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Ultraslow-light effects in two-dimensional hexagonal-lattice coupled waveguide with moon-like scat-
terers were theoretically studied using the plane-wave expansion method. For symmetric structures,
simulations showed that slow light with high group index can be achieved by shifting the scatterers
and adjusting the radius of moon-like scatterers. The maximum group index was over 8.0× 104. For
asymmetric structures, simulations showed that slow light with flat band and high group index can
be obtained by shifting the scatterers, adjusting the radius of moon-like scatterers, and rotating the
scatterers. The maximum group index was over 5.7 × 105 with a “saddle-like” relationship between
the frequency and group index.
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1 Introduction

There has been growing interest in the research of slow
light effect [1–4] for many years. It has great poten-
tial for use in all-optical computing and communication
systems, e.g., optical buffers, microphotonic sensors, and
devices that enhance nonlinearity effects [5–7]. There are
mainly two types of photonic crystal waveguides (PCWs)
for slow light, i.e., line-defect waveguides and coupled-
resonator waveguides [8, 9]. Line-defect waveguides can
achieve slow light with wide band and low group index
ranging from several to several hundred, while coupled-
resonator waveguides can generate ultraslow light with
group index above 103 and even up to 106, which, how-
ever, may be accompanied with very narrow band and
high dispersion.

Many successful attempts have been made to obtain
optimized slow light effects. For line-defect waveguides,
it is useful to adjust the radius of circles [10–12] and
the width of line defects [13, 14], and to introduce het-
erostructures [15–17]. For coupled-resonator waveguides,
it is effective to adjust the radius of holes and the size
of microcavities, change the distance between adjacent
microcavities, and shift the location of surrounding rods
[18–22]. However, it is not easy to obtain optimized ul-
traslow light effects. Some existing researches [23, 24]

also combined two kinds of PCWs, called coupled waveg-
uides (CWs), to achieve low group velocity and low dis-
persion.

In this paper, we study the slow-light effect in two-
dimensional (2D) moon-like CWs by using the plane-
wave expansion (PWE) method. The symmetry of in-
dividual cells is broken by introducing a reduced sym-
metrical moon-like structure. Moon-like scatterers are
assumed to be formed by the intersection of Si rods and
circular air holes. The degree of freedom to manipulate
light propagation arises because of rotational sensitiv-
ity of CWs. Numerical simulations show that slow light
with decent flat band can be realized, and the structures
with slow light and group index up to 5.7 × 105 can be
achieved by shifting the scatterers, adjusting the radius
of moon-like scatterers, and changing the symmetry of
the structure.

2 Simulations

In order to investigate the effects of symmetry on CWs,
two kinds of configurations were built. Figure 1 shows
the coupled waveguides consisting of moon-like scatter-
ers containing both microcavities and line defects. Fig-
ure 1(a) is the geometry of the moon-like scatterer. Fig-
ure 1(b) is an example of the symmetrical structure, and
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Fig. 1 (a) The geometry of moon-liked scatterer; (b) A kind of symmetrical structure with both microcavity and line
defect; (c) The asymmetrical structure after rotation.

in Fig. 1(c) the structure is asymmetrical under rota-
tion. Assume the material is silicon (nsi = 3.5), and
denote the lattice constant of the structure, the top and
bottom radius of the moon-like scatterer, the center dis-
tance, and the transverse shifting inside the white line
by a,R, r, d (d = R here), and ds, respectively, as shown
in Fig. 1.

The simulation process for the structures in Figs. 1(b)
and (c) is as follow. We adjusted the parameters r,R,
and ds in accordance with the lattice constant a so as to
find the appropriate bandgap and acceptable wide and
flat band regions for transverse electric (TE)-like polar-
ized modes. In the supercell calculation based on the
PWE, we set the number of plane waves in each axis to
be 32 and the eigenvalue tolerance to be 10−8 for suffi-
cient calculation precision.

The established relationship between group index and
dispersion is given by the following formula [25]:

ng =
c

vg
= c

dk
dω = neff + ω

dneff

dω , (1)

where ng is the group index. For slow light, i.e., ng ≫
neff , where neff is the effective group index, and
the normalized frequency f can be expressed as f =
ωa/(2πc). Here, ω is the central angle frequency of
the incident pulse, c is the speed of light in vacuum,
k = 2πneff/λ, with λ being the wavelength correspond-
ing to the working frequency. Thus, Eq. (1) can be sim-
plified as

ng =
a

2π

dk
df . (2)

3 Results and discussion

For the symmetrically coupled waveguides with moon-
like scatterers, which contain both microcavities and line
defects, flat band and large group index ng could be
achieved by adjusting the parameters r,R, and ds. Fig-
ure 2 shows the variation of the slow-light effect in the TE

modes of symmetrically coupled waveguides with moon-
like scatterers. The linear region of the curves represents
the ideal slow-light region.

Figure 2(a) shows the curves for f and k as the pa-
rameter r varies for fixed R = 1.0a and ds = 0.2a. In
Fig. 2(b) the parameter R varies with r = 0.39a and
ds = 0.2a fixed, and in Fig. 2(c) the parameter ds
varies with R = 1.0a and r = 0.39a fixed. It was ob-
served that for r = 0.38a − 0.39a, R = 0.9a − 1.1a, and
ds = 0.19a− 0.20a, the linear region is well achieved for
CWs with the normalized wave number ka/(2π) > 0.39.
With higher precision of the parameters, a maximum
of ng of about 8.0 × 104 was observed for R = 1.0a,
r = 0.391a, ds = 0.2a and f ≈ 0.231. The value of ng

decreased rapidly as f increased, as shown in Fig. 2(d).
To break the symmetry of the structure, we built

asymmetrically coupled waveguides with moon-like scat-
terers. The asymmetrical structures were achieved
by rotating the aforementioned symmetrical structure
slightly. Flat band and larger group index could also
be obtained by adjusting the parameters r,R, and ds.
An interesting “saddle-like” behavior of the curves for f
and ng could be observed after breaking the symmetry
of the structure.

Figure 3 shows the variation of the slow-light effect
in this situation. Figure 3(a) shows the curves for f
and k as the parameter r varies for fixed R = 1.0a
and ds = 0.15a. In Fig. 3(b) the parameter R varies
with r = 0.38a and ds = 0.15a fixed, and in Fig. 3(c)
the parameter ds varies with R = 1.0a and r = 0.38a
fixed. It was observed that for r = 0.36a − 0.38a,
R = 0.8a − 1.0a, and ds = 0.15a − 0.16a, the linear re-
gion is well achieved for CWs with the normalized wave
number 0.36 < ka/(2π) < 0.39. With better precision of
the parameters, the peak of ng (about 5.7 × 105) could
be observed for R = 1.0a, r = 0.381a, ds = 0.15a, and
f ≈ 0.215, as shown in Fig. 3(d).

After the rotation of the moon-like scatterers with
respect to the line defects, the flat band was larger
than that of the symmetrical structures without rota-
tion. When the parameters of the asymmetrical struc-
tures were adjusted properly, the curves for f and ng
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Fig. 2 The variation of (a) f and k as varying parameter r; (b) f and k as varying parameter R; (c) f and k as varying
parameter ds; (d) ng and f with optimized parameters.

exhibited a “saddle-like” behavior, as shown in Fig. 3.
Moreover, the maximum of ng could be much higher than
that of the symmetrical structures.

In summary, different combinations of the structure
parameters R and r could affect the relationship between
f and k, so that flat band of slow light can be adjusted
slightly. Moreover, it is useful to shift (by changing the
value of ds) and rotate (through the asymmetrical struc-
ture) the scatterers so as to improve the flat band. The
value of ng and the corresponding frequency change for
R = 1.0a and various values of r and ds are shown in Ta-
ble 1. The maximum of ng for the asymmetrical moon-
like coupled waveguides could reach up to 5.7×105, which
was also much higher than that of the symmetrical struc-
tures.

Moreover, the asymmetry of structures can influence
the slow-light effect of moon-like coupled waveguides. As

shown in Fig. 3(c), the curves for f and ng exhibits a
“saddle-like” behavior. Generally, the curves for f and
ng monotonically decrease rapidly, and the bandwidth of
slow light is very small, even though the half peak value
of the group index ng is chosen. The advantage of this
“saddle-like” behavior is that the bandwidth of slow light
increases significantly (when the half peak value of group
index ng is chosen), while the peak value of the group
index ng remains the same or even becomes larger.

The “saddle-like” behavior of the group index is a phe-
nomenon but not a property of the slow-light effect. The
mechanism for this “saddle-like” behavior is that there
are three kinds of dispersions, i.e., positive dispersion,
negative dispersion, and flat-band dispersion in the dis-
persion curve, simultaneously. Because the principle of
dispersion compensation, i.e., the positive or negative
dispersion can be compensated for by the flat-band dis-

Table 1 Optimized parameters and maximum group index for different models.

Model Symmetrical structure Asymmetrical structure

r/a 0.381 0.381 0.391 0.391 0.381 0.381 0.391 0.391
ds/a 0.150 0.200 0.150 0.200 0.150 0.200 0.150 0.200
f 0.227 0.226 0.229 0.231 0.215 0.217 0.218 0.220
ng 8.8× 103 2.1× 103 2.7× 103 8.0× 104 5.7× 105 6.2× 103 3.5× 104 4.3× 103
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Fig. 3 The variation of (a) f and k as varying parameter r; (b) f and k as varying parameter R; (c) f and k as varying
parameter ds; (d) ng and f with optimized parameters.

persion, and because the total dispersion can have a
small change and reduce the signal distortion after the
compensation in the transmission process, the asymmet-
ric structure enhances the slow-light effect. While the
slow light of the symmetric structure in Fig. 2 is a result
of the backscatter principle, a large group index can be
easily generated at the Brillouin zone boundaries.

Finally, the slow-light effect of CWs has great potential
uses in all-optical computing fields because of the prop-
erty of large group index and low group velocity. The
large group index is an important parameter in estimat-
ing slow light. Both the two types of CWs can achieve
large group index by introducing moon-like scatterers,
shifting the scatterers, adjusting the radius of moon-like
scatterers, and changing the symmetry of the structure.

4 Summary

The slow-light effect in CWs with 2D hexagonal lattices
was theoretically studied using the PWE. The results
showed that CWs with moon-like scatterers achieve high
group index by adjusting the parameters properly, and
thus practical utility of these structures is evident. In
order to obtain better results, such as fewer scattering,

better flat band, and higher group index, the structures
can be optimized by rotating the scatterers, introducing
new types of defects, and changing the dielectric con-
stants of the structures. To summarize，the slow-light
effect with decent flat band and high group index can be
achieved by reducing the symmetric characteristics, e.g.,
shifting or rotating the scatterers.
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