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Abstract
Propagation of slow light in a 2-dimensional, single line defect photonic crystal waveguide is investigated. Defects are formed by replacing

circular dielectric pillar with elliptical pillars. A crystal is arranged with square lattice geometry. Slow light performance of the structure is
tailored by controlling a single parameter i.e. an axial ratio of elliptical pillars but keeping its filling factor constant. We, aim to increase the
figure of merit quantified by delay bandwidth product. The increased value of normal delay bandwidth product (NDBP= 0.3441) over the large
bandwidth (Aw= 12.4 THz) is reported.
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Introduction

In recent years slow light has attracted a strong interest
because of its unique feature to be realized as future on-chip
optical networks based buffers [1] and switching [2]. Besides
of optical buffers, light with reduced group velocity is used to
enhance the weak light matter interaction by spatial compressing
the optical pulse and increasing the peak intensity [3,4]. Slow
light effects can be exploited using variety of techniques,
including electromagnetically induced transparency (EIT)
[5] mediums, coherent population oscillation [6], and optical
coupled resonators or photonic crystal waveguides (PCW) [7].
Photonic crystal waveguide (PCW) provides an efficient means
to generate slow light at room temperature and dispersion free
propagation over the largest possible bandwidth. The periodic
modulation of refractive index greatly affects the optical
dispersion relation. Photonic crystal exhibits a range of optical
frequencies that are forbidden to escape, called photonic band
gap. Optical frequency lying within the band gap can be guided
efficiently by omitting one or more rows of holes/ rods pillars
from the perfect crystal.

The structure with missing row of dielectric pillars/ holes
is called photonic crystal waveguide [7,8]. These waveguides
sustain guided modes in the photonic band gap region and has
strong anti-crossing effect at the band edge [9]. An interesting
feature of PCW’s is that light will propagate with reduced velocity

near band edge for specific frequency [10]. W1 photonic crystal
waveguide (PCW) is generally used for slow light generation
because it avoids coupling between adjacent modes. Frequencies
of guided modes vary parabolically with the wave vectors. The
same effect is quantified by group velocity dispersion (GVD)
that leads to temporal broadening of optical pulse. Thus, the
obtained bandwidth gets limited due to slow light transmission.
Different authors have presented different techniques to reduce
the distortion caused by GVD effect by chirping methods [11,12]
or by modifying the structural parameters from the standard
W1 waveguide [13-15]. Chirped devices are not suitable for the
enhancement of light- matter interaction because the group
velocity of optical signals in the chirped waveguide does not
remain low all along the waveguide.

Several researchers have achieved low group velocity by
modification of parameters such as radius of pillars [14], period
[15] etc. In the modified structure there is an intrinsic interaction
between gap guided and index guided modes that lead to an
anti-crossing effect. In contrast to chirping methods, structural
modifications enhance all the nonlinear optical effects. In this
paper, we explore a simple method to generate slow light in
the largest possible bandwidth by replacing the row of circular
dielectric pillars adjacent to waveguide with the row of elliptical
pillars. Numerical results show that the bandwidth of flat band-
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slow light can be effectively increased when the aspect ratio of
the elliptical pillars is increased keeping filling factor constant.

Design and Waveguide Geometry
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Figure1: (a) W1 photonic crystal waveguide with row of
elliptical pillars adjacent to waveguide core (b) Refractive index

distribution.
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The proposed structure is composed of W1 waveguide which
is formed by omitting one complete row of dielectric pillars.
Figure 1 shows the schematics of proposed structure where the
innermost row of circular nano pillars is replaced by elliptical
nano-pillars, keeping filling factor same as circular pillars. PCW
is laid down in x-z plane. Waveguide runs along the z axis. Filling
factor is mr?/a* where r is radius of circular pillars and ‘@’ is

lattice constant. Radius of circular pillars away from waveguide
axis is r= 0.3a where a=430nm. The dielectric constant for nano-
pillars is 11.56. Structure is being analyzed or changing axial
ratio of dielectric pillars. Axial ratio or aspect ratio is defined as
the ratio of major axis to minor axis.

Result Analysis and Discussion

Because 3D analysis of the structure is very complicated and
time consuming, 2 dimensional calculation of frequency band is
carried out. Band gap region for a perfect photonic crystal with
all circular nano-pillars extends from 0.2434 to 0.3177 in terms
of normalized frequency (a/ A). Introduction of line defect in the
perfect crystal leads to the generation of guided modes in the
gap and thus, provides an efficient means to route the flow of
light within the waveguide. Guided mode inside the waveguide is
represented as sum of index guided and band-gap guided mode
[9,10]. A strong interaction occurs between both the guided
modes near the band edge that changes the linear nature of
dispersion to parabolic nature at anti-crossing point [9,10]. Thus
ultralow group velocity light is accompanied with large GVD
effects. By changing the geometrical symmetry of waveguide,
interplay between both the guided modes is perturbed in order
to shift the position of anti-crossing point and to control large
GVD effects [10-13].

In this paper, a single parameter (i.e. aspect ratio of elliptical
pillars) is tailored to control the higher order dispersion effects.
With changing aspect ratio of elliptical pillars, position of guided
modes changes. A 2D plane wave expansion (PWE) method is
used to calculate dispersion relation, with a resolution of 20

grid points per lattice constant [16]. Super cell method is used
to investigate guided modes within band-gap [17] we, here only
investigate the modes for which electric field is perpendicular
to periodic plane. W1 PC waveguide is created in perfect crystal,
which sustains guided modes inside photonic band gap and
generates slow light at band edge. By changing the geometrical
symmetry of the device, guided modes of the line defect based
photonic crystal waveguide can be reshaped and thus leads to
changing group velocity. Group velocity is defined as vg=6w/8k
where A is angular frequency and k is wave-vector [13,14].
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Figure2: Dispersion relation for guided modes when aspect

L ratio of elliptical pillars z=R | /R, is gradually varied.
J

Row of circular nano-pillars, surrounding the waveguide core
is replaced by elliptical nano-pillars and structure is analyzed
for changing aspect ratio of elliptical pillars. Figure 2 shows
the guided modes for changing aspect ratio of elliptical pillars.
With increasing axial ratio guided modes are pulled downwards
towards lower range of frequencies because dielectric constant
locally increases in the waveguide core region by increasing
minor axis of elliptical rods and this lowers the frequency of
operation. Thus, light with specific optical frequency (solid
arrow line in Figure 2) leads to reduction in group velocity along
the direction of propagation for changing axial ratio until the
waveguide no longer allows propagation.
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Figure3: variation of group index versus normalized frequency

with increasing aspect ratio of elliptical nano-pillars.
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Reduced velocity is measured by group velocity which is
defined as local slope of dispersion curve vg=dw/dk [13,18,19].
Figure 3 shows the variation of group velocity vg against
normalized frequency for changing aspect ratio of elliptical nano-
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pillars. When the aspect ratio of elliptical pillars is increased
group velocity vg decreases with corresponding decrease in
bandwidth. The structure can be used as an optical buffer and
its performance is measured by its buffering capacity which is
quantified by normalized delay bandwidth product (NDBP) [1,
13,20]. NDBP is defined as

(1)

where Aw/w0 is normalized bandwidth and ng is group

NDBP = n, x 22

1]

index, (ng=c/vg) which is assumed to be constant within +10%
of variation. NDBP (=0.3441) is achieved for an aspect ratio of
1:3.

Dispersion performance

Dispersion is an important issue for slow light devices. In the
conventional W1 photonic crystal waveguide, signal is severely
distorted by large GVD effects at band edge and results in pulse
broadening. Structural tuning in conventional waveguide helps
to compensate for dispersion effects [21-24]. GVD parameter
is defined as in (2) where c is velocity of light, A wavelength
of signal, k is wave vector and w is optical frequency of signal.
Figure 4 shows calculated GVD parameter against normalized
frequency for (Figure 1b).
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Figure4: GVD parameter against normalized frequency for an
aspect ratio z=1:3 of elliptical nano-pillars.
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GVD parameter is measured for an aspect ratio z= 1:3. There
exists a region of approximately zero dispersion which extends
over large bandwidth (Aw= 12.4 THz). Positive & negative
dispersion peaks also exists in GVD curves due to ‘U-shaped’
group index curves. Thus structure can be utilized in dispersion
compensating applications.

Conclusion

A new slow light device in a 2-dimensional lattice
structure, using single line defect photonic crystal waveguide is
investigated. Defect is introduced in a perfect crystal by omitting
one complete row of pillars and replacing circular dielectric
pillar with elliptical pillars nearest to waveguide core. Slow light

performance of the structure is tailored by increasing aspect
ratio of elliptical pillars but keeping its filling factor constant. The
reduced value of group velocity is reported for increasing aspect
ratio of elliptical pillars. Figure of merit of the device is quantified
by normalized delay bandwidth product. The increased value of
normal delay bandwidth product (NDBP=0.3441) is obtained
over an ultra large bandwidth (Aw=12.4 THz). The GVD
parameter for the structure is also analyzed. The waveguide
provides approximately zero dispersion over large bandwidth
accompanied with positive & negative regions that opens the
opportunity in dispersion compensating applications.
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