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We demonstrate with the two-dimensional finite-difference time-domain method that an adiabatic transition

in a superprism with an interface along thef1 2̄g direction enhances the transmission through the superprism to
more than 90%s−0.5 dBd over the wavelength range 1.47–1.68mm, including the telecommunicationC andL
bands. We also show that diffraction governed by a quasinegative index of refraction inside the superprism can
be used to obtain nearly transform-limited beam widths at the output of the superprism. The reduction of the
beam width at the output suppresses cross-talk and greatly enhances the achievable frequency resolution of the
superprism.
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I. INTRODUCTION

Photonic crystalssPCd f1g have attracted a lot of attention
due to their ability to control the flow of light on a very small
length scale and to tailor the dispersive properties of thin
dielectric slabs. One class of PCs, planar photonic crystals
f2g sPPCd, represents particularly promising structures for
integrated optics due to the fact that their planar fabrication
allows for the use of conventional microelectronics pattern-
ing techniques. A PPC is an optically thin dielectric film
perforated with a two-dimensionals2Dd lattice of holes.
Light is confined in the slab in the vertical direction by
means of total internal reflection. The 2D lattice of holes can
be used to confine light in the lateral direction by distributed
Bragg reflection for applications such as ultrasmall high-Q
cavities f3,4g, ultrasmall lasersf5,6g, or photonic crystal
waveguidesf7,8g. For these applications, the useful fre-
quency range of light lies within the photonic band gap. On
the other hand, outside of the photonic band gap, the disper-
sive properties of the PC yield effects such as self-
collimation f9–14g and the superprism effectf15g.

The superprism effect has been predicted to enable small
planar wavelength demultiplexersf16–19g. However, in or-
der to achieve practical devices, limitations such as insertion
losses have to be overcomef20,21g. In this paper, we inves-
tigate a type of superprism with an enhanced frequency reso-
lution, but in which insertion losses are also very high in the
absence of a mode-matching mechanism, due to the fact that
the structure of the PC Bloch-mode structure undergoes an
abrupt change in the middle of the useful frequency range.
However, we are able to achieve a high insertion efficiency
on the order of 95% throughout a wide frequency range by
adiabatically reducing the hole size at the PC interfaces. The

two interfaces of the PC are along thef1 2̄g crystallographic
axis fFig. 1sadg, and the hole size is adiabatically reduced
along the direction orthogonal to the interfacesthe f2 1g di-
rectiond. Inside the adiabatic transition region, holes that are

offset by thef1 2̄g vector have the same size. Due to its
adiabatic nature, this design does not need to be carefully
fine-tuned as inf20,21g and can be easily adapted to different
lattices. In Sec. II, we will show that the adiabatic transition
projects the complex mode structure of the PC Bloch modes
onto a single plane wave.

In Sec. III, the issue of superprism compactness versus
frequency resolution is addressed. In the previous literature,
in order to evaluate the frequency resolution of the super-
prism, it has been assumed that a transform-limited beam is
launched into the superprismf19g by terminating a wave-
guide right at the boundary of the PC. In ak-space power
spectrum the phase information is lost, so that the spatial
width of a beam can only be deduced from it if assumptions
are made on the phases. A beam is transform-limited when
its spatial width is the minimum possible width for its
k-space power spectrum, and a Gaussian beam is transform-
limited at its waist. Here we use the negative index of refrac-
tion f22,23g in PCsf24–26g to enhance the frequency reso-
lution capabilities of the superprism. Instead of injecting
light into the PC by terminating a waveguide at its boundary,
we terminate the waveguide some distance before and let the
resulting beam expand in the unpatterned slab before it is
transferred into the PC. The positive refraction in the unpat-
terned slab and the negative refraction in the PC can cancel
each other out to a large extent so as to obtain transform-
limited beams at the output facet of the PC. The criteria for
frequency demultiplexion is that beams corresponding to dif-
ferent frequencies are spatially separated at the output
boundary of the PC. When the beam widths at the output
edge of the PC are smaller, less beam-steering and thus a
smaller frequency change are necessary to separate the
beams.

Furthermore, in this paper the waveguide leading to the
PC has a steep angle relative to the boundary of the PC, so
that light is coupled to PC Bloch modes through Fourier
components in higher-order Brillouin zonessBZsd. This has
consequences that will be outlined in this section.

In the following, we investigate a 2D square lattice PC
with the 2D finite-difference time-domain methodf27g
sFDTDd. The refractive index of the slab is assumed to be
3.43ssilicond and the holes are assumed to be backfilled with
silicon dioxide srefractive index 1.46d. The lattice-constant
of the crystalsad is 0.4mm and the radius of the holes in the
bulk part of the crystalsthat is outside the adiabatic transi-
tiond is 0.12mm. All fields are transverse-electricsTEd with
the B-field pointing out of plane. The discretization is 0.01
µm and the time step 0.005mm−1 sin units ofc0=1, wherec0
is the speed of light in vacuumd.
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Figure 2sad shows the band diagram for this crystal along
theGM direction and Fig. 2sbd shows the equifrequency con-
tour of the second photonic band at a free-space wavelength
sld of 1.54 mm . The equifrequency contour is the set ofk
vectors corresponding to a given wavelength, and is the
equivalent of the Fermi surface in solid-state physics. It can
be seen that the equifrequency contour is approximately a
square with rounded cornerssthe “cusps” of the contourd. In

the corner region, the group velocity¹W kWv, perpendicular to
the contour, undergoes a strong shift in direction. The
rounded corner can be approximated as an arc of a circle as
shown in Fig. 2sbd. The radius of that circle is approximately
0.332p /1.54 so that the diffraction of a Gaussian beam
inside the PC at that wavelength can be predicted by an
effective index of −0.3, provided the range ofk vectors of
the beam is restricted to the corner region approximated by
the arc. The negative sign in the effective index comes from
the fact that the contour corresponds to the second band,
folded back once into the first Brillouin zonesBZd, so that

the group velocity points inside the contour. Negative refrac-
tion in the PC and positive refraction in the unpatterned slab
can compensate each other, so that a beam diffracting in the
slab can be refocused inside the PC.

In a superprism, an angled waveguide is coupled to a PC.
In order to predict to which Bloch mode the waveguide is
going to couple, the conservation of thek-vector component
parallel to the interfaceskid is usedfFig. 1sbdg. Due to the
discrete translation symmetry along the PC interface, this
conservation is only exact modulo 2p /A, where A is the
periodicity of the PC along the interface. The superprism we
investigate in this paper has both its interfaces along the

f1 2̄g direction so that in this caseA=Î5a. ki can be deduced
from the waveguide geometry byki=sinsud2pneff /l, where
neff is the effective index of the waveguide andu is the angle
between the waveguide and the normal to the interface of the
PC fFig. 1sadg. In this paper,u is chosen in such a way as to
couple light atl=1.54mm to a Bloch mode located at the
center of the cusp. This corresponds to the conditionki

FIG. 1. In sad the superprism configuration is illustrated. The waveguide direction relative to the PC as well as the orientation of the PC

interfaces are shown. The hole size is varied in the adiabatic transition regions. Holes offset by thef1 2̄g vector have the same radius.sbd
illustrates the coupling condition from the waveguide to the photonic crystal. Thek vector of the waveguide modekWG is projected onto the
equifrequency contour of the PC, with a projection direction perpendicular to the interface. At wavelengths shortershigherd than l
=1.54mm kWG increasessdecreasesd, and light is coupled to modes leftsrightd of the cusp. The direction of propagation is indicated by
arrows inside the equifrequency contour. TheG , M, andX high-symmetry points are also shown.

FIG. 2. sad Band diagram showing the first three TE photonic bands along theGM direction. The black dot corresponds tol
=1.54mm. The lattice constant of the PC was chosen in such a way that only the second band is present in the frequency range of interest
sC bandd. sbd shows the equifrequency contour of the second band forl=1.54mm. The contour has a squarish shape with rounded corners.
The corners can be approximated by the arc of a circle with a radius of 0.332p /1.54, thus Gaussian beams with a distribution ofki

restricted to that area diffract inside the PC as if they were in a material of refractive index −0.3.

WITZENS, BAEHR-JONES, AND SCHERER PHYSICAL REVIEW E71, 026604s2005d

026604-2



=ki,cusp+m2p /A, where ki,cusp is the projection of the re-
ducedk vectorsinside the first BZd of the center of the cusp
onto the interface, andm is an integer. The projection of the
various Fourier components of the Bloch mode onto the in-
terface is shown in Fig. 3.ki,cuspcorresponds to the position
of componentc in Fig. 3. Depending on the value ofm, the
light exciting the waveguide couples to the Bloch mode
through a different Fourier component;m=h−2,−1,0,1j cor-
respond to Fourier componentsa,b,c, and d, respectively
sthe letters label the Fourier components, while the integerm
refers to a coupling condition, thus we keep the two separate
notationsd. Herem is chosen to be −2 so that we couple to a
higher-order Fourier componentscomponenta in Fig. 3d out-
side the first BZ. This results inu=60.95°.

The fact that we usem=−2, or in other words that we
couple to a higher Fourier component outside the first BZ,
has consequences in terms of beam steering and in terms of
insertion efficiency. The mechanism leading to demultiplex-
ion is slightly different fromm=0 in that the beam-steering
is not as much a consequence of a frequency-dependent de-

formation of the equifrequency contour as of the fact that for
different wavelengths a different part of the equifrequency
contour is sampled. Of course both effects are present, but
due to the steep injection angle the latter is dominant. At a
lower shigherd wavelength, the value ofki increasessde-
creasesd so that light is coupled leftsrightd of the cuspfFig.
1sbdg. By moving from the left of the cusp to the right of the
cusp, the group velocity undergoes a near to 90° change in
propagation direction. The large injection angleu=60.95°
accelerates the change from one side of the cusp to the other
side of the cusp, so that the frequency resolution of the su-
perprism is higher form=−2 than, for example, form=−1
scomponentbd, which corresponds to a smaller injection
angle. The second reason why we preferred to work with
m=−2 is that even in the absence of a mode-matching
mechanism, much higher insertion efficiency is achievable
this way due to the fact that we couple to a dominant com-
ponent of the Bloch mode. As we will show in Sec. II, in the
absence of a mode-matching mechanism the insertion effi-
ciency Ix corresponding to coupling through componentx
P ha,b,c,dj can be approximated to a high degree of accu-
racy by

Ix = Px/sPa + Pb + Pc + Pdd, s1d

wherePx is the fraction of the total power of the Bloch mode
contained in componentx sthis formula corresponds to a
simple mode-overlap integrald. It is then apparent that the
insertion efficiency is proportional to the fraction of the
Bloch mode contained in the Fourier component that is
coupled to by the waveguide. As already mentioned, we are
coupling to componenta, which is one of the two dominant
Fourier components of the Bloch mode. It would be very
unfavorable to couple to componentc as it contains only a
tiny fraction of the total power.

II. ADIABATIC MODE CONVERSION

In order to predict the propagation direction of a Bloch
mode, it is sufficient to consider the shape of the equifre-
quency contour in the first BZ. However, in order to predict
insertion losses at the PC boundary, the complex structure of
Bloch modes with Fourier components in higher-order BZs
has to be taken into account. The equifrequency contour in
the first BZ arises from folding back the dispersion charac-
teristic of the slab into the first BZ. However, most of the
power of the Bloch modes is still contained in Fourier com-
ponents close to the dispersion of the unpatterned slab, as
schematically shown in Fig. 4. In particular, when moving
along the equifrequency contour from one side of the squar-
ish contour to another side of the contour, through the cusp,
the mode structure undergoes a sharp change. On the left
side of the corner thef1 0g component is dominantscompo-
nentd in Fig. 3d, while on the other side thef0 1g component
scomponentad is dominantf21g. The mode that is exactly on
the GM direction has an equal fraction of its power in thef1
0g and in thef0 1g components. Both components have to be
provided at the interface to the PC to achieve good coupling
to the Bloch mode. For example, in the casem=−2 investi-
gated in this paper, in the absence of mode matching the

FIG. 3. This schematic illustrates how the different components
of the Bloch mode project onto the interface between the crystal
and the slab. The squarish contours show the equifrequency contour
inside the first BZsshown by the dashed squared and in higher
Brillouin zonessoutside the dashed squared. The four main Fourier
components of the Bloch mode located on the lower cusp as well as
their projection on the interface of the crystal are shown by dots and
by a curve along the interface. The curve corresponds to real data
and gives an idea of the relative intensity of those components.
They are spaced by 2p / saÎ5d and labeled for reference in the text.
Componentsha,b,c,dj correspond tom=h−2,−1,0,1j. It is appar-
ent that componenta, which we are coupling to as we chosem=
−2, is one of the two dominant components. We also show the

real-space lattice vectors, the unit vector of the interface,f1 2̄g, and
the direction of propagation of light atl=1.54,f1 1g.
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insertion efficiency is good for modes to the right of the
cusp, however the insertion efficiency is worse for modes to
the left of the cusp that are dominated by componentd rather
than componenta. The mode structure will be quantified
below as well as a quantitative model given for the insertion
losses.

In this section, we introduce an adiabatic transition that
alleviates the mode-matching problem. Due to the fact that
the k vector of the Bloch modes that are coupled to varies
with the frequency, the mode matching interface needs to be
efficient not only for a wide frequency range, but also for a
wide k-vector range. This is a difficult problem due to the
fact that the Bloch-mode structure isk-vector-dependent; in
particular, it is strongly dependent on which side of the cusp
the Bloch mode is on. This problem is solved by the adia-
batic transition for modes in the vicinity of the cusp. The
principle of the adiabatic transition is illustrated in Fig. 5sad.
The hole size is progressively decreased inside the adiabatic
transition region. The main effect of decreasing the hole size
is a shrinking of the equifrequency contour. This can be ex-
plained to the first order by an increase of the effective index
of the PC slab due to a higher volume ratio of high index
material, so that the unfolded contoursdashed circle in Fig.
4d is enlarged. After folding back the contour into the first
BZ, the resulting squarish contour is smaller. In other words,
due to the fact that the second band is folded back once, the
dependence of the size of the contour on the index of the
materials constituting the slab is the opposite of what would
be expected from an unpatterned slab. Due to the slanted

orientation of the interface, the Bloch modes originally in the
vicinity of the cusp are not projected onto the cusp of the
smaller contoursas would happen if the interface had been

along thef1 1̄g direction and the hole size varied along thef1
1g directiond. Rather, while propagating through the adiabatic
region, the Bloch modes originally in the vicinity of the cusp
are progressively projected onto the side of the smaller
squarish contours corresponding to the local band structure.
On the sides of the contour, the Bloch modes are dominated
by a single Fourier component and are easy to couple to.
Furthermore, with decreasing hole size this single Fourier
component dominates more and more the overall Fourier
structure until 100% of the mode is contained in this single
component. In order to simplify the diagram, Fig. 5sad shows
a step change of the hole radius instead of a continuous
change over a large number of layers. Such a brusk change
would induce reflections as well as out-of-plane scattering
losses in a planar PC defined in a finite thickness slab. The
slow transition from the full hole size to the small holes in
Fig. 5sbd suppresses these loss mechanisms. It is essential for

the interface to be along an orientation other thanf1 1̄g when
modes on both sides of the cusp are being mode-matched.

Indeed, if the orientation weref1 1̄g, the mode on the center
of the cusp would stay at the center of the cusp throughout
the mode-matching interface, and would finally be converted
to two plane waves.

FIG. 4. This schematic illustrates the Fourier structure of the
Bloch modes. The equifrequency contour originates from folding
back the equifrequency contour of the slab into the first BZ. The
first BZ is shown by the dashed square and the dashed circle rep-
resents the dispersion characteristic of the unpatterned slab. How-
ever, in extended Fourier space, most of the power of the mode is
still contained in the higher-order components that are close to the
original contour. These components are indicated by a thickened
line along the higher-order contours and are labeled bya andd as in
Fig. 3. They are offset from the component in the first BZ by in-
verse lattice vectors represented by arrows and labeled byf0 1g and
f1 0g. Of course this model is a simplification, as the lattice of holes
not only perturbs the contour at the anticrossing points, but also
perturbs slightly the rest of the contour.

FIG. 5. sad illustrates the mechanism underlying the adiabatic
transition. To simplify the schematic, we show a step in hole radius
rather than a continuous change, but the general idea is the same.
Due to the change in hole size, the contour is deformed. In particu-
lar, for the same wavelength, the contour in the region of smaller
holes is smaller. Because the translation invariance is conserved

along thef1 2̄g direction, it is straightforward to predict how a
Bloch mode couples from one crystal to the other by projecting it
along thef2 1g direction. Modes that were in the vicinity of the cusp
in the “bulk” PC swith larger holesd couple to modes on the side of
the contour in the PC with smaller holes. Those modes have a
dominant Fourier component and are easy to couple to. When the
transition is made adiabatic, rather than stepwise, the reflections
induced at the interface are suppressed.sbd illustrates the real-space
behavior of the light propagation. In the adiabatic transition region,
the group velocity is progressively deflected. The interface of the
PC is along thex direction fthe coordinate frame ofsbd is rotated
relative to the other figuresg.
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Figure 5sbd illustrates the real-space behavior of light in
the slab, superprism, and adiabatic transition region. In the
latter, the direction of propagation undergoes a change pro-
gressively. This is an additional advantage over the mode-
matching interface introduced in Ref.f21g. Indeed inf21g the
two Fourier components containing most of the power of the
Bloch mode were progressively generated, but had different
directions of propagation inside the mode-matching inter-
face, so that the interface had to be compact to avoid the two
components spatially separating. In the adiabatic transition
region, the light corresponds to the local Bloch mode at each
point of the transition, so that all the generated components
copropagate in the same direction. In particular, inf21g there
was a tradeoff between compactness and insertion efficiency
which is not an issue in the present design, as there is no
disadvantage in increasing the size of the adiabatic transition
other than a slight loss of real estate on the chip.

We evaluated the insertion efficiency of the adiabatic tran-
sition by 2D FDTD computation. In the following simula-
tions, we adiabatically reduced the hole radius from 0.12µm
to 0.06µm. We did not go all the way to zero for practical
reasons, both due to limitations of the FDTD methodsdis-
cretizationd and due to the resolution limitations of lithogra-

phy in a fabricated device. We transmit light through PCs
with both interfaces along thef2 1̄g direction. In one case the
PC consists in a “bulk” PC and in the other case by a PC
with adiabatic transitions at the input and at the output facets
sthe “adiabatic PC”d. The bulk PC is 150 layers wide, where
“layer” refers to a row of holes along thef2 1̄g directionffor
example, the PC in Fig. 1sad would correspond to 23 rowsg.
The adiabatic PC consists of 150 layers, where the hole ra-
dius is ramped up fromr =0.06mm to r =0.12mm in the first
50 layers, kept constant in the next 50 layers, and finally
ramped back down tor =0.06mm in the last 50 layers. In
Fig. 6, we show data for a wide range ofk vectors but for a
fixed wavelengthl=1.54mm. A transform-limited Gaussian
beam is launched in the unpatterned slab before the PC, with
an angleu=60.95° relative to the normal to the interface of
the PC, as derived in Sec. I. However, the waist of the beam
is chosen to be narrow; due to the small waist, the light
source contains a wide range ofk vectors centered on
ki,cusp+m2p /A swith m=−2d, rather than a narrowk-vector
distribution generated by a wider light source, so that data
can be collected for a wide range ofk vectors. The field at
the output facet of the PC is Fourier-transformed, and the
component of the Poynting vector along they direction

FIG. 6. We propagate light atl=1.54mm through a bulk PCfsad and sbdg and through an adiabatic PCfscd and sddg. The abscissae
correspond to the projection onto the interface of the reducedk vector of the Bloch modesthe zero abscissa has been shifted so that it
corresponds to the mode on theGM directiond. In sad andscd, the upper continuous curve is the incoming power and the lower continuous
curve the outgoing power. The dashed curve is the prediction of the output power based on Eq.s1d. The left dash-point curve corresponds
to componentd sFig. 3d, the right dash-point curve to componenta, and the pointed curve to componentb. All the Fourier components
corresponding to the same Bloch mode are represented at the same abscissa. Insbd and sdd, we show both the actual insertion efficiency
scontinuous curved and the predicted insertion efficiency based on Eq.s1d sdashed curved. In sad and scd, the trailing edge of the incoming
Gaussian beam is due to the fact that the interface of the PC is rotated with respect to the direction of propagation of the beam.
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Pyskid is calculated as a function ofki. Three items are con-
firmed by these data: First, the Bloch-mode structure indeed
undergoes the predicted transition from one Fourier compo-
nent to the other; second, Eq.s1d is adequate to predict the
insertion losses in the vicinity of the cusp and in the absence
of an adiabatic transition; and third, the adiabatic transition
does solve the insertion problem for a wide range ofk vec-
tors. In order to evaluate the insertion efficiency, in both
cases we compare the incoming power to the transmitted
power. In order to show the Bloch-mode structure, we de-
compose the transmitted power into the various Fourier com-
ponents. Finally, to verify the validity of Eq.s1d, we compare
the actual transmitted power to the transmitted power pre-
dicted by Eq.s1d.

Figures 6sad and 6scd show the raw data, respectively, for
the bulk PC and for the adiabatic PC. Figures 6sbd and 6sdd
show the actual transmission through the PC as well as the
predicted transmission. In Fig. 3, we can see that there are
four peaks in thek-space transmission spectrum, three of
which, a,b, andd, are significant. In Figs. 6sad and 6scd, we
show a srightmost dash-pointed curved, b spointed curved,
and d sleftmost dash-pointed curved as a function of their
reducedk vector, so that all the components corresponding to
the same Bloch mode share the same abscissa. In other
words, the Fourier components corresponding toki+p2p /A
with pP h−2,−1,0,1j are all plotted with the abscissaki. In
all four figures, the zero abscissa corresponds to the intersec-
tion of the contour with theGM direction, the center of the
cusp. The total outgoing power is the sum of those three
components and is shown by the lower continuous curve.
The incoming power is shown by the upper continuous
curve. The dashed curve, almost identical to the outgoing
power, corresponds to the outgoing power predicted by Eq.
s1d from the power distribution in componentsa,b, andd. In
Figs. 6sbd and 6sdd, the continuous curve is the actual trans-
mission, that is, the outgoing power divided by the incoming
power, while the dashed curve is the predicted transmission.

There are some comments that can be made on these data.
In Fig. 6sad, the Bloch-mode structure predicted by the
model shown in Fig. 4 can be clearly seen. Modes to the left
of the cusp, with a negative abscissa, propagate to the right
and the dominant component isd. Conversely, modes to the
right of the cusp, with a positive abscissa, propagate to the
left and the dominant component isa. In Fig. 6sbd, it can be
seen that the predicted insertion efficiency isS-shaped,
where modes with a higher abscissa, that are dominated by
componenta, have a higher insertion efficiency because
componenta is provided by the light source in the slab. The
actual insertion efficiency is close to the predicted one for a
large range ofk vectors. At positive abscissae there is also
another limiting mechanism on the insertion efficiency that
we did not investigate. In the case of the adiabatic PC, as
predicted, componenta is heavily dominant in the transmis-
sion spectrum around the zero abscissa. This leads to an
insertion efficiency above 90% for a large range ofk vectors
on both sides of the cuspsi.e., with positive and negative
abscissaed. Also, it can be seen that the transition point from
one dominant Fourier component to the other is shifted from
ki=0 to ki=−1.12mm−1. That is to be expected from the
model shown in Fig. 5sad, where a mode originally left of the

cuspswith ki=−1.12mm−1d gets projected onto the cusp of
the smaller contour, while all of the modes to its right, in-
cluding the mode originally on the cuspswith ki=0d, get
projected on the side of the contour wherea is dominant.
Finally, in the case of the adiabatic PC, the transition from
one Fourier component to the next is much more abrupt, as
visualized by the slope atki=−1.12mm−1 in Fig. 6sdd. This
is due to the fact that the field at the output of the crystal
corresponds to the modes of the PC with reduced hole size
sr =0.06mmd, where the coupling strength between Fourier
components as well as the extent ink space over which an-
ticrossing occurs are reduced.

As explained in detail in Ref.f19g, for an angled wave-
guide coupled to a PC, there is a one-to-one relationship
between the wavelength and thek vector of the Bloch mode
that is coupled to. The true figure of merit of a mode-
matching interface used in conjunction with a superprism is
the insertion efficiency at each of these frequency ork-vector
points, that is, the frequency-dependent coupling efficiency
of the complete system. We show these data in Fig. 7. The
field is launched from a much wider Gaussian beam, the full
width at half minimumsFWHMd is 3 mm, so that a narrow
range ofk vectors is targeted at each frequency, rather than
averaging the insertion efficiency over a wide range ofk
vectors. The Gaussian beam approximates the mode profile
of the waveguide leading to the superprism in a real device.
It can be seen that the insertion efficiencystransmittance
through two interfaces with adiabatic transitiond is above
90% for a range of wavelengthss1.47–1.68mm d including
the telecommunicationC band s1.528–1.570mmd and L
bands1.570–1.605mm d.

III. COMPACTNESS AND SENSITIVITY

In this section, we address the frequency sensitivity of the
superprism. In Ref.f19g it was shown that the small radius of

FIG. 7. Power transmission through the “adiabatic crystal.” A
Gaussian beam with a FWHM of 3mm and an angleu=60.95° is
launched in the slab and coupled to the crystals150 layers, 100 of
which are split between the adiabatic transitions on both interfacesd.
u is chosen so that light atl=1.54mm propagates along thef1 1g
direction. The transmission is in excess of 90% over the wavelength
range 1.47–1.68mm.
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curvature at the corner of the equifrequency contour not only
leads to beam-steering, but also to enhanced diffraction of
the beam inside the PC. In other words, the beam coupled
from the waveguide not only has a frequency-dependent di-
rection of propagation inside the PC, but also experiences
stronger beam-broadening than in the unpatterned slab. In
order to separate frequencies with low cross-talk, the corre-
sponding beams should have vanishing spatial overlap at the
output facet of the PC. Due to beam-broadening, the spatial
separation necessary to separate the beams is higher, so that
PC induced enhanced diffraction reduces the frequency reso-
lution of the superprism. The overall efficiency in terms of
frequency selectivity was quantified inf19g, however the
model developed assumed that the beam at the input inter-
face of the PC was transform-limited, that is, the waist of the
beam is assumed to be at the interface to the PC. This situ-
ation is encountered when the waveguide stops exactly at the
interface to the PC. Here, however, we examine the situation
where the waveguide stops some distance before the inter-
face, so that the beam diffracts inside the unpatterned slab
before coupling into the PC. The diffraction inside the PC
resembles negative index diffraction, so that the diffraction
inside the unpatterned slab and inside the PC can compensate
each other. If the diffraction length in the unpatterned slab is
adequately chosen, the beam can be nearly transform-limited
at the output facet of the PC, so that the impact of beam-
broadening on the superprism resolution can be neglected
showever, there is still a price to be paid to compensate for
the enhanced diffraction inside the superprism, and that is the
chip space necessary to expand the beam prior to the PCd.

In the following, we derive the diffraction length in the
slab sdslabd necessary to compensate the diffraction length
inside the PCsdPCd. The width of the adiabatic transition has
to be split in some way betweendslab anddPC that we do not
quantify here, however in a real device the width of the
adiabatic transition should be much smaller than both the
width of the bulk part of the PC and the diffraction length
inside the slab, so that it can be neglected. As shown in Fig.
8, dPC is the width of the PCsbecause we optimizedslab for
the wavelength at which light propagates in thef2 1g direc-

tion normal to thef1 2̄g interfaced and dslab is the distance
over which the beam is propagated inside the slab. We as-
sume the beam to be a transform-limited Gaussian beam at
the output edge of the waveguide and we aim for a
transform-limited Gaussian beam at the exit of the super-
prism. The width of the beam at the end of the waveguide is
W0 fthe width of the beam is defined as 2s, where the func-
tional dependence of the amplitude along the cross section of
the beam is given by exps−x2/s2dg. The diffraction angle
inside the unpatterned slab isaslab=2l / spnslabW0d, so that
the width of the beam at the input interface of the superprism
is Winterface=2 tansaslabddslab/cossud. The additional 1/cossud
factor comes from the fact thatWinterface is the width along
the interface of the PC that makes an angleu with the normal
to the propagation direction of the beam. The width of the
transform-limited beam at the output facet of the PC should
be W0/cossud, so that the diffraction angle inside the PC is
aPC=2l cossud / spnPCW0d. Thus the size of the beam at the
input facet of the PC can also be written asWinterface
=2 tansaPCddPC. By equating the two expressions for
Winterface, we get the equation

tanS2l cossud
pnPCW0

DdPC= tanS 2l

pnslabW0
Ddslab

1

cossud
. s2d

Because the Gaussian beam expanding in the slab is cut at
an angleu, the beam profile along the interface of the PC is
not exactly Gaussian. Thus the model exposed above is an
approximation. To further validate Eq.s2d, we investigated
the dependence of the width of the beam exiting the PC as a
function of dslab with a simple beam propagation code based
on a scalar description of the field, and an effective index
approximation inside the PC. Here again the effective index
approximation for the propagation inside the PC is only valid
for a beam with a small enoughk-vector distribution to be
completely contained within the rounded part of the cusp. At
the boundaries of the PC, an extra transformation has to be
operated on the field that consists in subtractingkcusp,i

+m2p /A from the lateral component of thek vector skxd at
the input boundary, while at the output boundary it is added
back to it. Indeed, inside the PC, light is described by an
effectivek vector that corresponds to the offset between the
center of the circle approximating the cusp of the equifre-
quency contour in the first BZ and the reducedk vector of
the Bloch mode. Light with a lateralk vector of kcusp,i

+m2p /A is in fact at the center of the cusp, and propagates
inside the PC as if it had a 0 lateralk vector in a material of
index nPC. This model is a little more sophisticated than the
simple considerations that led to Eq.s2d, for example it takes
into account that the field at the boundary to the PC is a
distorted Gaussian due to the fact that the cross section of the
incoming beam is taken along an oblique axis. For this ex-
ample, the PC is assumed to be 300mm thick and the
FWHM of the waveguide is assumed to be 5mm. The opti-
mum diffraction length in the slab is calculated to be 655mm
with Eq. s2d. In Fig. 9, we show the beam profile at the input
boundary and at the output boundary of the PC, as a function
of dslab. It can be seen that in this model the optimum expan-
sion length is still given by Eq.s2d. As mentioned in the first

FIG. 8. This figure is a schematic of the beam expansion inside
the unpatterned slab and inside the PC. The lengths and angles are
labeled for reference in the text.
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section, the diffraction of the beam inside the PC is described
by an effective indexnPC=−0.3 that is much smaller than the
index of the silicon slabsnslab=3.43d. As a consequence, the
beam needs to propagate a longer distance in the slab than in
the PC in order for the diffraction in the slab and in the PC to
compensate each other. However, due to the fact that the
beam propagates inside the slab along a slanted direction, the
distance between the waveguide edge and the edge of the PC
f655 cossud=318mmg is of the same order as the width of
the PCs300 µmd.

By applying Eq.s2d, we also got convincing results with a
full 2D FDTD simulation. We simulated the transmission
through the adiabatic PC introduced in the previous section
ssame PC as in Figs. 6 and 7d by using as a light source a
transform-limited beam at the input interfacesad and a beam
that had been propagated 80mm before hitting the interface
sbd. The results are shown in Fig. 10. It can be seen that the
separation between beams corresponding to different fre-
quencies at the output of the superprism is much better in the
second case. It can also be seen that the beam profile at the
output interface in the second case is very close to the
transform-limited beam profile.

We would like to finish with a few concluding remarks on
the feasibility of a real device. The frequency resolution
shown in Fig. 10 is 60 nm and might appear disappointing.
However, this is uniquely due to the small size of the device
simulated here; the PC is only 26.8mm wide. The beam
width at the output of the PC is independent of the size of the
PC, as the beam is transform-limited due to the cancellation
effect between positive refraction in the slab and negative
refraction in the PC. However the separation between the
center axis of beams corresponding to different frequencies
is proportional to the size of the PC. Thus the resolution of
the superprism scales with the size of the bulk part of the PC.
For a 10mm separationssame as in Fig. 10d induced by a 1
nm wavelength difference, the necessary width can be evalu-
ated to be 27360/1=1620mm. This number is an overesti-
mate as we scaled the bulk part of the PC and the adiabatic
transition region by the same factor. In fact, beam steering is
very weak in the small hole region, and we do not need to
increase the width of the adiabatic region, so that the neces-
sary PC size is probably more on the order of 1000µm.

The calculations made in this paper were all 2D FDTD.
As such they do not take into account that PC modes can be
lossy in a planar photonic crystalsi.e., defined in a finite
thickness slabd if they are inside the light cone. If the reduced
k vector of a Bloch mode has a smaller magnitude than

FIG. 9. This figure shows the dependence on the expansion
length inside the unpatterned slabsdslabd of the beam width at the
input sdashed lined and outputscontinuous lined boundaries of the
PC. The beam profiles are labeled bydslab/d0, whered0 is the op-
timum dslab predicted by Eq.s2d. The frequency is assumed to be
the one at which the beam propagates perpendicular to the PC in-
terface inside the PC. Atdslab=0 sthat is, the waveguide terminates
directly in front of the PC interfaced, the beam is significantly
broadened inside the PC. At the optimumdslab, the diffractions in-
side the slab and inside the PC compensate each other and the beam
has its minimum width at the PC output interface.

FIG. 10. In sad a transform-limited beamsleftmost beamd is launched inside the PC. The shape of the beam at the output of the PC is
shown for the free-space wavelengths 1.6mm, 1.54mm, and 1.48mm sleft to rightd. sbd shows the same data for a beam that has been
propagated 80mm inside the slab before being coupled to the PC. The leftmost beam is the cross section of the beam at the input edge of
the PC after propagation through the slab. In this case, the beam is approximately transform-limited at the output of the PC. Both insad and
in sbd, the relative positions of the output beams are correct, but the input beams have been separated out, so as not to overlay too many plots.
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2pncladding/l, where ncladding is the refractive index of the
cladding material surrounding the planar photonic crystal
stypically SiO2 for a PC made in a Si membraned, the Fourier
component inside the first BZ can couple to propagating
cladding modes, which leads to a loss mechanism. For ex-
tended devices such as the superprism where light has to
propagate for a significant distance through the crystal, this
leads to very large losses, if not to a complete signal loss. We
investigated some band diagrams and found that a PC lattice
with a=480 nm andr /a=0.3 defined in a Si membrane clad
with SiO2 is a good candidate. TheC band is just below the
light line and the corresponding Bloch modes have no intrin-
sic losses. We chose to work as close as possible to the light
line because the shape of the equifrequency contour is very
close to the one investigated in this paper. The lattice con-
stant of the PC is slightly bigger to compensate for the higher
volume ratio of low index materialsSiO2 cladding the finite
thickness filmd.

IV. CONCLUSION

We have introduced two novel concepts to enhance the
design of superprisms for wavelength demultiplexion. One is

an adiabatic transition along thef2 1g direction in a super-

prism with interfaces along thef1 2̄g direction. This solves
the light insertion problem with a robust design, because the
only necessary condition is a slow transition; variations in
photonic crystal design and slab index should be easily ac-
commodated. Also it yields insertion efficiencies in excess of
90% for a wide range of frequencies andk vectors, making it
uniquely suited to the superprism effect. The second im-
provement consists in using a quasinegative index of refrac-
tion to remove one of the limitations on frequency resolu-
tion. By ensuring that beams exiting the superprism are
transform-limited, cross-talk is suppressed. Those two im-
provements may pave the way for the superprism to be used
in practical wavelength demultiplexers.
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