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Certain types of photonic crystals with Dirac cones at the I" point of their band structure have a zero
effective index of refraction at Dirac cone frequency. Here, by an appropriate design of the photonic
structure, we obtain a strong coupling between modes around the Dirac cone frequency of an all-
dielectric zero-index photonic crystal and the guided ones supported by a photonic crystal waveguide.
Consequently, we experimentally demonstrate that the presence of the zero-index photonic crystal at
the inner side of the photonic crystal waveguide leads to an enhancement in the transmission of some
of the guided waves passing through this hybrid system. Moreover, those electromagnetic waves
extracted from the structure with enhanced transmission exhibit high directional beaming due to the
presence of the zero-index photonic crystal at the outer side of the photonic crystal waveguide.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4959085]

Zero-index metamaterials that are matched to free space
and have a near-zero refractive index can pass electromag-
netic waves with the characteristic of a zero spatial phase
change.! This characteristic has led to significant attention
being paid to these systems due to their outstanding capabili-
ty in molding the propagation of light. Squeezing electro-
magnetic energy within very narrow channels,”” designing
matched zero-index systems,* shaping the radiation pattern
of a source,s‘7 super-reflection and cloal<ing,8’9 and enhanc-
ing light transmission through a subwavelength aperture'®
can be referred to as the highlighted application examples of
the zero-index metamaterials. These structures have been
designed'! and constructed'? with the use of chiral inclu-
sions or sub-wavelength resonant metallic elements.
Recently, in order to remove the significant Ohmic losses of
these metal-based systems, the first all-dielectric zero-index
metamaterial has been theoretically investigated and experi-
mentally proved within the microwave range of frequency.'?
In Ref. 13, it has been shown that some types of photonic
crystals (PCs), with a high enough dielectric constant and ap-
propriate rod radius can show Dirac cones at the I" point in
their photonic band structure at a specific frequency. The
Dirac cones of these PCs, which are a consequence of the ac-
cidental degeneracy not the lattice symmetry, are different
from the ones exhibited at the K point in the band structure
of graphene'* or other types of photonic crystals.'” Using ef-
fective medium theory,'® it has been proven that the effec-
tive permittivity (e,4) and permeability (i) of the PCs with
the Dirac cone at the I" point of their transverse magnetic
(TM) band structure are simultaneously zero at the Dirac
cone frequency.'® Consequently, their effective index of re-
fraction, n.4, is zero. These kinds of all-dielectric metamate-
rials thus can be considered as zero-index PCs (ZPCs),
potentially capable of exhibiting extraordinary features like
passing light with no change in the phase, and consequently
lensing and cloaking.'® Tt should be noted that photonic
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crystals are the structures with dielectric constant periodically
varying in space,'® and they can be completely distinguished
from metamaterials. However, once the above-mentioned con-
ditions are satisfied, Mie resonances can be supported'® and,
consequently, they induce intervals of negative effective per-
mittivity and permeability of the system.'® In this situation,
we should expect a transition from PCs to all dielectric meta-
materials.'”” Moreover, inspired by the ZPC proposed in
Ref. 13, in an out-of-plane geometry, Moitra et al.*® experi-
mentally demonstrated an all-dielectric zero-index metamate-
rial operating at optical frequencies that is potentially
applicable to enhance the directivity of the spontaneous emis-
sion from quantum dot light sources embedded inside the
structure. Moreover, Li et al?' fabricated an in-plane all-di-
electric zero-index metamaterial which is fully compatible
with on-chip integrated photonics, applicable in the telecom
wavelength range.

On the other hand, it was theoretically shown®* and ex-
perimentally verified”® that by creating an appropriate sur-
face corrugation and grating-like layer at the input and
output sides of a PC waveguide (PC WG), light transmission
through this system can be substantially enhanced and its
extraction can be effectively modified leading to on- and off-
axis beaming.”* In this Letter, we experimentally demon-
strate that by adding a zero-index photonic crystal at the in-
put side of a PC WG, light can be substantially funneled
from free space into the waveguide at frequencies near the
Dirac cone frequency of the ZPC. Furthermore, far-field ra-
diation pattern proves that when a ZPC is added to the output
side of the PC WG, it is possible to obtain electromagnetic
waves extracted from the system within a narrow angular
region.

The schematic of the considered system in this work is
presented in Fig. 1(a). In order to investigate our main idea,
we concentrate on two-dimensional PCs (2D PCs). The 2D
PCs are composed of square arrays of the cylindrical rods of
Alumina, ¢ =9.61, in air background. The PC waveguide is
designed with lattice constant of apc =9 mm and radius of

Published by AIP Publishing.
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FIG. 1. Panel (a) shows the schematic
of the hybrid system under our consid-
eration for which ZPC is placed at both
sides of the PC waveguide. The radius
of the rods of the typical PC and ZPC
are rpc and rzpc, and the air gap sepa-
rating the PCs is A. Panel (b) illustrates
the band structure of the ZPC. Effective

permittivity and permeability of the
ZPC are shown in panel (c). At the
Dirac cone frequency, 11.7 GHz in pan-

o~

(d) el (b), the effective parameters in panel
(c) are zero. The projected band struc-
ture of the PC WG is represented in
panel (d). In this plot, turquoise and
white regions are allowed and forbidden
bands of the PC, respectively. Solid-
blue curves in the bandgap are guided
modes supported by the PC WG.
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rpc = 1.55 mm by replacing the central row of the PC with the
rods of radius of 3.17 mm. On the other hand, the lattice con-
stant and the cylinders’ radius for ZPC are azpc = 14.75 mm
and rzpc=3.17mm, respectively. Moreover, the distance
separating PC WG and ZPC, depicted by A in Fig. 1(a), is
1.4apc. Panel (b) of Fig. 1 illustrates TM band structure of
the ZPC. As seen, around a specific frequency, this zero-
index PC shows linear dispersion and Dirac cones at the I’
point in the band structure. The specific frequency, also re-
ferred to as the Dirac frequency or accidental degeneracy fre-
quency,' fits to 11.7 GHz for the zero-index PC under our
consideration. As comprehensively explained in Refs. 13
and 20, two branches with linear dispersions intersect with a
flat band making a triply-degenerate point at k =0. At this
point, the flat band corresponds to a dipolar magnetic longi-
tudinal mode (magnetic field parallel to k around I' point),
while the Dirac cone modes match with dipolar magnetic
transverse and electric monopolar modes. Fig. 1(c), which
depicts . and pr of the considered ZPC using effective
medium theory,'® evidently highlights this fact that the Dirac
point at 11.7 GHz with k=0 is the frequency at which the
system effectively functions as a zero-index metamaterial
(€efr= Uer=nepr=0). In order to investigate the effect of the
presence of ZPC on the transmission of the guided modes of
the PC WG, the geometrical parameters of the PC WG are
chosen in a way that the Dirac point frequency of the ZPC is
placed almost at the center of the bandgap of the typical PC.
Fig. 1(d) illustrates the projected band structure of the PC
WG obtained by the plane-wave expansion method.'” From
this figure, it is clear that the photonic bandgap of the PC
WG extends from 10 to 15.3 GHz at the I" point and the
structure supports guided modes within 10.2 to almost
14 GHz inside the bandgap. It is noteworthy that in order to
achieve an efficient coupling between the modes around the

0.2 0.3 0.4 0.5

Dirac point frequency and the guided modes supported by
the PC WG, the radius of the rods in the line defect of the
PC WG is chosen as rpc. In this case, the waveguide cannot
be considered as single mode,*” and this choice gives rise to
a pair of guided modes with different symmetries that are
able to be efficiently coupled to the Dirac cone modes. Using
the finite-difference time-domain method (FDTD),26 we cal-
culated the transmission spectrum of light passing through
the PC WG within 11 GHz to 14 GHz. This range of frequen-
cies falls inside the guiding band of the PC WG and, as
expected, light achieves low resonant transmissions in this
range due to support of the Fabry-Perot resonances® (see
weak peaks in the black-dotted curve in panel (a) of Fig. 2).
In order to investigate the effect of the ZPC presence on the
transmission of the PC WG, considering a typical value for
A as 1.4apc, we add ZPC at the inner side of the waveguide.
The dashed-red curve in Fig. 2(a) illustrates the transmission
of this case. By comparing dotted and dashed curves in this
figure, it is clearly seen that the presence of the ZPC at the
inner side of the waveguide leads to almost 5 times of en-
hancement in transmission of the PC WG at 12.06 GHz,
which is near the Dirac cone frequency of the ZPC. In fact,
this enhancement happens because of strong couplings be-
tween the squeezed light into the ZPC at frequencies around
the Dirac cone frequency and the FP resonances of the guid-
ed modes supported by the PC WG. Moreover, since the
ZPC does not comprise any lossy inclusion, when we consid-
er it at the inner and outer sides of the PC WG in the calcula-
tions, transmission of light through the system is enhanced
by a factor of 9 at 12.12 GHz, as shown in the solid-blue
curve in Fig. 2(a). This enhancement factor is 1.8 times larg-
er than that obtained by using a grating-like corrugation at
the inner side of the PC WG.** It is worth noting that by tak-
ing A=apc as an optimal value and L= 12apc where the
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latter is the waveguide length, it is possible to increase the
enhancement values of the resonant modes in Fig. 2 up to
50%. Moreover, by increasing the waveguide length to this
value, the number of resonant modes in this figure will be in-
creased from 4 to 6 within 12 to 14 GHz. Notice that we
chose L,,;, as 8apc in the presented results to be able to con-
sider the structure as a PC WG. This enhancement mecha-
nism is very similar to the one discussed in Ref. 3. However,
in this letter, we not only experimentally investigate a feasi-
ble hybrid system, but also prove that the system under our

consideration shows strong beaming, as illustrated in Figs. 3
and 4. It is noteworthy that at f=12.12GHz, ¢,=0.07,
Her=0.17 and thus ner = | /Eefrtyry = 0.1091 and Z = pepl
eqr=1.5584, which Z,4 denotes the effective relative imped-
ance of the ZPC. It is clear that, at this frequency, there is a
small impedance mismatch between ZPC and free space.
The value of the effective index of refraction at this frequen-
cy clearly verifies that the enhancement happens at an index-
near-zero (INZ) frequency. Similar to the first peak at
12.12 GHz of the solid-blue curve in Fig. 2(a), the second

Paraddy 1
D000ty
| 0.5
| W\
RQyo000q(
000000(]
| L 100000l 0
000000
$0000000(]
d000000(]
-0.5
)
et
b ad i »

obh0Ig300%
100 o
05
50
£
0 E oO
>
-50
-0.5 ‘
-100 3500
~ | 4 Wadadt
-200 -100 0 100 200 -200 -100
X (mm)

X (mm)

X(mm)

0 100 200
X (mm)

0.1
FIG. 3. Panels (a) and (b) show numer-
008 ically simulated real part of £, compo-
nent of the field distribution of a mode,
0.06 at f = 12.12 GHz, inside and outside of
’ PC WG and hybrid ZPC/PC WG/ZPC
systems, respectively. Panels (c) and
0.04 (d), respectively, represent near-to-far-
field transformations of the electric
0.02 field intensity at f = 12.12 GHz, for PC
WG and ZPC/PC WG/ZPC structures.
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FIG. 4. Panels (a) and (b), respectively, illustrate calculated and measured
far-field angular radiation pattern of the extracted light from the system at
the guided-INZ mode, f = 12.12 GHz.

weaker enhancement at 12.6 GHz (n,4=0.22, Z,;4=1.57) is
also in connection with the very negligible impedance mis-
matching of the ZPC with free space and, consequently, the
amplification of the amplitude of the electromagnetic field
inside the ZPC at the INZ region. This amplification, in fact,
leads to an excellent coupling between the incident light and
the guided modes supported by the PC WG which finally
exhibits itself as the considerable enhancements in the trans-
mission spectrum. For this reason, we name these peaks in
transmission as guided-INZ modes. In addition, in order to
prove our theoretical results, using an experimental set up
the same as that of explained in Refs. 23 and 24, we mea-
sured the transmission spectrum of the “PC WG,” “ZPC/PC
WG,” and “ZPC/PC WG/ZPC” hybrid systems. The results
are presented in Fig. 2(b) in dotted, dashed-red, and solid-
blue curves, respectively. As it is clear from this figure, the
results obtained by experiments represent a perfect agree-
ment with the numerical plots. Another critical point that
also needs to be pointed out is that the width of the consid-
ered PC WG (14.9mm) is smaller than the operating wave-
length (around 25mm). As illustrated in Fig. 3(a), this
feature causes a typical guided mode to be extracted from
the “PC WG” with noticeable diffraction in all directions,
and thus exhibits a very diffracted picture in far-field, see
panel (c). Fig. 3(c) shows near-to-far-field (NTFF) transfor-
mation of a guided mode extracted from PC WG at

Appl. Phys. Lett. 109, 031105 (2016)

f=12.12GHz. By adding surface corrugation and grating-
like layers to the outer side of the PC WG, the emitted light
can be confined to a very narrow spatial region, called as
highly directional emission or beaming.zz_24 As it is evident
from panel (b) of Fig. 3, having the zero-index photonic
crystal at both sides of the PC WG, i.e., “ZPC/PC WG/ZPC”
system, causes an incident plane wave on the structure, at a
guide-INZ frequency, passes through the system with no
change in its spatial phase. This is the direct consequence
of a very small value of the wave vector, |k| < ko, inside
the ZPC for a guided-INZ mode; at f = 12.12 GHz, [k
= 0.1091Kk, inside the ZPC. Consequently, the presence of
the ZPC at both sides of the PC WG exhibits not only the
significant enhancements in the light transmission through
the PC waveguide but it can also directionally beam the ex-
traction of electromagnetic waves at far-field, as presented in
Fig. 3(d). As it is obvious from this panel, the electric field
intensity is confined to a very narrow spatial region and con-
sequently shows significant beaming. This is the most distin-
guished characteristic of a ZPC. In other words, the
extracted light from the hybrid system propagates without
diffracting into a wide angular region and thus, as shown in
Fig. 4, a strong directionality in the far-field radiation pat-
tern. Figure 4(a) shows the calculated far-field radial distri-
bution of the electric field intensity of the PC WG without
(dotted-black curve) and with the presence of the ZPC at
both sides of it (solid-blue curve), at f=12.12 GHz. In sup-
port of these results, the measured data of the mentioned sys-
tems are represented in panel (b). It should be noted that, in
our experimental setup, the receiver antenna is connected to
a rotating arm in order to measure the angular dependence of
the far-field radiation. Comparing Figs. 4(a) and 4(b), it can
be observed that (i) there is a good agreement between the
results obtained by simulation and experiment. (ii) With the
presence of the zero-index photonic crystal at the outer side
of the waveguide, the emitted power is confined to a very
narrow angular region with a half-power width of 14° (from
experiment) compared with the widespread emitted power of
the typical PC WG. Consequently, the presence of the ZPC
at both sides of the PC WG, in addition to considerably en-
hancing light transmission through the waveguide, notice-
ably beams its extraction from the hybrid system at INZ
frequencies.

In conclusion, we have experimentally demonstrated
that using an all-dielectric zero-index photonic crystal at the
inner side of a typical PC waveguide can lead to a consider-
able enhancement in the transmission spectrum of the hybrid
ZPC/PC WG system. We proved that this enhancement hap-
pens at frequencies near the Dirac frequency of the ZPC, at
which the impedance mismatching between the ZPC and
free space is pretty small. Moreover, it has been shown that
the presence of the ZPC at both sides of the PC WG, in addi-
tion to enhancing the transmission, leads to the strong direc-
tional beaming of light extracted from this system. This
suggested hybrid structure can be potentially useful as a ba-
sic component in devices that are beneficial for near-field mi-
croscopy, lasing, and light extraction from LEDs.
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