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Abstract We study the collimated emission characteristics
from a dipole source inside a negative-effective-refractive-
index photonic crystal with a quasi-cavity constructed by a
concave photonic crystal reflector. The emissions along the
+X and —Y directions are forbidden by the quasi-cavity,
so that most emissions propagate along the +Y direction.
Simulation results show that a narrow collimated beam is
achieved due to the near-zero negative effective refractive
index. Moreover, the half-power beam width of such a colli-
mated beam can be reduced to 3.48° by optimizing the size
of the source area. Such a compact structure would have po-
tential applications in micro-optical devices.

PACS 42.70.Qs - 42.25.Gy - 41.20.Jb

1 Introduction

Photonic crystals (PCs), which are periodic dielectric or
metallo-dielectric structures, have many interesting prop-
erties such as a photonic band gap (PBG) and anomalous
refraction effects, and they have a wide range of applica-
tions, from microwave to optical frequencies [1-24]. Meth-
ods and technologies to achieve a well collimated electro-
magnetic (EM) beam, i.e., directional emission (DE), have
always been attractive for their significant practical appli-
cations [4-19], e.g., coupling EM wave out of PC devices
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into conventional optical systems or free space in an effi-
cient manner. DE was first demonstrated by Lezec et al.
[4] through a single metal aperture surrounded by peri-
odic surface corrugations. Later, DEs were extended to PC
waveguides, which are implemented by using surface modi-
fication, introducing point defects into the output surface, or
using a partial photonic band gap (PBG) and so on [5-15].
In order to achieve high-efficiency coupling, a strictly pre-
cise alignment between the input beam and the narrow PC
waveguide is necessary. These methods were realized from
PC structures with positive dispersion relations. Recently,
self-collimation-based DEs related to negative dispersion re-
lations of PCs were reported. For such DEs [16-18], the
alignment mentioned above is unnecessary.

On the other hand, negative refraction (NR), another
anomalous refractive effect of PCs with negative disper-
sion relations, has also attracted much attention [20-23].
The physical principles allowing for NR in PCs arise from
the dispersion characteristics in a periodic structure, which
can be described by analyzing the equifrequency surfaces
(EFSs) [20, 22] of the photonic band structures. If the di-
rection of the group velocity is anti-parallel to the wave
vector within the PC, a negative effective refractive index
(NERI) can be defined [21]. In the past, NR was mainly
investigated for subwavelength imaging, leading to various
lensing-related applications [23, 24]. Very recently, it was
demonstrated that collimated beams (i.e., DE) could also be
achieved from a metallic PC with NERI [19]. The absorption
loss of this metal PC is inevitable and a little power could be
transferred into the collimated beams. We find that near the
band-edge, the NERI of a dielectric PC can be very small
in magnitude. This property could be used to realize highly
DE with no absorption loss and greatly improved quality by
properly designing the structure.
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In this paper, we demonstrate NR-based highly colli-
mated emission from a build-in dipole source surrounded
by a PC quasi-cavity. A quite narrow collimated beam with
small half-power beam width (HPBW) is achieved. Besides,
the HPBW of such a beam can be reduced by optimizing the
size of the source area.

2 Structural analysis

Our structure consists of two dielectric PCs (PC-1 and PC-2)
with different lattice constants, as depicted in Fig. 1. The
quasi-cavity is a concave PC-1 mounted on the source area
(i.e. the small area of PC-2). For the source area, N, and N,
represent the period numbers of PC-2 along X-axis and Y-
axis, respectively. PC-1 and PC-2 are both two-dimensional
square lattices consisting of air holes (infinitely long in Z
direction) introduced into a lossless dielectric medium with
refractive index n = 3.4. The radii of air holes and lattice
constants are ri, a; and ry, ap for PC-1 and PC-2, respec-
tively. Throughout this paper, only H-polarization (magnetic
field perpendicular to the X-Y plane) is studied. In order to
satisfy the demand of our design, we choose the special re-
lation ap = 1.376a; between the two lattice constants, while
keeping the r/a ratio fixed, i.e., r1 /a1 =r2/azx = 0.34.

Due to the scaling law [25], the two PCs possess the
same band structures as shown in Fig. 2a. The band struc-
ture is calculated by the plane wave expansion method [26]
(using the free MPB software package provided by MIT).
For convenience, all the referred frequencies in the follow-
ing discussion are normalized to a,. Figure 2a shows that
two omnidirectional PBGs (regions 1 and 2) lie in the range
0.235-0.248 and 0.340-0.350, respectively, which ensures
that only the modes of the second band can be excited (no
band overlap). The operation frequency range 0.330-0.334
of PC-2 is denoted region 3. The corresponding EFS dia-
gram (Fig. 2b) is also calculated by the plane wave expan-
sion method. In PC, it has been proved that the direction of
light propagation corresponds to the direction of the group
velocity vector v, = Vi (w(K)) [25]. The group velocity vec-
tor v, is always oriented perpendicular to the EFS in the di-
rection along which w (k) is increasing. Figure 2b shows that
the EFS of PC-2 shrinks with increasing frequency; more-
over, each EFS is nearly circular around the I" point and has
a small radius, suggesting that PC-2 can be regarded as an
effective medium with small NERI over region 3. On the
other hand, through the special relation a, = 1.376a;, re-
gion 3 of PC-2 would lie within the first PBG (region 1) of
PC-1. As a result, PC-1 will act as a reflector over the oper-
ation frequency range.

@ Springer
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Fig.1 Schematic sketch of the designed structure consisting of a PC-2
with NERI and a quasi-cavity (i.e., the concave PC-1). The dashed rec-
tangle denotes the source area. An H-polarized dipole source is placed
at (—11az,0)
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Fig. 2 a Band structure for H-polarization of PC-2 (also PC-1). Re-
gions 1 and 2 denote two omnidirectional PBGs, while region 3 de-
notes the operation frequency range 0.330-0.334 of PC-2. b The EFS
diagram of PC-2 within region 3. The radii of the EFSs are small and
the direction of the group velocity is anti-parallel to the wave vector
with PC-2, suggesting that NERIs can be defined within region 3

3 Physical mechanism analysis

Next, we discuss the physical mechanism on the highly col-
limated emission proposed in this paper. Figure 3 shows the
schematic diagram for understanding the collimation phe-
nomenon. A dipole source is placed within the source area.
60 is the incident angle and d is the source distance starting
from the side AB.

Firstly, we discuss the propagation of EM wave within
the designed structure. Detailed analysis shows that the ratio
Ny /Ny, characterizing the size of the source area, is an op-
timization parameter to the collimation. As shown in Fig. 3,
two parts of the dipole emissions have positive effects to the
collimation: the forward wave and the backward wave un-



Highly collimated emission from a left-handed photonic crystal with a quasi-cavity 783
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Fig. 3 Schematic diagram for understanding the collimation phenom-
enon. The rectangle ABCD denotes the source area. d and L are the
source distance and the thickness of PC-2, respectively. A ray emitted
from the source with an incident angle 6; is refracted with an angle 6,
in air

dergoing single-trip reflection on the rear-side CD. Both of
them are within the critical angle 6., = tan" [Nyan /Q2d)].
Therefore, one can decrease the ratio Ny /Ny, which is of ad-
vantage to collimating the output beam. On the other hand,
the backward wave undergoing multi-trip reflections, as well
as the wave reflected from the lateral sides (AD and BC),
will enter area 2 with large angles. These two parts are un-
favorable to the collimation. To reduce their contributions,
one can increase the ratio Ny/Ny. Since the two afore-
mentioned factors are competing, the ratio Ny/Ny should
have an optimum value. Note that the ray-optical explana-
tion above is valid in our design because of the isotropic
EFS and the sufficiently large structural size compared to
the wavelength [27].

Secondly, we investigate the NR behavior at the air-PC
interface to show that the small NERI of PC-2 plays the most
important role in the beaming. Figure 2b shows that with
increasing frequency, the wave vector k; of PC-2 becomes
smaller, but k; of air becomes larger from the dispersion re-
lation @ = ckp in air, resulting in significantly decreasing
of the ratio k1 /k;. By applying the continuity conditions of
the transverse wave vectors across the interface [21], one
can calculate the NERI of PC-2 by n(w) = —kj(w)/ k2 (w).
The calculated NERIs for w = 0.330, 0.332, and 0.334 are
—0.198, —0.072, and —0.052, respectively. According to
Snell’s law, we get the refracted angle in air to be 6, =
sin™! [1(w) sinB]. Due to the small magnitude of n(w), the
EM wave emitted from the build-in dipole source would be
refracted into air with a small angle 6, even under the large
incident angle ;. As a result, highly collimated emission
with low angular divergence can be achieved. It should be
noticed that the NERI at high frequency is much smaller
than that at low frequency. This implies that the quality of
the collimated beam at higher frequency will be much better
than that at lower frequency.

PC Air

©=0.330 a |
(PP SSSSPIISI

X(a2)

©=0.332 b
AAAARnmmm—Omi—Hi

X(az)

©=0.334
A

-25 0 25 50 75 100
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Fig. 4 The spatial distribution of the total magnitude of the Poynting
vector at: a w = 0.330; b w = 0.332; ¢ w = 0.334. The parameters
are Ny =13, Ny, =4,d = 2.5a3, and L = 8ay, respectively. The blue
vertical line denotes the PC-air interface

4 Numerical simulations and optimization

In order to verify the prediction of the collimation phenom-
enon, we perform finite-different time-domain (FDTD) sim-
ulations with the perfectly-matched-layer boundary condi-
tion [28]. The spatial resolution Ax and Ay are set to be
Ax = Ay = ay/32. The time step At is given by Courant
stability condition Ar = SAx/c < (1/+/2)Ax/c, where S
is chosen as 1/2 for the FDTD simulations to be stable.
The parameters of the source area are Ny = 13 and N, =
4 (Ny/Ny = 3.25), respectively. The thicknesses of PC-1
and PC-2 are 17a, and 8ay, respectively. The dipole source
is at (—11lay, 0), corresponding to a source distance d =
2.5a;. FDTD simulations at w = 0.330, 0.332, and 0.334 are
carried out, respectively. Figure 4 displays the spatial distri-
butions of the total magnitude of the Poynting vector.
Figure 4 clearly shows that highly collimated emission is
obtained. Additionally, it shows that a focus appears due to
NR occurring at the air-PC interface. With increasing fre-
quency, the focus shifts towards the far field and the cor-
responding HPBW becomes smaller (Fig. 5a). HPBW is
the angular separation of the half-power points of the ra-
diated pattern. It can be calculated through the exported
data from the simulation results. The calculated HPBWs are
16.50°, 3.68°, and 3.48° for w = 0.330, 0.332, and 0.334,
respectively. The best collimated emission case is at @ =
0.334, which maintains a high quality even at far field. It
is noticed that the HPBW at w = 0.330 is much larger than
those at higher frequencies due to the dispersion character-
istics. Further calculations show that at lower frequency, the
EFS distorts from a circle and its NERI is larger than that
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Fig. 5 a The HPBWs for 28
different N, /Ny ratios at 26 m N=4 - 504 —n—(.330
o =0.330,0.332, and 0.334 24/ ——().332
respectively. b The HPBWs for ™ 93] ~ 404 —h—().334
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z = 30
& 184 @
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at higher frequency,resulting in more complicated distrib-
ution of the Poynting vector and a larger HPBW at lower
frequency.

In order to achieve the best collimation result, the para-
meter Ny /N, is optimized. The HPBW is used to charac-
terize the quality of the collimated beam. Without loss of
generality, we change Ny from 5 to 19 (by step 2), while
keeping N, fixed (N, = 4) to get different N,/N, ratios.
The calculated HPBWs are shown in Fig. 5a. It distinctly
shows that as N, /N, increases, the HPBWs for these three
frequencies first drop to minimum values and then ascend.
The optimal value of N,/N, is 3.25 (i.e., Ny =13 and
Ny, =4). The corresponding HPBWs are 16.50°, 3.68°, and
3.48° for w = 0.330,0.332, and 0.334, respectively. Hav-
ing obtained the optimal ratio of N, /Ny, the influence of
the source distance d is investigated. Within the source
area, the location of the source can take discrete values
of (—12a3,0), (—11ay,0), (—10a3, 0), and (—9as, 0). De-
tailed simulation results show that the best collimated re-
sults are achieved at (—11as, 0), corresponding to a source
distance d = 2.5a;. In fact, Fig. 4 is just the distributions of
the total magnitude of the Poynting vector under the above
optimal parameters.

Furthermore, the role of the thickness L of PC-2 in the
collimated emission is also considered. Figure 5b displays
the HPBWs of the collimated beams with different L (from
0 to 9az) under the aforementioned optimal parameters.
When L is 0, the HPBW:s for the three frequencies are very
large, meaning that no collimated beams appear. With in-
creasing L, the HPBWs drop rapidly and finally reach stable
values after L = 7a;. These results suggest that the Bragg
scattering of the EM wave within a finite PC-2 of L > 7a»
produces almost the same photonic band structure as an in-
finite PC-2. Therefore, it is reasonable to choose L = 8ap
in the previous FDTD simulations to demonstrate the NR-
based collimated emission.

5 Conclusion

In conclusion, we have demonstrated NR-based highly col-
limated emission from a NERI PC with a concave PC re-

@ Springer

flector. The numerical simulations show that a quite nar-
row collimated beam is achieved and the HPBW of such a
beam can be reduced to 3.48° after optimizing the size of the
source area. Further calculations show that PC-2 with thick-
ness L = 8ay is suitable for demonstrating the NR-based
collimated emission. Our designed structure exhibits advan-
tages of high directivity and compact size. It can evidently
improve the radiation characteristics of microwave antennas.
Besides, it also holds promise for applications in the optical
regime.
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