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1LAAS-CNRS, Université de Toulouse, CNRS, 7 Avenue du Colonel Roche, 31400 Toulouse, France

Abstract. We demonstrate numerically mesoscopic self-collimation under arbitrary oblique incidence in
hexagonal-lattice mesoscopic photonic crystal and propose a fast and simple methodology for design and para-
metric exploration of such geometries.

1 Introduction

In Photonic Crystals (PhCs), light guiding can be achieved
by self-collimation (SC) without relying either on total in-
ternal reflection, as in standard integrated waveguides, or
on bandgap and lattice defects, as in PhC waveguides. SC
in PhCs does not require non-linear effect and is, there-
fore, independent of the light intensity. When working
outside the bandgap in periodic structures, the direction
of light propagation is normal to the dispersion surfaces.
Therefore, the curvature of dispersion surfaces determines
the divergence or convergence of the beam propagating
in such structures. Considering the iso-frequency curves
(IFCs), calculated from the dispersion surface for fixed
frequencies, the beam can be self-collimated when its an-
gular spectral content falls in a flat region of the IFC [1].
This means that the optical signal can propagate undis-
torted without significant broadening or change in its pro-
file. The engineering of spatial dispersion can, therefore,
enable the propagation of self-guided beams and SC has
been widely investigated and demonstrated in PhCs with
either rectangular or hexagonal lattices.

A different approach to achieve SC is based on meso-
scopic periodic structures composed of alternating natural
or artificial materials [2]. These structures are character-
ized by a multiscale periodicity with a subwavelength pe-
riodicity within each slab of artificial material (e.g. PhC
slabs) and with a few-wavelength periodicity for its su-
percell (i.e. the alternating slabs of the different materials
composing the mesoscopic structure). These artificial ma-
terials are generally referred to as Mesoscopic Photonic
Crystals (MPhCs) and, if suitably designed, they can sus-
tain a self-collimated beam by compensating spatial dis-
persion in the alternating slabs.
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2 Mesoscopic Self-Collimation modelling

In this contribution, the hybrid numerical-analytical
method proposed in [3] is used to analyse hexagonal
MPhCs under normal incidence (i.e. the high symmetry
direction) and oblique incidence conditions. The design
method allows to find solutions that guarantee MSC with-
out out-of-plane losses and in-plane scattering losses.

Figure 1. (a) Principle of MSC at oblique incidence: the bal-
ance of lateral spreading in bulk slabs (orange) and self-focusing
in PhC slabs (blue) results in beam propagation without beam
expansion; (b) Anti-reflection phase conditions must be fulfilled
to ensure forward propagation only; (c) Energy propagation (ie
Poynting vector) conditions are required to balance spreading
and self-focussing.

The MPhCs under investigation are schematically rep-
resented Fig. 1 (a) and they are made of alternating slabs
of bulk medium (orange) and hexagonal PhC (blue). The
period of the mesoscopic structure is D = d1 + d2, where
d1 and d2 are, respectively, the lengths of the slabs of bulk
material and of the PhC.
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The key benefits of the generic approach described
in [3] for square lattice PhC and applied here for hexagonal
lattice is that it’s extremely simple and fast as compared
to using only numerical simulations. Indeed, the struc-
ture described in Fig. 1 (a) is multiscale and thus requires
a large simulation volume and long simulation times what-
ever the method used (like rigorous couple wave analysis,
finite element method or finite difference in time domain,
...). Moreover, simulations need to be repeated whenever
any parameter of the structure is modified (like the slabs
lengths d1 or d2 for example). In our approach, an initial
and fast numerical simulation is carried out for an infinite
defect-less PhC corresponding to the PhC used in the PhC
slabs, from which few key properties like the refractive in-
dex n2(u,θ2) as a function of both the reduced frequency u
and the phase propagation angle θ2 in the PhC or the index
of curvature nc2(u,θπ2) governing the energy spreading in
the PhC as a function of the reduced frequency u and the
Poynting vector angle θπ2 in the PhC. Similar quantities
can be derived from first principles for the bulk slabs.

From these quantities, using an analytical propagator
model, we can quickly determine the beam propagation
for various bulk and PhC slabs combinations and various
angles of incidence on the structure and reduced frequen-
cies. The key elements in this model are (1) to find a set
of reduced frequencies and angles of incidence that fulfil
several phase conditions (Fig. 1 (b)) in order to avoid in-
plane and out-of-plane diffraction or backward reflection
at the bulk/PhC interfaces and (2) to find among this set
solutions that also respect energy propagation conditions
that ensure a good balance between energy spreading in
the bulk slabs and focussing in the PhC slabs.

The output of this model is a set of MPhC parameters
together with sets of reduced frequencies u and angle of
incidence in the bulk material θ1 that ensure MSC. This
solutions are then validated using pulsed FDTD simula-
tions and the exact reduced frequency ensuring best MSC
in FDTD is usually slightly adjusted from our model pre-
diction.

3 Mesoscopic Self-Collimation in
hexagonal lattice MPhCs

A surprising result when studying hexagonal lattice
MPhCs is that contrary to their square lattice counterparts,

they only exhibit mesoscopic self-collimation for oblique
incidence and for one particular orientation of the hexag-
onal lattice with respect to the MPhC meso-periodicity.
This is due to a particular interplay between diffraction
at the interfaces and regions in the Brillouin zone that en-
sure efficient self-collimation in the PhC slabs. This be-
haviour will be fully discussed, together with all the mod-
elling strategy during our oral contribution.

Using our modelling strategy, we managed to unveil a
complete set of solutions for mesoscopic self-collimation
under oblique incidence in hexagonal lattice MPhC. The
propagation of a beam with initial waist of w = 20a for
a typical solution (N = 7 rows of holes in the PhC, d1 =
9.98a, θ1 = 23.56, u0 = 0.23.) is presented in Fig. 2 (a),
together with a reference propagation at the same fre-
quency in bulk material only in Fig. 2 (b).

Contrary to the reference propagation where lateral en-
ergy spreading is clearly visible, for the MPhC, the beam
stays well collimated across the structure, demonstrating
mesoscopic self-collimation in hexagonal lattice MPhCs.

4 Conclusion

Fast and accurate modelling strategy for MPhC structures
was adapted to hexagonal lattice MPhCs where, surpris-
ingly, MSC propagation can only occur at oblique inci-
dence and for specific orientation of the PhC.

All the modelling strategy and simulation details will
be presented during our oral presentation.

Current work aims at experimental demonstration of
these structures on suspended PhC membranes.
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Figure 2. (a) Mesoscopic self-collimated propagation in
hexagonal lattice MPhC over 75 mesoperiods (MPhC length of
1200 a); (b) Reference propagation in bulk material (same dis-
tance and same reduced frequency); The intensity of the vertical
component of the magnetic field |Hz|2 is plotted in black to white
color scale. In (a), the MPhC structure is overlayed in gray.
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