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Extraordinary refraction and dispersion in two-dimensional
photonic-crystal slabs
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Studies of the refraction and dispersion properties of two-dimensional (2D) photonic-crystal (PC) slab wave-
guides are reported. The photonic band structure is strongly modified in a slab PC, and only a small number
of bands satisfy the guiding conditions imposed by the lack of translation symmetry in the direction perpen-
dicular to the slab; however, it was found that a significant number of the guided modes retain the giant
refraction and strong dispersion properties discovered previously in pure 2D PCs. A small change in incident
angle resulted in a dramatic change in refraction angle. Furthermore, the dispersion surface exhibited a
strong dependence on the frequency, resulting in a superprism effect similar to what has been predicted for
pure 2D PCs. In the silicon-based slab PC studied, refraction angles as high as nearly 70± were predicted
for incident angles of less than 7±, and frequency components differing by 3% were separated by 15±. The
demonstration of giant refraction and superprism phenomena in slab waveguide PCs open the possibility of
developing new classes of optical devices that can, for example, be used to develop 2D optical integrated circuits
for communications and computing. © 2002 Optical Society of America
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During the past ten years or so a new class of mate-
rials, photonic crystals (PCs), have been extensively
studied for their unique optical properties and for the
novel devices that they may engender.1,2 Among the
many unconventional optical properties of PCs are
their giant refraction and strong dispersion character-
istics, which may become orders of magnitude greater
than in conventional optical materials. These novel
phenomena were first reported by Lin et al. in the mil-
limeter-wave region.3 Kosaka et al. then discovered
similar phenomena at optical wavelengths in a complex
three-dimensional (3D) structure of Si SiO2.4 They
were later predicted to be possible as well in far-
simpler two-dimensional (2D) systems.5 These novel
properties present an exciting possibility for achieving
microphotonic and nanophotonic devices that can
collect, focus, disperse, switch, and steer light. It
should be noted that these properties are based on
anisotropic and nonlinear dispersion and therefore do
not require the existence of photonic bandgaps, thus
significantly relieving material requirements.

Although there have been some successful demon-
strations of giant refraction and superprism effects,
the fabrication of PCs remains a challenge because
it requires either a complicated self-replicating depo-
sition technique for 3D PCs or a means of creating
extremely long structures to simulate pure 2D PCs.
In this respect 2D PC slabs with finite thickness repre-
sent more-realistic structures that can be fabricated by
the conventional thin-film deposition and lithography
techniques commonly used in the electronics industry.
Consequently, 2D slab PCs have been the subject of
extensive research in recent years.6 –8 A slab PC typi-
cally consists of a thin layer of high-index material,
which is periodically patterned. The slab may lie
on a low-index substrate or be suspended in air. In
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either case the electromagnetic f ield is scattered
by the periodic structure in the plane of the dielec-
tric slab and at the same time is conf ined within
the slab as a consequence of the index profile in
the direction perpendicular to the slab. Therefore the
confinement of light within the slab is imperfect, and
only modes that satisfy the total-internal-ref lection
condition survive; the rest radiate into the sur-
rounding media with short lifetimes. This imperfect
light confinement consequently imposes limitations
on the functionality of slab PCs. However, it was
reported recently that not all radiation modes are
short lived and that certain modes actually have
extremely long lifetimes despite the fact that they do
not satisfy the guiding conditions.9,10 These results
have foreshadowed the possibility of overcoming the
limitations of slab PCs and realizing novel device
structures that are compatible with existing fab-
rication techniques. In this paper we report the
refraction and dispersion properties of 2D slab PCs
and show that the novel properties that have been
predicted for 2D and 3D PCs are also realizable in
slab PCs.

The system studied here is a thin slab of silicon
(Si) �e � 12� patterned with a triangular array of air
�e � 1� holes. The optical properties of the Si slab
PCs were investigated for various air-hole diameters
and slab thicknesses. The theoretical studies were
carried out with the FDTD method.11,12 The unit cell
of the 2D triangular PC was discretized into 16 3 16
grid points. The number of grid points in the vertical
direction was set to yield the same spatial resolution
and was changed according to the slab thickness.
The computation cell consisted of three layers: a
dielectric slab with an air hole, an air layer, and an
absorbing boundary layer. Only the upper half of the
© 2002 Optical Society of America
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dielectric slab was defined with a mirror boundary
condition imposed at the computation cell boundary.
This system simulates a symmetric slab surrounded
by air on both sides, in which case all modes are
either even or odd under the ref lection in the sym-
metry plane. By imposing the mirror boundary
condition, we reduced the computation load by half,
and it is also possible to select even or odd modes.
In the plane of the slab we used the periodic bound-
ary condition according to Bloch’s theorem. The
thickness of the air layer was varied between 2a
and 4a where a is the lattice constant, that is, the
distance between two adjacent air holes. The absorb-
ing boundary layer was used to prevent unphysical
ref lections from the computation cell boundary and to
simulate infinitely large air layers. For this purpose
we used the Berenger-type perfectly matched layer
boundary condition.13 More specifically, we used an
implementation of perfectly matched layer similar to
that originally developed by Zhao and Cangellaris14

but modif ied to work properly with the nonorthogonal
coordinate system used for the triangular periodicity
in the slab.

Figure 1 shows the photonic band structure cal-
culated by the FDTD method for a Si waveguide
patterned with a triangular array of air holes. The
photon energy is plotted in terms of the normalized
frequency, va�2pc. The air-hole diameter was 0.4a,
and the slab thickness was 0.5a. In this f igure,
only the even modes are displayed. The light cone is
the boundary between the shaded and the unshaded
regions. Modes in the shaded region are therefore
unbounded (radiation) modes, and those lying below
the light line are conf ined within the slab. The impo-
sition of the guiding condition through the light cone
is the key difference between the band structures of a
2D slab PC and a pure 2D PC. For a slab PC, as seen
in Fig. 1, there is no true photonic bandgap, because
of the continuum of radiation modes outside the light
cone. Instead, one can define a new bandgap in
which there is no guided mode. Figure 1 shows that
this particular Si slab PC has two bandgaps between
normalized frequencies of 0.25–0.27 and 0.37–0.39 for
the even modes. Despite the drastic change in band
structure, the slab PC proved to exhibit anisotropic
dispersion surfaces similar to what was found in a
pure 2D PC.5 The inset of Fig. 2 shows the disper-
sion diagram calculated at a normalized frequency of
0.357. The circle is the cross section of the light cone
inside which no guided modes may exist. Although
the diagram is partially cut away by the light cone, a
significant portion of the dispersion diagram, which
is highly anisotropic and exhibits sharp inf lection
points along the G M directions, still lies within the
guiding regime. Since the group velocity is defined
by the gradient of the dispersion surface, the light-
propagation direction may be predicted from the shape
of the dispersion diagram. Using the method outlined
previously,5 we calculated the refraction angle as a
function of incident angle. As shown in Fig. 2, at a
normalized frequency of 0.357 the refraction angle
changed from 0± to more than 70± as the incident
angle, measured in reference to the G M direction,
was varied from 0± to 7±. It should be pointed out
that the cutoff is reached at an incident angle of 11±

as indicated in Fig. 2, and thus the entire variation
of 70± in the refraction angle was achieved within
the guiding regime. The giant refraction properties
were also strongly frequency dependent, leading to
an extraordinary dispersion (superprism) effect. As
shown in Fig. 2, for a range of normalized frequencies
between 0.357 and 0.364, the refraction angle rapidly
decreases as the frequency is increased. For a f ixed
incident angle of 2±, the refraction angle increased
from 35± to 56± as the frequency was decreased from
0.364 to 0.357, yielding more than 21± separation in
the refraction angle for a 2% change in frequency.
This corresponds to �8 nm in the visible spectrum
and to �0.03 mm near the communication wavelength
of 1.54 mm. This strong dispersion effect is due to
the rapid contraction of the dispersion curve with
increasing frequency. This process unfortunately
moves a greater portion of the dispersion diagram
inside the cutoff circle where it becomes radiation
modes. Therefore, as indicated in Fig. 2, the cutoff
occurs at a smaller incident angle for a higher normal-
ized frequency, thus limiting the range of refraction
angles attainable with guided modes.

Fig. 1. Photonic band structure of a thin slab of Si pat-
terned with a 2D triangular lattice of air holes. Only the
even modes with respect to ref lection in the mirror plane
are displayed.

Fig. 2. Calculated refraction angles for normalized fre-
quencies between 0.357 and 0.364. The incident angle is
measured from the G M direction. Inset, dispersion dia-
gram calculated at a normalized frequency of 0.357. The
circle represents the cutoff line outside of which is the guid-
ing regime.
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Fig. 3. Calculated refraction angles for normalized fre-
quencies between 0.425 and 0.440. The incident angle is
measured from the G K direction . Inset, dispersion dia-
gram calculated at a normalized frequency of 0.430. The
circle represents the cutoff line outside of which is the guid-
ing regime.

This problem, however, is not intrinsic to the struc-
ture. At a different frequency range we found that
the same structure exhibits a similar giant refraction
and superprism effect entirely within the guiding
regime. The inset of Fig. 3 shows the dispersion dia-
gram calculated for a normalized frequency of 0.430.
As shown, the dispersion diagram is anisotropic and
shows a sharp negative curvature along the G K

direction. This leads to giant negative refraction, in
which the light is bounced back to the same side in
which it was incident. Figure 3 shows the calculated
refraction angle as a function of incident angle, which
is now measured with respect to the G K direction.
At a normalized frequency of 0.430, for example,
the refraction angles were found to change from 0±

to nearly 60± as the incident angle was varied from
0± to 6±. This giant negative refraction effect also
exhibited a strong frequency dependence, as shown in
Fig. 3. At small incident angles, the refraction angle
increased with increasing frequency, opposite to what
was observed in Fig. 2. For an incident angle of 2±,
the refraction angle was increased from 29± to 44± as
the normalized frequency was increased from 0.425
to 0.440, yielding a 15± separation for a 3% change in
frequency. This phenomenon has an origin similar
to the case of Fig. 2; that is, the dispersion curve
shifts rapidly as the frequency is changed. However,
it should be emphasized that in this case the entire
dispersion curve lies outside the cutoff circle at all
frequencies, and thus the observed giant refraction
and superprism effects are achieved with guided
modes only.

In summary, we have presented a study of the
refraction and dispersion properties of slab PCs. The
photonic band structure is significantly modified
because of the lack of translation symmetry in the
direction perpendicular to the slab. Only a small
number of the photonic bands are confined and guided
within the slab, whereas the remainder lie outside
the light cone and radiate out of the slab. Despite
such modif ications to the band structure, the slab PC
retains the giant refraction and high-dispersion prop-
erties discovered previously in pure 2D PCs in which
infinitely long structures were assumed. Our FDTD
simulations predicted a highly anisotropic dispersion
surface within the guiding regime. A small change
in incident angle resulted in a dramatic change in
refraction angle. Furthermore, the dispersion sur-
face exhibited a strong dependence on the frequency,
resulting in the superprism effect similar to what
has been predicted for pure 2D PCs. The Si-based
slab PC investigated in this paper exhibited refraction
angles as great as 70± for incident angles less than 7±.
Also, a 3% change in light frequency was predicted
to cause as much as a 15± change in refraction angle.
The demonstration of giant refraction and superprism
phenomena within the guiding regime in a slab PC
has great practical significance. Slab PCs are highly
compatible with conventional semiconductor process-
ing technologies, thus opening up new possibilities for
designing and fabricating monolithically integrated
optical devices for signal processing, communications,
and computing.
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