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Abstract We show theoretically that the frequency range of
the zero-averaged refractive-index gap can be substantially
extended in a photonic heterostructure containing negative-
index materials. This photonic heterostructure consists of
different one-dimensional (1D) photonic crystals. The con-
stituent 1D photonic crystals have to be properly chosen in
such a way that their zero-averaged refractive-index gap of
the adjacent photonic crystals overlap each other.

PACS 42.70.Qs · 42.82.Et

1 Introduction

Conventional photonic band-gap (PBG) materials are a type
of artificial composites with periodically modulated dielec-
tric function, and the photonic gaps are a consequence of
Bragg scattering in these materials [1, 2]. Recently, left-
handed materials (LHMs) with simultaneously negative per-
mittivity and negative permeability, yielding a negative re-
fractive index, have been extensively studied in several dis-
tinct artificial physical settings inspired by Veselago’s work
many years ago [3]. Left-handed materials exhibit new prop-
erties which originated the zero-averaged index gap (ZAIG)
from the one-dimensional photonic crystal (1DPC) contain-
ing positive- and negative-index material. This ZAIG is in-
variant upon the change of scaling, insensitive to the disor-
der, and also independent of the incident angle and polariza-
tion [4–6]. Such a zero-n̄ gap has many different properties
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from the usual photonic band gaps (PBGs) induced by the
Bragg scattering. The width of the ZAIG plays an impor-
tant role in the application of 1DPC omnidirectional reflec-
tors. However, the width of the ZAIG is very narrow making
these structures inefficient in application as omnidirectional
total reflectors.

It has been demonstrated that it is possible to enlarge the
total reflection frequency range by combining two or more
photonic crystals (PCs) (photonic heterostructures) for 1D
and 2D PCs in the case of normal incidence [7, 8]. The idea
has been successfully applied to acoustic band-gap materi-
als [9]. In this letter, we show theoretically that by combin-
ing two 1DPCs containing negative-index materials (NIMs)
and positive-index materials (PIMs) to form photonic het-
erostructures it is possible to enlarge the total reflection fre-
quency range of ZAIG. The key idea is that the ZAIG of the
neighboring PCs overlap each other.

2 Computational model and numerical method

The calculated schematic is shown in Fig. 1. (AB)m and
(A′B ′)n are two different 1D photonic crystals containing
NIMs and PIMs. A(A′) and B(B ′) indicate NIMs and PIMs,
respectively. m(n) is the period number. In the following nu-
merical investigation, a NIMs is assumed to be isotropic and
dispersive with effective ε and μ given by

ε(ω) = ε − α

ω2
, (1)

μ(ω) = μ − β

ω2
. (2)

In (1) and (2), ω is the frequency measured in GHz. In
our calculation, we have chosen ε = 1.21,μ = 1.0, α =
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Fig. 1 Schematic of a heterostructure constituted by two different 1D
photonic crystals [(AB)m and (A′B ′)n] with NIMs

β = 100. The thickness and refractive index of NIMs and
PIMs slabs in the two photonic crystals are assumed to be
dA,dB, dA′ , dB ′ , and nA(ω) = −√

ε(ω)μ(ω),nB , respec-
tively. Here, we use dA = 24 mm, dB = 48 mm, dA′ =
24 mm, dB ′ = 16 mm, nB = 2.0, and m = n = 20.

Let a wave incident from a vacuum at an angle θ onto
a heterostructure constituted by two different 1D photonic
crystals [(AB)m and (A′B ′)n] with NIMs and PIMs, as show
in Fig. 1. For the transverse electric (TE) wave, the electric
field E is assumed in the x direction (the dielectric layers
are in the x–y plane), and the z direction is normal to the
interface of each layer. In general, the electric and magnetic
fields at any two positions z and z + �z in the same layer
can be related via a transfer matrix [5, 6]:

M(�z,ω)

=
⎛
⎝

cos[kz�z] i
μ√

εμ−sin2 θ
sin(kz�z)

i

√
εμ−sin2 θ

μ
sin(kz�z) cos[kz�z]

⎞
⎠ ,

(3)

where kz = ω/c
√

εj
√

μj

√
1 − (sin2 θ/εjμj ) is the z com-

ponent of the wave vector kj in the j th layer, and c is the
speed of light in vacuum. Then the transmission coefficient
t (ω) can be obtained from the transfer matrix method [6],

t (ω) = 2 cos θ

(m11 + m22) cos θ + i(m12 cos2 θ − m21)
. (4)

Here mij (ω) (i, j = 1,2) is the matrix element of
XN(ω) = ∏N

j=1 Mj(dj ,ω) which represents the total trans-
fer matrix connecting the fields at the incident end and the
exit end. The treatment for a TM wave is similar to that for
a TE wave.

For an infinite periodic structure, based on theorem and
boundary condition, the dispersion relation at any incident
as

cos(qzd) = cos
(
kA
z dA

)
cos

(
kB
z dB

)

− 1

2

(
pB

pA

+ pA

pB

)
sin

(
kA
z dA

)
sin

(
kB
z dB

)
, (5)

where qz is the z component of the Bloch wave vector.

3 Results and discussion

Photonic band structures in terms of frequency and inci-
dent angle for the two PCs, obtained from (5), are shown
in Fig. 2; electromagnetic wave incident from air. It can be
seen from Fig. 2a that the upper band edge is sensitive to the
increase of the incident angle for both polarizations, and the
frequency shift of the lower band edge for TE mode is up-
ward to high frequency as the incident angle increases, and
the lower band edge is insensitive to the increase of the inci-
dent angle for TM mode. There is an omnidirectional PBG
for the TE polarization in the displayed frequency range,
from 3.92 to 5.35 GHz. For the TM polarization, the omni-
directional PBG spans from 3.65 to 5.35 GHz. We thus can
obtain the overall frequency range of the omnidirectional
PBG for any polarization from 3.92 to 5.35 GHz, and the
frequency bandwidth is �ω = 1.43 GHz.

In Fig. 2b, we can see that the band gap of TM polar-
ization is very sensitive to the increase of the incident an-
gle, which is different from the case in PC1. There is an
omnidirectional PBG for the TE polarization in the dis-
played frequency range, from 5.32 to 7.63 GHz. For the
TM polarization, the omnidirectional PBG spans from 5.2
to 6.52 GHz. We thus can obtain the overall frequency
range of the omnidirectional PBG for any polarization from
5.32 to 6.52 GHz, and the frequency bandwidth is �ω =
1.2 GHz.

It can be seen from Fig. 2 that the directional PBGs for
PC1 and PC2 overlap each other at any incident angle. This
kind of lineup of PBGs, similar to the type-II lineup of the
band gaps in semiconductor heterostructures, is crucial for
the enlargement of the omnidirectional total reflection by us-
ing two or more PCs to form photonic heterostructures. At
any incident angle, incident EM waves with frequency lo-
cated in the directional PBGs of the constituent PCs can not
propagate in the photonic heterostructure. As a result, the
frequency range of total reflection in some sense is enlarged
for all incident angles.

To show the photonic heterostructure can enlarge the om-
nidirectional total reflection frequency range, transmission
spectra of the constituent PCs and their resulting photonic
heterostructure for both TE and TM polarizations at differ-
ent incident angles are given in Fig. 3. The spectra are cal-
culated by using a transfer matrix method.

For normal incidence, the TE and TM polarizations are
degenerate. For PC1, the total reflection frequency range is
about from 3.62 to 5.38 GHz. For PC2, the range is about
from 5.21 to 7.63 GHz. After forming the photonic het-
erostructure by stacking PC1 and PC2 together (denoted by
PC1/PC2), the enlarged total reflection frequency range is
finally from 3.62 to 7.63 GHz.

At the incident angle of 45◦, for PC1, the total reflec-
tion frequency range is from 3.81 to 6.86 GHz. For PC2,
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Fig. 2 Photonic band structures
of (a) PC1 and (b) PC2 in terms
of angular frequency and
incident angle. The gray areas
represent forbidden bands. The
frequency range between two
dashed lines in the gray area is
the total omnidirectional band
gap

the range is from 5.36 to 6.86 GHz. For the photonic
heterostructure PC1/PC2, the enlarged total reflection fre-
quency range spans from 3.81 to 6.86 GHz.

At the incident angle of 89◦, for PC1, the total reflec-
tion frequency range is from 3.92 to 5.48 GHz. For PC2,
the range is from 5.23 to 6.52 GHz. For the photonic
heterostructure PC1/PC2, the enlarged total reflection fre-
quency range spans from 3.92 to 6.52 GHz.

From the aforementioned discussions, the total reflection
frequency range is substantially enlarged for all incident an-
gles and for both TM and TE polarizations. Consequently,
the omnidirectional total reflection frequency range for any
polarization is enlarged. It is obvious that one can use more
1D PCs to form multiple photonic heterostructures to get
a very wide omnidirectional total reflection frequency range
as desired provided that the directional PBGs of the adjacent

1D PCs at any incident angle overlap each other in tandem.
The wider-bandwidth ZAIG has potential applications in
microcavities, antenna substrates, and coaxial waveguides,
etc.

4 Conclusions

In summary, we have demonstrated that the zero-averaged
refractive-index gap can be enlarged as desired by using dif-
ferent PCs to form multiple heterostructures with their non-
transmission ranges properly arranged. The idea to use pho-
tonic multiple heterostructures may provide a simple and
effective way to solve the problem of enlarging the fre-
quency range of zero-averaged refractive-index gap, which
may have potential applications in improving planar micro-
cavities, optical fibers, and Fabry–Perot resonators, etc.
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Fig. 3 Calculated transmission of PC1, PC2, and the heterostructure PC1/PC2 at different incident angles. The solid and dotted lines stand for TE
and TM polarizations, respectively. Note that at normal incidence TE and TM polarizations are degenerate
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