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Two-dimensional photonic band-gap structures as quasi-metals
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By considering waves that propagate out of the transverse plane, we show that common high-index materials
(e.g., GaAs) with a two-dimensional array of air holes can act in some ways as three-dimensional photonic

band-gap structures.
incident from free space.

Certain three-dimensional photonic crystals, artificial
dielectric materials with refractive indices that vary
periodically in three dimensions, have been shown to
exhibit photonic band gaps (PBG’s). These are ranges
of optical frequency where the density of states is zero;
light of such a frequency that attempts to enter the
material is reflected.! A full PBG requires an appro-
priate crystal structure and a large index variation
within the unit cell. The task of fabricating a three-
dimensional photonic crystal at optical frequencies is
daunting, owing to the smallness of the unit cell (ap-
proximately half a wavelength across) and the need
for a sizable volume of material. This has led many
workers to explore two-dimensional (2D) photonic crys-
tals that are invariant along a longitudinal axis but
periodic in the transverse plane.?”* 2D PBG’s have
been reported for propagation restricted to the plane,
but this restriction is artificial because in reality light
is usually free to propagate in directions out of the
plane, with nonzero values for the longitudinal wave-
vector component. Although these out-of-plane waves
are rarely considered,?* a full understanding of the
properties of a real 2D photonic crystal must take them
into account.

In this Letter we describe a numerical study of a di-
electric medium with a regular array of air holes. Al-
though this structure has been described elsewhere,
we depart from earlier studies by addressing, in parti-
cular, whether light can propagate across the structure
for nonzero values of the longitudinal wave-vector com-
ponent 3. 2D band gaps (generalizations of the much
explored in-plane band gaps but for fixed nonzero 8)
exist if such propagation is forbidden. For an experi-
mentally attainable refractive-index contrast, we show
that propagation can be forbidden for all polarization
states at all values of 8 permitted by incidence from
vacuum at a parallel interface. The result is a dielec-
tric quasi-metal with many potential applications.

In particular, we describe a dielectric quasi-metal that reflects all propagating light

The geometry considered comprises a hexagonal
arrangement of parallel circular cylindrical rods of
low index surrounded by a medium of high index
(see the inset in Fig. 2 below). For generality, a
normalized propagation constant S8A and a normalized
frequency kA are defined, where A is the center
spacing of adjacent rods and £ = w/c is the vacuum
wave constant.

Two numerical methods have been employed in this
study. The first is the k-space or plane-wave expan-
sion method,’ based on a Fourier expansion of both the
periodic index distribution and the field. The result-
ing infinite set of algebraic equations is truncated to
finite size before eigenvalues are found. In the sec-
ond, real-space, method,® the field and index distribu-
tions within the unit cell are discretized on a grid of
points. These points are grouped into subcells, within
which the fields are related by transfer matrices. The
subcells are small enough to preclude numerical insta-
bilities caused by exponentially growing modes. The
fields of adjacent subcells are then related by a numeri-
cally stable scattering matrix. For hexagonal symme-
try, the field and index distributions are discretized
along nonorthogonal axes, corresponding to the primi-
tive lattice vectors of the underlying hexagonal Bravais
lattice.

In both analyses, all possible waves with given
o and B are sought. If none is found with a real
transverse wave-vector component, this w, 8 is in a 2D
PBG. The calculation thus implicitly considers at once
all possible polarizations and transverse directions of
propagation. Also, the results are equally applicable
for any orientation of the structure.

The results for a GaAs host (refractive index 3.639),
with holes of diameter such that the air filling fraction
is 80%, are given in Fig. 1(a). The shaded region is
the first 2D PBG, indicating states that are forbidden
in the photonic crystal. The line 8 = k2 marks the
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Fig. 1. First 2D PBG (shaded) of (a) GaAs/air and (b)

Ge/air photonic crystals described in the text. States to
the right of the line 8 = k& are forbidden in air. The
dashed lines therefore mark a frequency range for which no
propagating waves are excited within the photonic crystal,
for propagating waves of any direction or polarization state
incident from air upon a plane-parallel interface.

limit of waves that can propagate in free space. Notice
that, within a narrow band of frequencies, no light
can propagate in the structure with any B that is
allowed in free space. However, 8 must be matched
at a plane interface that is parallel to the rods. This
implies that a wave in air with any angle of incidence
and any polarization state will be completely reflected
at such a boundary. The structure is acting as a
perfect metal—a quasi-metal—despite having two-
rather than three-dimensional periodicity.

There is a frequency range of all-angle reflection
only if the index ratio is greater than ~3.3, even
after optimization with respect to the filling fraction.
This range is thus fairly narrow for GaAs/air systems
[~3.5% of the center frequency; Fig. 1(a)] and for
Si/air systems (index ratio 3.505 at 1.3 wm), but
it does widen quickly with increasing index ratio.
Figure 1(b) shows the band gap for an otherwise
identical system with air holes in Ge (index ratio 4.02
at 3 um), where the window of all-angle reflection
extends to almost one half of the width of the in-plane
(B = 0) PBG—~8% of the center frequency.

There was good agreement between the two nu-
merical methods. For example, the results for the
GaAs/air system differed by a few percent for both
the band-gap plots and the refractive-index contrast

at cutoff. The convergence with the number of grid
points employed in the real-space method was, how-
ever, faster than the convergence with the number of
included plane waves in the k-space method. The re-
sults from the k-space method approached the con-
verged results from the real-space method slowly, as
the number of included basis waves was increased. In
contrast, a grid of 24 X 24 points was sufficient to yield
accurate convergence with the real-space method, and
we used it to obtain Fig. 1. The dispersion surfaces
obtained by this method show almost perfect hexago-
nal symmetry.

Figure 1 identifies the frequencies for which no
propagating waves are excited in a photonic crystal by
a wave incident from free space onto a parallel surface.
However, light could still tunnel through a finite slab
via evanescent waves. To assess how many layers of
the dielectric crystal are necessary to achieve high re-
flection, we studied the transmission intensity of an in-
cident plane wave as a function of the number of layers,
angle of incidence, and polarization. The attenuation
per layer is generally greater far from the band edges,
as expected. Figure 2 shows the total transmitted in-
tensity maximized over all angles of incidence and in-
cident polarization states for 10 layers of the system of
Fig. 1(a). The intensity is plotted as a function of fre-
quency within the range of all-angle reflection. The
surfaces of the crystal are also indicated, though there
is little dependence on the choice of truncation surface.
The attenuation is greater than 99.9% over most of
the range.

These results show that is feasible to construct po-
tentially useful PBG structures by using only 2D pho-
tonic crystals. One can imagine dielectric waveguides
for millimeter-wave or optical applications in which
complete lateral confinement within a hollow tubular
structural defect is provided by a 2D photonic crystal.
The waveguide could support strictly one mode filling
the guide (although there may be surface-guided states
on the rim and high-3 free modes in the cladding, with
evanescent tails extending into the guide). This struc-
ture would have applications in low-threshold lasers,
with spontaneous emission largely captured in the
guided mode only. In the millimeter-wave case the
structure could perhaps be extruded from a drilled
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Fig. 2. Maximum total transmitted intensity 7', in deci-

bels, through 10 layers of the structure of Fig. 1(a). The
truncation surfaces are shown in the inset.



template and the resulting material used as a highly
reflecting substrate in antenna design. At optical fre-
quencies the quasi-metal offers an alternative to the
common multilayer dielectric mirror, with designable
bandwidths and wavelengths of reflection, operating at
all angles of incidence and for all polarization states.

It is interesting to note that one-dimensional mul-
tilayer structures can also act as quasi-metals. How-
ever, these are more limited because light is confined
in one direction only. For example, a one-dimensional
structure cannot yield the hollow tubular waveguide
described above.

In conclusion, it is possible to design a 2D photonic
crystal that completely blocks the propagation of light
for all directions of incidence from free space and for all
states of polarization. Such a structure can be made
from GaAs and air or from Si and air and would be
useful in a wide range of applications.
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