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Superprism effect in bidimensional rectangular photonic crystals
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In this letter, we show that photonic crystals with geometries of lower symmetry, such as the
rectangular geometry, are uniquely suited for applications involving the superprism effect. The extra
degree of freedom provided by the anisotropy of the unit cell allows more freedom in searching for
suitable iso-frequency curves. Also, the appearance of multiple orders of diffraction allows more
than one incident plane wave to couple to the same Bloch mode. This extra degree of freedom is
decisive when trying to optimize the transmission. We illustrate these ideas on a particular
rectangular configuration which ensures a strong angular superprism effect, a well collimated
transmitted beam, and power transmissions of up to 80%20@4 American Institute of Physics.
[DOI: 10.1063/1.1688981

The superprism effect is the effect whereby the angle of In this geometry there is one extra parameter, which is
refraction inside a photonic crystdPC) is seen to vary absentin the square and hexagonal cases: the aspect ratio of
strongly with the angle of incidence or the frequency of thethe unit cell (ratio of the longer lattice vector over the
incident beam. It has been proposed as a means of ligishortej. This is already an advantage, because by varying
deflection for optoelectronic systems such as displays othis parameter one can search through a much broader space
printers, as well as for communications applications such asef possible band structures and iso-frequency curves, allow-
multiplexers and dispersion compensatbrs. ing more flexibility than in the other, more symmetrical

One problem that continues to frustrate efforts at obtaincases. Also, the intrinsic anisotropy of the physical structure
ing practicable geometries and structures for exploiting theesults in a more anisotropic band structure, which is favor-
superprism effect in photonic crystals has been the tendencble for the superprism effect because one is not forced to go
of crystals to reflect a large part of the incident light at theinto the upper bands to find highly curved iso-frequency
interface. In the worst cases the incident light is orthogonaturves. But in addition, the horizontal dilation of the lattice
or near orthogonal to the Bloch mode it must couple to, andntroduces multiple orders of diffractioftonsidering the PC
thus the transmission is negligible. Moreover the superprisnfrom a one-dimensional grating perspecjiwehich can be
effect being a very restrictive problem, one is often forcedused in incidence, meaning that there is more than one option
into a certain configuration by other consideratidband  as far as incidence angle, in order to couple to the same bulk

curvature, beam quality, fabrication constrainasid one is  Bloch mode. This can be understood by considering the iso-
left no room for improving the power transmission. Part of frequency map of the bulk PC.

the problem is that the geometries that have received the Figure 1 illustrates the use of the construction line
most attention recently have been the highly symmetrignethod for a structure witw,=a/\ =0.203,r =0.25% and
square and especially the hexagonal geometry which, bec=2 inH polarization. Herev, is the normalized frequency
cause of their high degree of symmetry, allow very little (for a fixed\ =1.554), r is the hole radiusa is defined as
freedom in their design. The hexagonal structure for instancghe length of the shortest lattice vectfam,|=|a;|=a, andx
only allows the choice of the hole radius, and the normalizeds the aspect ratio of the unit celé,|/|a;|. The interface,
frequency. So we see that the available parameter space fgpresented by the solid horizontal line of Fig. 1, is therefore
just too small to be able to meet all the requirements, and, ahe (10) plane. We use a material with an effective index of
the same time, optimize the transmission. This provides thg=3 21 (following Ref. 4. The dispersion surface used to
motivation to study somewhat less symmetrical geometriespptain this diagram was calculated using the MHGTONIC
such as the rectangular geometry, because they will allow thganps package described in Ref. 5.
extra degree) of freedom needed to satisfy all the require-  The construction line methodletailed in Refs. 3 and)6
ments. establishes quantitatively the link between the incident field
In this letter we propose the use of the two-dimensionahn the propagative modes in the periodic medium by way of
(2D) rectangular geometry to enhance transmission propefne continuity conditions at the boundary. The large circle
ties in the angular superprism effesmall change of angle (epresents the moddplane waves propagating in the ho-
of incidence, large change of transmission apdtds worth mogeneous medium, and the iso-frequency curves of the
noting th_at all the ideas _presented here are applica_ble to OthEFystal the propagativéBloch) modes in the crystal bulk.
geometries and also in the frequency superprism effeCihe solid horizontal line superimposed on the abscissa is the
(small frequency change, large change of transmissiofhierface, and the vertical construction lines represent the

angle. conservation of the tangential component of kheector of

an incident field at the interfaagp to an integer number of
3Electronic mail: cabuz@ges.univ-montp2.fr lattice vectors|n this particular case we have three possible
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FIG. 3. SpatiaH field profile for the Bloch mode corresponding to point P
in Fig. 1. We see clearly that a plane wave incident vertically would be
: normal to this mode, which would not be the case for more oblique angles of
0255 A NS f S W I S N W I A A incidence. Arrow indicates the direction of propagation of the mode.
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finite difference time domaifFDTD) calculations. In Fig. 2
we compare the power transmissions and the angles of trans-
: mission for ranges oA #=3.5° aroundd=0° incidencethe
B direction and #=50.1° incidencethe C direction. We

08 /\ i /\ \ ] see clearly that for the case of the B direction, although the

075 05 -0.25 0 0.25 5 0.75 superprism effect is present, the transmission is less than 5%.
FIG. 1. Iso-frequency curves for the rectangular geometry with O the other hand for the C direction the transn_"lis_sion starts
a/A=0.203,r=0.25, x=2, andn=3.21. The solid horizontal line repre- at 45% and it reaches 80% for an angle of incidence of
sents the surface of the crystal and the solid vertical lines are the thre§3.5°, The superprism effect is slightly less abrupt, but still
construction lines, for the same Bloch mode P, giving the three dh‘ferenR/er much present: we have a chanae of 55° in the anale of
plane waves A, B, and C. All fields propagate along their respective group y L. P ’ o 9 L 9
velocities (short arrows The Brillouin zone is indicated by the dashed transmission for a change of 3.5° in the angle of incidence.
rectangle. For clarity we omitted the A direction as its transmission is
intermediate(between the B and C directionand thus less
hnteresting.

o

construction lines, separated by a lattice vector from eac To understand physically the difference in transmission
other, of course. They relate the same Bloch mode P, to threéee

aiff t ol ith tors A B. and C. Th tween the different angles of incidence, neither the iso-
erent plane waves, with wave vectors A, b, and . effrequency curve diagram nor FDTD calculations can provide
arrows in the figure indicate the directions of propagation o

the necessary insight. One needs to look in more detail at the

- ) ) 4 e'Spatial field distribution of the relevant Bloch mod@&s our
group velocities, which are defined as the gradients of th ase the mode at)Ro gain a clear insight of the coupling

respective dispersion ;urfgces and are therZ/efore always nOpghenomena involved. In Fig. 3 we see the magnitude of the
mal\'/[\c/) the cotLretspondlt;\g |?o-frequ|ency eur E?S;[ the B hH field vector, which is always directed parallel to the holes,
¢ see thal in order 1o coupie energy Into e BIoChy, .5 ise e are iH polarization. From the picture it is clear

rr;]ode dat P(or lntg anythothehr _mOdi tﬁn thg_ﬁcentriil_ eI_I(ljpsei why the B beam is completely reflected: it is directed along
shaped curjewe have the choice of three different inciden a nodal plane of the Bloch mode, and is thus orthogonal to it,

beam directions. We cannot infer anything about the POWEY Lioh is not the case for the other two beams.

transmission just by Ioo.king.at. the iso—_frequency curve _dia- From an overlap integral point of view, the better cou-
gram, but we can obtain this information from approprlatep”ng of the oblique wave can be understood in terms of the
field overlap between a plane wave and the Bloch mode in
the crystal bulk. In normal incidence it is clear that the over-
lap integral is zero and the fields are orthogonal, whereas for
oblique incidence one may imagine the plane wave as “lined
up” in a certain sense, with the rows of pluses and minuses
in Fig. 3 leading to larger overlap of the fields, and conse-
quently better coupling. Though clearly far from rigorous or
accurate, such mental pictures often help with an intuitive
understanding of thécomplicatedl physical processes.
It is important to note that this improvement in transmis-
sion is achieved without modifying the interface at all. What
allows for the choice of the most efficiently coupled plane
B e ittt wave is the fact that the elongated shape of the Brillouin
0 1 A8 (dggrees) 8 zone causes the large, construction circle to overlap the
fG o T <sion effc hed i ; o i width of not one but three Brillouin zones, giving three or-
T e e e Do o e ochge derS of difiaction. This essentialy means tha the boundary
referenced to 0° or the B directiprwhile those without markers are be- conditions now allow the Bloch modes in the crystal to

tween 50° and 53.5PA 0 referenced to 50° or the C directipn couple with not one, but three modes of the continuum of
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states in the exterior homogeneous medium. In more sym- This work was supported in part by project RNRT
metrical geometries such as the hexagonal, this also happer@RISTEL. The authors would also like to thank the “Centre
but only for higher frequencies, which are often excluded ifinformatique National de 'Enseignement Stipar” for an
one is working in the quasi-2D approximation and the lightallowance of computer time.
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