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Photonic crystal �PC� composites are sequenced series of PCs that feature the same periods but
different filling fractions. By properly tuning the filling fractions of the individual PCs and merging
the working band of each PC into a continuous frequency range, wide-band self-collimation of
optical signals can be realized. The band diagrams and the equal-frequency contours of the PC
structures were calculated through the plane wave expansion method and the finite-difference
time-domain method was employed to simulate the propagation of electromagnetic waves through
the PC structures. Our results show that while a single PC can only collimate optical waves over a
narrow frequency range, a PC composite exhibits a much wider collimation band. Such a wide-band
optical collimation lens can be useful in applications that demand directional optical energy flow
over a long distance, such as optical imaging and biosensing. © 2010 American Institute of Physics.
�doi:10.1063/1.3468242�

I. INTRODUCTION

Periodically distributed structures of dielectric materials
called photonic crystals �PCs� have attracted much interest
from both academia and industry in the past two decades
because PCs grant the ability to manipulate electromagnetic
waves through relatively simple configurations.1–3 Research-
ers have observed many interesting phenomena �e.g., band
gaps,4 negative refraction,5–7 and photon tunneling8� in PCs
and have developed manifold applications such as fibers,
waveguides, micro/nanocavity lasers, beam splitters, and
biological/chemical sensors. Flat slabs of PCs have recently
been engineered to collimate electromagnetic waves at des-
ignated frequencies where the curvatures of the equal-
frequency contours �EFCs� in k-space are nearly zero.9–16

Such diffractionless propagation in a PC is described as self-
collimating or self-guiding. PC-based collimation lenses can
be made much smaller than traditional collimation lenses
�with curved surfaces� and production of such lenses by mi-
cromachining techniques is straightforward and inexpensive.
These advantages enable the mass-production of collimation
devices at the microscale, where traditional convex and con-
cave lenses17 are extremely difficult to fabricate.

Despite these advantages, single PC-based collimation
lenses only work within a narrow frequency band where the
EFCs are flat, since the EFC curvature of a PC changes dra-
matically with frequency. Periodic composite structures have
been previously designed to steer wave beams.16,18–25 In a
previous study we have found that the self-collimation fre-
quency band can be enlarged with phononic crystal compos-
ites, which are sequenced series of phononic crystals that
have the same periods with different filling fractions.16 In
comparison with existing, single phononic crystal-based col-
limation lenses, phononic crystal composite-based collima-

tion lenses exhibit larger spectral collimation ranges. By
analogy, we expect PC-composites, the photonic counterparts
of phononic crystal-composites, can expand the collimation
ranges of PCs for electromagnetic waves.

The band diagrams and EFCs of two-dimensional �2D�
PCs were calculated based on the plane wave expansion
�PWE� method to predict the self-collimation direction and
the working bands of self-collimation of PC structures
�single PCs as well as PC composites�. A finite-difference
time-domain �FDTD� method was employed to simulate the
electromagnetic wave propagation phenomena of PC struc-
tures and to demonstrate the wide-band self-collimation of
PC composites. The self-collimation of single PCs is intro-
duced in Sec. II. The working mechanism of wide-band self-
collimation of PC composites is discussed in Sec. III. Finally,
the simulated wave-propagation patterns that reveal the
wide-band optical collimating properties of the PC compos-
ites are presented in Sec. IV.

II. SELF-COLLIMATION OF SINGLE PCS

A beam of electromagnetic wave is called self-
collimated or self-guided if it does not spread when propa-
gating in a PC.10 The direction of energy propagation in a PC
is given by the group velocity of the wave beam: vg

=�k��k� where � is the angular frequency and k is the wave
vector. This depicts that electromagnetic waves propagate
along directions normal to EFCs, which demonstrate near-
zero curvatures at certain frequencies in PC structures. At
such frequencies, when incident waves �with varying wave
vectors k� end at the flat region of an EFC, they are all
refracted normal to the flat contour. As a result, the energy
fluxes are in the same direction, indicating self-collimation.

There are several methods to calculate the band dia-
grams and EFCs of PCs: the multiple scattering theory
�MST� method,26,27 the FDTD method,28 the PWEa�Electronic addresses: sunmoon@mail.xjtu.edu.cn and junhuang@psu.edu.
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method,29–31 and the layer-multiple-scattering method.32,33

We used the PWE method due to its strength in solving the
vectorial eigenmodes of Maxwell’s equations for periodic
boundary conditions.3 We have already employed the PWE
method to demonstrate the wide-band collimation of acoustic
waves through phononic crystals, acoustic analog of PCs.16

Due to the spatial periodicity of a PC structure, the material
properties �e.g., mass density and elastic stiffness tensor� can
be expanded in Fourier series with respect to the reciprocal
lattice vectors based on Bloch’s theorem.29–31 The accuracy
of such calculations depends on the number of the terms
used in the series expansion. In this work, 121�121 plane
waves, corresponding to a mesh of 121 points in each of the
reciprocal lattice directions, were used in the calculation of
band diagrams to reach precise results.

Two single 2D PCs, which we used to investigate self-
collimation phenomena, were solid/air PCs consisting 2D
square arrays of rigid gallium nitride �GaN� cylinders im-
mersed in air. The dielectric constants of GaN and air are 8.9
and 1.0, respectively. The lattice constant a of two single
PCs was the same but the filling fraction ��r2 /a2, where r is
the radius of the cylinder� of the first PC �PC1� was 0.2513
and that of the second PC �PC2� was 0.1924. To simplify the
calculation, we focused our investigation on the in-plane
propagation of only the TM-polarization mode �where the
electric field is parallel to the axes of the cylinders�.

Figure 1 shows band diagrams for the first three TM-
polarized bands of PC1 and PC2. The differences in filling
fractions resulted in the slope change in dispersion curves,
where a higher filling fraction resulted in a smaller slope.
Both PCs demonstrated a complete band gap ranging from
M11 to �12 for PC1 and M21 to �22 for PC2 with relative
bandwidths �bandwidth divided by central frequency� of
29% and 31%, respectively. There was also a partial band
gap in the �� orientation with the normalized frequency �
�defined as �a /2�c, where c is the speed of light in air�
extending from 0.2658 to 0.3164 �corresponding to points
�11 and M11� for PC1, and from 0.2897 to 0.3405 �corre-
sponding to points �21 and M21� for PC2. Figures 1�b� and
1�c� show the EFCs for the first band of PC1 and PC2, re-
spectively. As the normalized frequency � was increased,
the EFC curvatures of both PCs turned from convex to con-
cave. In this transition process of the EFCs’ curvatures from
convex to concave, the flat regions on the EFCs, which were
normal to the �M orientation, enlarged steadily with fre-
quency and then reduced gradually after reaching their
maxima ��=0.2864 for PC1 and �=0.2970 for PC2; bold
solid curves�. The boundaries of the longest flat regions were
indicated by the solid arrows which point along the energy-
propagating direction. These maxima indicate the frequen-
cies at which the self-collimation angle, the region within
which wave vectors �dashed arrows� undergo self-
collimation along the �M orientation, was largest �shaded
regions�. By considering the conservation of the transverse
momentum at the input boundary,9 the construction lines
�solid lines� were obtained by connecting the boundaries of
the longest flat regions to the EFC of air �dotted curves�
along the �M orientation. The dotted arrows indicate the
wave vectors of largest incident angles that can be self-

collimated by PCs in air. Within the collimation angles �C1

and �C2 �corresponding, respectively, to PC1 and PC2�, all
incident waves were self-collimated.

III. WIDE-BAND SELF-COLLIMATION OF PC
COMPOSITES

Although self-collimation can be achieved with a single
PC structure as demonstrated in Fig. 1, such collimation sys-
tem can only work over a narrow frequency range.9–15 As the
frequency deviates from the maximum self-collimation fre-
quency ��=0.2864 for PC1 and �=0.2970 for PC2�, the
contour of the EFC changes into a circular geometry and
only a small portion of the EFC depicts a near-zero curvature
�Fig. 1�. Such circular geometries permit only waves within a
certain incident angle �C to be collimated, thereby limiting
the use of single PC-based optical collimator. The collima-
tion angle ��C�-frequency relations of PC1 and PC2 are
shown in Fig. 2, where the collimation angle was determined
as the maximum incident angle within which all refracted
waves are less than 	2.5° with respect to the �M orienta-
tion. At �C=25°, the normalized frequency ranges of the col-
limation regions for PC1 and PC2 were calculated to be
0.282–0.291 �
f1� and 0.292–0.304 �
f2�, respectively.

Figure 3�a� illustrates the propagation of electromagnetic
waves that were emitted from a point source placed on the

FIG. 1. �Color online� �a� First three TM polarized bands of PC1 �solid� and
PC2 �dashed�, composed of rigid GaN cylinders in air with filling fractions
of 0.2513 and 0.1924, respectively. �b� and �c� are the first TM-polarized
EFCs of PC1 and PC2, respectively. The bold solid curves indicate the EFCs
of maximum self-collimation frequency and the dotted curves indicate the
corresponding EFCs in air. The dashed and dotted arrows denote the wave
vectors in PCs and air, respectively. The solid arrows indicate the boundaries
of the flat band and the direction of the group velocity, and the shaded
region shows the wave vectors that undergo self-collimation due to flat
bands. The propagating waves within the collimation angle �C were colli-
mated to the �M orientation.
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left side of a single PC at a frequency with concave EFC.
The solid and dashed arrows indicate the wave propagation
directions in air and PC, respectively. While incident waves
within the collimation angle �C were self-collimated along
the �M orientation by the PC, incident waves outside �C

were negative refracted toward the center of the self-
collimated beam. This deformed the wavefront after the
waves passed through the PC, thereby limiting the use of
single PC-based optical collimation lenses.

In order to overcome the limitations of single PC-based
lenses, we designed a wide-band collimating lens from a
series of PCs having the same periods but different filling
fractions. Such a PC composite can self-collimate electro-
magnetic waves in a frequency band which is the summation
of the narrow self-collimation bands of each PC that forms
the PC composite.

To illustrate the mechanism, a 2D PC composite con-

sisted of two 2D PCs �PC1 and PC2 in Sec. II� is shown in
Fig. 3�b�. The cylinders in PC1 and PC2 were oriented in a
similar fashion, and the first columns of the subsequent PC
�PC2� were positioned exactly at the periodic frame of the
previous PC �PC1�. A point source was placed on the left of
the structure. For the emitted electromagnetic waves with
different frequencies, two cases were involved: �1� when
waves passed through the first PC �PC1� at frequencies near
the maximum self-collimation frequency of PC1 ��m1

=0.2864�, the incident waves within the collimation angle
�C1 of PC1 self-collimated along the �M orientation and re-
mained unchanged �along �M orientation� as they propa-
gated in PC2. Since the collimation angle of PC2 ��C2� was
smaller than �C1 in this frequency range, PC1 dominated the
EM collimation behavior and PC2 retained the self-
collimated beam. �2� When electromagnetic waves were
emitted at frequencies near the maximum self-collimation
frequency of PC2 ��m2=0.2970, �C2��C1 in this case�, few
of the waves �within collimation angle �C1� were guided by
PC1 along the �M orientation �blue dashed arrows in Fig.
3�b��. The waves outside the collimation angle �C1 were sub-
ject to negative refraction as they passed through PC1 toward
the center of the self-collimated beam, due to the concave-
like EFC �red dashed arrows�. Not self-collimated by PC1,
the incident waves with angles less than the collimation
angle �C2 of PC2 ��C2��C1� were subject to self-collimation
upon propagating through PC2 �red dash arrows�. In this
case, PC2 was the major contributor to self-collimation, and
the function of PC1 was to confine the out-spreading energy
to the center of the self-collimated beam. The PC composite
thereby enlarged the self-collimation frequency bands by
combining frequency bands of two single-PC structures. As
shown in Fig. 2, for example, the PC composite significantly
enlarges the collimation region by 
f /
f1=267% and

f /
f2=178% at �C=25°. Such a PC composite �PC1

+PC2� may serve as the basis of an optical collimation lens
that focuses waves of a wide frequency range; this idea can
be extended to PC composites with more than two PCs with
the compensation of higher transmission loss.

IV. SIMULATION RESULTS

In order to illustrate how a PC composite affects self-
collimation, we used a FDTD method to simulate the elec-
tromagnetic wave propagation phenomena within two single
PC structures �PC1 and PC2� and a PC composite �PC1

+PC2�. The FDTD method provides the time-domain solu-
tions of Maxwell’s equations by computing the electromag-
netic energy in discrete computational grids as functions of
time.34 Our simulation domain consisted of a rectangular
area �60d�40d normalized units, where d is the distance
between layers� filled with air and GaN cylinders distributed
periodically with a lattice constant a. The simulation domain
was discretized into 20 grids per d. Other parameters used in
the FDTD simulations were the same as those in the PWE
calculations �Sec. II�. The entire structure was surrounded by
Berenger’s perfectly matching layers at the boundaries to
avoid reflections in the simulation domain.35 A narrow-band
Gaussian source of TM polarization �Ex, Ey, and Hz� was

FIG. 2. �Color online� The dependence of collimation angles on normalized
frequency for PC1, PC2, and PC1+PC2.

FIG. 3. �Color online� �a� Single PC structure �PC1 or PC2� that had homog-
enous periodicity and homogenous filling fractions. �b� A PC composite
consisting of two PCs of the same periodicity but different filling fractions.
A point source was placed on the left side of each PC structure. Arrows
indicate the direction of energy transportation.
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placed at the center of the simulation domain and the propa-
gation of electromagnetic energy was monitored. To imple-
ment the FDTD method, we used the MEEP FDTD package,
which features sub-pixel smoothing for increased
accuracy.36,37 Computations were performed on a high-
performance computer that had quad-core 2.6 GHz AMD
Opteron processors and 32 GB of ECC RAM.

Two working bands, 
�1 ��=0.2758–0.2970� and 
�2

��=0.2828–0.3111�, were chosen to simulate the single PC1

�maximum self-collimation point �m1=0.2864� and PC2

��m2=0.2970�, respectively. A larger band 
�1+2 ��
=0.2758–0.3111� was used for the simulation of the PC
composite �PC1+PC2�. A line receiver of length 24d was
placed at the right edge of the simulation domain, parallel to
the y-coordinate, to measure the electromagnetic wave trans-
mittance. Figure 4 depicts the simulated wave propagation
results of PC1 �31 layers thick in the x-coordinate� for dif-
ferent normalized frequencies. As shown in Fig. 4�a�, elec-
tromagnetic waves at the maximum self-collimation point
��m1=0.2864� were collimated along the �M orientation af-
ter passing through the PC structure. As the wave fronts were
parallel to each other in this case, the receiver sensed only
one transmittance peak �black curve in Fig. 4�d��. However,
as the frequency deviated from the maximum self-
collimation point, the EFC becomes circular, which indicates
worse self-collimation �Figs. 4�b� and 4�c��. As a result, the

receiver sensed multiple transmittance peaks due to its
multiple-cross with the cocircular wave fronts �Fig. 4�d��.
The field intensity along the y-coordinate measured by the
line receiver at different frequencies �Fig. 4�d�� shows that a
small deviation in frequency �less than 2% from �m1� from
the maximum self-collimation point greatly reduced the col-
limation, as predicted in Sec. III.

The simulated wave propagation results of the 31 layer
thick, single PC2 structure �Fig. 5� are similar to those of
PC1. Electromagnetic waves at the maximum self-
collimation point ��m2=0.2970� were well-collimated along
the �M orientation �Fig. 5�a��. However, once the frequency
deviated from the maximum self-collimation point �less than
2.5% from �m2�, the result of collimation was greatly re-
duced �Figs. 5�b�–5�d��. Since the effective refractive index
of the PC structure is dependent on the filling fraction and
arrangement of the inclusions in the background material,7

the transmittance of PC1 is smaller than that of PC2, as PC1

has a larger filling ratio and a thus larger effective refractive
index.

Based on Figs. 4 and 5, the collimation effect of a single
PC structure is limited to a small range �the frequency must
be within 	2.5% of the maximum self-collimation point�.
We expected that a wider collimation range could be
achieved by a PC composite structure. The simulated elec-
tromagnetic wave propagation results of a PC composite
�PC1+PC2; PC1 has 17 layers in the center and PC2 has 7
layers at each side� are shown in Fig. 6. The simulated re-
sults exhibit excellent collimation for a large frequency range
��=0.2758–0.3111�.

FIG. 4. �Color online� Simulated electromagnetic wave propagation of the
PC1 �31 layer thick in x-coordinate� at a normalized frequency of �a� �
=�a /2�c=0.2864, �b� �=0.2758, and �c� �=0.2970. �d� Wave intensity
along y-coordinate measured by the line receiver.

FIG. 5. �Color online� Simulated electromagnetic wave propagation of the
PC2 �31 layers thick in the x-coordinate� at a normalized frequency of �a�
�=0.2970, �b� �=0.2828, and �c� �=0.3111. �d� Wave intensity along
y-coordinate measured by the line receiver.
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Quantitative analysis �Fig. 6�e�� based on the FDTD
simulated results indicated that for all the frequencies within

�1+2, most waves were collimated and confined in the cen-
ter region after they passed through the PC composite. The
transmittance of the PC composite is between that of PC1

and PC2 because the introduction of PC2 between PC1 and
the background medium serves as a refractive index match-
ing layer, thus improving the transmittance. As a result, the
transmittance in the PC composite was comparable to the
single PC-based collimation lens, which coincides with the
observations in Figs. 4–6. The curvature of the wave fronts
after passing through the PC composite are of the same order
as those that pass through the single PCs, indicating that the
collimation quality is maintained while the working fre-
quency range is broadened. The FDTD-simulated results
�Fig. 4–6� indicate that in comparison to single PC struc-
tures, a PC composite features better collimation perfor-
mance in a wider frequency region; this finding was con-
firmed by the PWE method �Sec. III�.

V. SUMMARY

The collimation phenomena of PC composites were in-
vestigated numerically through both PWE and FDTD meth-
ods. The flat bands were the key to determine the self-
collimation characteristics of electromagnetic waves. An

optical collimation lens composed of two PCs �GaN cylin-
ders in air� with different filling fractions greatly enlarged the
collimation region over a wide frequency range, thereby re-
alizing wide-band optical collimation. The methodology de-
scribed in this work allows one to confine optical energy
flow over long distances of operation, enabling applications
such as light-emitting diodes, imaging devices, biosensors,
and waveguides.38–45
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