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Superprism Phenomena in Planar Photonic Crystals

Lijun Wu, Michael Mazilu, Tim Karle, and Thomas F. Krauss

Abstract—We utilize the anomalous dispersion of planar [9]. However, this angular dispersion is only comparative to that
photonic crystals near the dielectric band edge to control the of a conventional grating. The significant difference between
wavelength-dependent propagation of light. We typically observe ,sara's and Lin's results is in the physical understanding of

an angular swing of up to 10 as the input wavelength is changed th lar di . h Kosakal ized
from 1290 nm to 1310 nm, which signifies an angular dispersion € anguiar dispersion phenomenon. Kosakal. recognize

of 0.5 degree/nm. Such a strong angular dispersion is of the order the anisotropy in the dispersion relationship and determined the
required for wavelength-division multiplexing systems. This is light propagation direction via the group velocity, using wave-

the first demonstration of the “superprism” effect in a planar  vector diagrams discussed in detail by Russel [10]. In contrast,
configuration with a small lattice. Lin et al.assumed isotropic dispersion and ascribed the angular

Index Terms—Angular dispersion, planar photonic crystals, su-  dispersion to the modification of the refractive index. Here, by
perprism phenomena. studying the iso-frequency contours of a semiconductor wave-
guide PhC in the similar way as that of Kosaka, we succeeded

AVELENGTH-DIVISION multiplexing (WDM) has indemonstrating the superprism effectin a planar configuration.
become the established method of increasing td&€ angular dispersion is almost an order of magnitude larger
capacity and flexibility of the optical communications netthan that estimated by Lin and two orders of magnitude larger
work. Typical multiplexers used today are based on arraygban that of conventional prisms. This result reaches a tenth of
waveguide gratings (AWGs), which occupy an area of sevefspsaka’s angular dispersion, obtained in their 3-D “autocloned”
cm? and have a capacity of 40 channels. Future networks walystem. The main difference between Kosaka’'s and our results
require hundreds of channels and therefore need much mbgég at the operating point. Kosalea al. operated their super-
compact devices, particularly if the multiplexers are to bfism near thd’ point, which means thi vector has a large
combined with additional functionality, such as switching angomponent perpendicular to the plane of the crystal. This is pos-
driver electronics. Photonic crystals (PhCs), because of théiple because of the 3-D confinement offered by the autocloned
interesting dispersive properties, especially near the photofikstem. In contrast, we have to operate near the symmetry point
bandgap [1], [2], are promising candidates for WDM applica(K or M in the hexagonal case), because the vertical confine-
tions. Recently, Kosaket al. demonstrated a highly dispersivement offered by our waveguide is relatively weak ksbas to
photonic microstructure in a 3-D (“autocloned”) PhC, whicave its main component in the plane of the crystal.
was termed optical “superprism” [3]-[5]. The “autocloned” Our system consists of a GaAs-based heterostructure perfo-
structure has very favorable properties, but requires specializated by a triangular PhC lattice. The sample was fabricated by
nonstandard fabrication techniques. Furthermore, the nat@fectron-beam lithography and reactive-ion etching [8]. The lat-
of the superprism effect does not require 3-D periodicitjice constant of the hole arrayis designed as 280 nm and the
and similar effects can be observed in 1-D and 2-D systefgle diametet] is 190 nm. This ratio between the hole size and
[6]. Moreover, the autocloned approach does not descrith lattice was shown to be successful in previous experiments
guided waves but rather beam propagation in a bulk—inh[8]. The 240-nm-thick GaAs slab has a 200-nm-thick Si@ask
mogeneous—material. This will limit the usefulness of the®n the top and a 2000-nm-thick &aAl, oAs layer as the lower
structure for fabricating compact systems [7]. cladding. The input waveguide, which was chosen to berh0
Planar PhCs, on the other hand, are much more suited Yj¢gle to avoid strong diffraction at its output and to generate
novel integrated optics applications because of their relatidequasi-parallel input for the superprism, is tilted at 2®m
ease of fabrication compared to 3-D systems [8]. They use 2ADrmal to the crystal edge (the incident edgé+d/). The shape
PhCs to confine and manipulate the light in-plane and totiglr the crystal area was designed as a semicircle to ensure the
internal reflection to confine light vertically. Surprisingly, theight to be transported out straightforward from the crystals. The
superprism effect has so far, to our knowledge, not been studiédi+:m output waveguides designed to pick up the output light
in a planar 2-D system. are oriented at divisions of 2Grom —70° to 70°, which leads
Previous work by Liret al. demonstrated a prism-effect viato the large space between the crystal area and the output wave-
refractive index modification of up to 20% within a frequencyuide. Fig. 1(a) and (b) show the scanning electron microscope
change of 30% (at radio frequency) for a 2-D photonic lattidSEM) pictures of the top views for PhCs with input and output
waveguides and the interface between the input waveguide and
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the wavelength is between 1295 nm and 1305 nm, there are spots
in both the 30 and 40 waveguides. The possible explanation

is that the swing of the light in this range is less thah 46d the
direction of propagation is somewhere between ttegd@l the

40° waveguide, so the signal couples into both waveguides. The
transmission from the PhCs is approximately 1% if the output
intensity is normalized to that of a blank waveguide.

The physical mechanism behind this effect can be explained
with the iso-frequency contours of the photonic band structure.
Fig. 4(a) shows the photonic band structure (TE-polariza-
tion) for hexagonal lattices calculated by the plane-wave
expansion method. The units for the frequemncgre c/a. The
iso-frequency dispersion surfaces at frequencies of 0.214 and
0.217 were then calculated from the band structure in various
directions [Fig. 4(b)], using a refractive index of 3.10 for
the semiconductor host. This index represents the effective
index of the waveguide slab and was verified by identifying
the photonic band edge in separate transmission measure-
ments. The filling ratio is approximated as 30%, from SEM
micrographs. Given an incident wavevector, the propagation
direction is obtained through the momentum conservatior rule

and the concept of the group velocity = V,.w(x) being

normal to the iso-frequency contours [10]. Note that, near the
bandgap, the propagation direction will be changed acutely
even if there is just a very small variation of the incident angle
[Fig. 4(b)]. Furthermore, given a very small change for the
input wavelength (frequency in the wavevector diagram), the
shape of the iso-frequency curves experiences a large alteration.
In Fig. 4(b), when the frequency is altered from 0.214 to 0.217,
Fig. 1. (a) SEM top view of PhCs with input and output waveguides. The inp¥{hiCh corresponds to a wavelength change from 1310 nm to
waveguide is tilted 25 from normal to the crystal edge (the incident edge i4290 nm, the shape of the iso-frequency contour varies from a

T'-AM). The output waveguides are orientated at divisions 6ffi@m —70° to ihexagram i-trianal
70°. (b) The interface between the input waveguide and PhCs. quasihexagram to a quasi-triangle.

d:. S03

In order to explain our results, we proceeded as follows. The
incident light is oriented along the horizontal direction. The
Brillouin zone of the crystal is rotated in order to reflect the

Monitor  Camera angle of incidence and represents the geometry shown in Fig. 1.
Vieron —_— l i Using the construction line method described above, we should
viewer —p o DPC then be able to find the directions of the output light from the in-
u tersections with the iso-frequency contours. Unfortunately, this
Photodetector was not straightforward and did not yield success immediately.
l Even when accounting for a reasonable experimental error in
H 0 "Lm all parameters involved, we could not explain the observed an-
T le— H<——— gular dispersion from the simple model. We then remeasured
U T T T the waveguides and found that the results depended, in part, on
T I Jdable®  Polari Sample the alignment between the input fiber and the Ath-semicon-
Aperre mimor | er Ak ductor waveguide that feeds into the superprism. This is empha-
sized in Fig. 3(b), which shows a higher angular dispersion when
Fig. 2. Schematic diagram of the measuring setup. the input fiber is tilted slightly. This gave us the critical clue: the

input waveguide has a few imperfections on it, which may favor

a few specific higher order modes. Higher order modes can be
via a cleaved single-mode fiber. A Vidicon camera is used tmderstood to propagate along a zigzag path and therefore do
observe the output facet of the sample. In Fig. 3, video imagest enter the crystal at the normal angle. By scanning through
of the output facet of the sample are shown at different inptite different possible angles, we then found that a propagation
wavelengths. The observed images indicate that the light swiraggyle of the waveguided light of 230 the normal yields the
from the 30 to the 40 waveguide as the input wavelength iobserved swing from 30to 4C¢° in the superprism described
changed from 1290 nm to 1310 nm [Fig. 3(a)]. The multiple . e .

Momentum conservation rule: the incident waveveétpand propagation

SpO'tS 'n_ each Wavegwde here are due'to h'gher order mog@%vectoﬂc}, are continued for the tangential components parallel to the inci-
excited in the 1Qum wide output waveguides. Note that whemlent crystal edge, i.ek,,, = ki, .
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Fig. 3. Vidicon photographs for the output light spots at different wavelengths. The multiple spots in each waveguide are due to their multisa¢de@ihees

input waveguide matches well with the fiber (see the top of the picture). We can see that the light swings fromdhibe&80 waveguide as the input wavelength

is changed from 1290 to 1310 nm. (b) Sample is rotated by about 8 degrees with respect to the cleaved facet. The same swing is observed for a smaller change
wavelength, i.e., from 1300 to 1305 nm. This can be explained with a steeper input angle than that shown in Fig. 4(b), and a projection onto thesivere dispe
part of the equi-frequency contour.
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Fig. 4. (a) Photonic band structure (TE-polarized) for the PhCs used in this demonstration. A plane-wave expansion method was used. The adaahltehorizo
corresponds to one of the frequencies we used in the experiment. (b) The iso-frequency contours for the first band (TE-polarized). The metrad/aded to d
propagation direction is as follows: given the incident angle, the propagation wavevector is obtained by the momentum conservation rule afioe picgEEpN

is then determined as being normal to the dispersion surface at the end point of the propagation wavevector. The solid lines are the equi-fteguefay con
the PhCs and the dashed lines represent the uniform semiconductor waveguides. The iso-frequency contours were rétatehdtg25vith the experiment
situation, where the incident ed@e-M is tilted at 25 from the vertical direction (Fig. 1). From this picture, it can be seen that, when the wavelength is altered

by 20 nm (the frequency changes from 0.217 to 0.214), the propagation direction swings (oA to B) assuming the input mode is incident-a23° to
the direction of the waveguide.

above. Considering the size (46m) and refractive index con- the input mode is incident at 23it impinges on the superprism
trast (>3 : 1) of the waveguide, a zigzag path of2Bes not ap- as shown and yields output angles of 3hd 40 for the fre-

pear unreasonable and is well within the range allowed by totalencies corresponding to the wavelengths 1290 and 1310 nm.
internal reflection. By adjusting the model, and assuming thatWe wish to emphasize that the above explanation contains an
the incident light was at 23to the waveguide normal, we wereassumption concerning waveguide mode propagation that we
able to explain our observation after all. In Fig. 4(b), assumirg@nnot prove conclusively. Assuming zigzag-like propagation
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of the mode in the ridge waveguide that feeds into the super{3] H.Kosaka, T. Kawashima, A. Tomita, M. Notomi, T. Tamamura, T. Sato,

prism is the only explanation, however, that allows us to project @l? dsrﬁiléﬁ)vgigﬁmiiy halllaf’vf{erz?rscmtg‘e[l‘Oﬁﬁggéﬂggﬁggwgl C?;Sta'S: To-
the input wavevector onto the high-dispersion part of the iso-fre-  5932_2038. Nov. gggg. -9 S0 PP

guency contour, thus explaining our experimental result. Fur-[4] ——, “Photonic crystals for micro lightwave circuits using wave-

thermore, this assumption does not detract from the exciting g‘%i‘ldffzenld;g”; angular beam steerigbl. Phys. Leti.vol. 7, pp.

observation of high angular dispersion in a planar superprismys] —— “Superprism phenomena in photonic crystaRtiys. Rev. Bvol.
Also, it highlights the fact that the properties of the access wave—[6 58, no. 16, pp. R10096-R10099, 1998.

: : ] R. Zengerle, “Light propagation in singly and doubly periodic planar
guide must be taken into account. waveguides,J. Mod. Opt, vol. 34, no. 12, pp. 1589-1617, 1987.

Finally, the 10 light swing for the change of wavelength from 7] E. Silvestre, J. M. Pottage, P. St. J. Russel, and P. J. Roberts, “Design of
1290 nm to 1310 nm corresponds to a°dight swing when the thin-film photonic crystal waveguides&ppl. Phys. Lett.vol. 77, no. 7,

. . pp. 942-944, 2000.
Wavelength IS Changed from 1550 nm to 1550.8 nm (lTU gnd [8] T.F. Krauss, R. M. De La Rue, and S. Brand, “Two-dimensional pho-

for 100-GHz separation). To project the possible performance = tonic-bandgap structures operating at near-infrared wavelenddas,”
of the superprism in a WDM system, we extrapolated our re- _ ture, vol. 383, no. 24, pp. 699-702, 1996.

; ; [9] S.Y.Lin, V. M. Hietala, L. Wang, and E. D. Jones, “Highly dispersion
sult as follows. For a separation of the output waveguides of photonic band-gap prismOpt. Lett, vol. 21, no. 21, pp. 1771-1773,

3 um, the device would have to be 5Q0m long. Assuming the 1996.
beam was collimated, it could be coupled into PhC waveguide0] P. St. J. Russell, T. A. Birks, and F. D. Lloyd-Lucas, “Photonic Bloch

; ; waves and photonic band gaps,'Gonfined Electrons and Phonarser.
Separated by Jum and such Wavegl'“des would have a typlcal NATO Advanced Studies Institute Series B: Physics, E. Burstein and C.

crosstalk of approximately 30 dB. Therefore, the angular dis-  \weisbuch, Eds. New York: Plenum, 1995, vol. 340, pp. 585—633.
persion of 0.5-degree/nm observed in our superprism is of the
order required for WDM systems. Furthermore, being realized
in a 2-D structure, this superprism is easily combined with other
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