-
face, we were able to achieve surface modes. Then, we
added an extra layer called a gratinglike layer, which has
different periods on different sides of the PC waveguide.
This gratinglike layer enables surface modes that are excited
by a PC waveguide to couple the radiating modes of the free
space. We showed that when using a gratinglike layer with
different periods on different sides of the waveguide, it is
possible to obtain off-axis directional beaming from a PC
waveguide via PC surface modes. Moreover, the beaming
angle only depends on the periods of the gratinglike layer on
the output side. Therefore, this beaming angle can be easily
changed by arranging the grating periods asymmetrically.
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