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Slow light with high group index and wideband is achieved in photonic crystal coupled-resonator optical
waveguides (PC-CROWs). According to the eye-shaped scatterers and various microcavities, saddle-
like curves between the normalized frequency f and wave number k can be obtained by adjusting the
parameters of the scatterers, parameters of the coupling microcavities, and positions of the scatterers.
Slow light with decent flat band and group index can then be achieved by optimizing the parameters.
Simulations prove that the maximal value of the group index is > 104, and the normalized delay
bandwidth product within a new varying range of ng > 102 or ng > 103 can be a new and effective
criterion of evaluation for the slow light in PC-CROWs.
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1 Introduction

Slow light with ultra-low group velocity has extensive po-
tential applications in many areas, such as optical delay
lines, all-optical buffers, laser technology, solar energy,
and photocatalysis [1–6]. These applications are essential
for all-optical communications and signal-processing sys-
tems, and as one of the most practical methods for slow
light generation, the use of photonic crystal (PC) waveg-
uides has multiple advantages [7–9]. Compared with the
conventional PC line-defect waveguide (PCW), the PC
coupled-resonator optical waveguide (PC-CROW) pro-
duces slow light with a far smaller group velocity [10, 11],
which is desirable for high performance optical delay
lines, optical buffers, and optical storage. As the slow
light in the PC-CROW is based on the weak coupling
of the localized mode between the microcavities, the mi-
crocavities have a significant impact on the slow light
properties in PC-CROW structures [12, 13].

To produce slow light in a PC-CROW is easy, but the
high group index may be accompanied by a very nar-
row band and high dispersion. Many researchers have
achieved a wide band and low dispersion by adjusting
the radius of the holes and the size of the microcavities,

changing the distance between adjacent microcavities,
and shifting the locations of surrounding rods [14–17].
However, it is not easy to obtain the ultra-slow-light ef-
fect with a relative wideband, especially with a group
index of ng > 102.

In our previous study, we introduced eye-shaped scat-
terers into PCWs instead of cylindrical holes on a sili-
con wafer, and we found that the width of the bandgap
and the slow-light effect can be effectively adjusted by
changing the parameters of the eye-shaped scatterers
[18, 19]. In this study, we introduced eye-shaped scat-
terers into PC-CROWs and studied the slow-light effect
of two-dimensional PC-CROW structures via the plane-
wave expansion method (PWE). According to the prin-
ciple of dispersion compensation, saddle-like curves be-
tween f and k can be obtained by adjusting the param-
eters of the scatterers, changing the parameters of the
coupling microcavities and shifting the positions of the
scatterers such that both positive dispersion and nega-
tive dispersion coexist and offset each other. As a re-
sult, the total dispersion of the structure can be sub-
tractive by the compensation of the positive dispersion
and negative dispersion, and slow light with decent flat
band and group index can be achieved by optimizing the
parameters.

© Higher Education Press and Springer-Verlag GmbH Germany 2018



Research article

2 Theory and design

The established relationship between the dispersion and
ng is described as follows:

ng =
c

vg
= c

dk
dω = neff + ω

dneff

dω , (1)

where neff is the effective index, and ω is the central
angular frequency of the incident pulse. neff and ω can
be substituted by the wave number k = 2πneff/λ, where
λ is the operating wavelength, and f = ωa/(2πc) is the
normalized frequency. For slow light, ng ≫ neff , and
Eq. (2) can be derived from Eq. (1), whereby we can
obtain ng in specific frequency regions where f varies
with k [21]:

ng =
a

2π

dk
df . (2)

Obviously, ng is the slope of the curve f versus k: (i) For
a line-defect waveguide, we can easily find large linear
regions and then seek the different ng curves; thus, many
researches usually adopt zero-dispersion theory for line-
defect waveguides, as it can achieve slow light with a
wide band, very low dispersion, and a small value of the
group index ng. (ii) For PC-CROW structures, it is not

easy to obtain large linear regions. The nonlinear curve
may result in a high group index ng in a very narrow
region, and this phenomenon can be explained by the
principle of dispersion compensation, because there is
positive dispersion and negative dispersion.

For comparison, the PC-CROW structures used are
triangular lattice rods on a silicon wafer (nsi = 3.46)
with the same lattice parameter a = 1 µm (since ng

is not determined by it), and eye-shaped scatterers are
employed [4, 19, 22] with the parameters b and c rep-
resenting the radii of the major and minor axes of the
eye-shaped scatterers, respectively. We define the pa-
rameter e = 1 − c/b, which ranges from 0 to 1. This
parameter describes the degree of deviation of the eye-
shape from a circle and is chosen, because the ratio of
b to c has a larger effect on the shape of the eye-shape
and thus the optical properties of the scatterers than the
individual values b or c.

For better slow light, the transverse shifting param-
eter ds of the microcavities was needed, which was of-
ten compared with the lattice parameter a as shown in
the figures. In the supercell calculation, according to the
PWE method, we selected the number of plane waves in
each axis as 32 and the eigenvalue tolerance as 10−8, for
sufficient calculation precision.

Figure 1(a) shows the relationship between f and k for
the line-defect waveguide. Figure 1(b) shows the curve

Fig. 1 (a) Relationship between f and k for the line-defect waveguide. (b) Curve of the group index ng versus f for the
line-defect waveguide. (c) Relationship between f and k for the PC-CROW structure. (d) Curve of the group index ng

versus f for the PC-CROW structure.
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of the group index ng versus f for the line-defect waveg-
uide. Figure 1(c) shows the relationship between f and
k for the PC-CROW structure. Figure 1(d) shows the
curve of group index ng versus f for the PC-CROW
structure. From Figs. 1(a) and (c), we can see clearly
that large linear dispersion region can be obtained in
the line-defect waveguide, but it is very difficult to ac-
quire slow light with flat wideband in the PC-CROW
structure. From Figs. 1(b) and (d), we know that the
value of the group index ng is very small for the line-
defect waveguide; therefore, the group velocity is rela-
tively large. However, a high group refractive index may
be achieved in the PC-CROW structure. Therefore, the
group velocity is low in the PC-CROW structure.

Another problem is the criterion for the evaluation of
the PC-CROW. The concept of the normalized delay
bandwidth product (NDBP) was first introduced for a
line-defect waveguide as follows [20]:

NDBP = ng∆ω/ω0, (3)

where ∆ω is the bandwidth with a central frequency of
ω0. In most research, a bandwidth criterion was selected
where ng varies within a 5% or 10% range for the line-
defect waveguide. However, there is a problem for the
PC-CROW structure, as its ng varies quickly, and it is
difficult to obtain a flat wideband. Some studies used the
entire bandwidth as ∆ω [20]; for example, Zhu adapted

the average group index as per Eq. (4) and substituted
it for the group index in Eq. (3) [21]:

n̄g =

∫ ω

ω0

ng(ω)dω/∆ω. (4)

To achieve slow light with a high group index and de-
cent flat band in the PC-CROWs, we should let the posi-
tive dispersion and negative dispersion offset each other.
There are two steps for effectively achieving that: first
search for saddle-like curves between f and k, and then
optimize the parameters to obtain ideal curves between
f and ng.

3 Simulations

3.1 Model 1: PC-CROW structure with (2 + 2)
microcavities

Figure 2(a) shows a schematic of a PC-CROW structure
with (2 + 2) microcavities. Figure 2(b) shows the curve
of f versus k with different values of e, with fixed values
of b/a = 0.38 and ds/a = 0.305. Figure 2(c) shows the
curve of f versus k with different values of ds, with fixed
values of b/a = 0.38 and e = 0.40. Figure 2(d) shows the
curve of ng versus f with the optimal parameters: b/a =
0.38, e = 0.40, and ds/a = 0.305, where ng increases first
and then decreases rapidly as f increases from 0.2130 to

Fig. 2 (a) Schematic of the PC-CROW structure with (2+2) microcavities. (b) Curve of f versus k with different values
of e. (c) Curve of f versus k with different values of ds. (d) Curve of ng versus f with the optimal parameters.
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0.2132. A maximum ng of approximately 2.6 × 104 can
be observed when f ≈ 0.21313.

3.2 Model 2: PC-CROW structure with (2 + 1 + 2)
microcavities

Figure 3(a) shows a schematic diagram of the PC-CROW
structure with (2+1+2) microcavities. Figure 3(b) shows
the curve of f versus k with different values of e, with
fixed values of b/a = 0.43 and ds/a = 0.325. Figure 3(c)
shows the curve of f versus k with different values of ds,
with fixed values of b/a = 0.43 and e = 0.40. Figure
3(d) shows the curve of ng versus f with the optimal
parameters: b/a = 0.43, e = 0.40, and ds/a = 0.325.
Here, ng increases first and then decreases rapidly as f
increases from 0.2246 to 0.2248, and a maximum ng of
approximately 5.7× 104 is observed when f ≈ 0.22474.

3.3 Model 3: PC-CROW structure with more
complicated microcavities

Figure 4(a) shows a schematic of a PC-CROW structure
with more complicated microcavities, i.e., (2 + 1 + 2)
microcavities. Figure 4(b) shows the curve of f versus k
with different values of e, with fixed values of b/a = 0.43
and ds/a = 0.103. Figure 4(c) shows the curve of f
versus k with different values of ds, with fixed values of

b/a = 0.43 and e = 0.40. Figure 4(d) shows the curve
of ng versus f with the optimal parameters: b/a = 0.43,
e = 0.40, and ds/a = 0.103. Here, ng increases first
and subsequently decreases rapidly as f increases from
0.2232 to 0.2234, and a maximum ng of approximately
1.26× 104 is observed when f ≈ 0.22324.

4 Results and discussion

Most curves of f and k do not exhibit a saddle-like mode,
which has great influence on the slow-light effect of PC-
CROW structures. Figure 5(a) shows a schematic dia-
gram of a PC-CROW structure with (2 + 3 + 2) micro-
cavities. Figure 5(b) shows the curve of f versus k with
different values of e, for the structure in Fig. 5(a). Figure
5(c) shows a schematic of a PC-CROW structure with
revolving scatterers. Figure 5(d) shows the curve of f
versus k with different values of e, for the structure in
Fig. 5(c). Although the microcavities in Figs. 5(a) and
(c) differ significantly, they are symmetrical structures,
and neither of them changes the arrangement of the tri-
angular lattice. Their curves of f versus ng decrease
monotonically and rapidly, and their bandwidths of slow
light are very small, similar to that in Fig. 1(d).

In fact, asymmetry is effective for obtaining a saddle-
like curve, as shown in Figs. 2(a), 3(a), and 4(a), in

Fig. 3 (a) Schematic of the PC-CROW structure with (2 + 1 + 2) microcavities. (b) Curve of f versus k with different
values of e. (c) Curve of f versus k with different values of ds. (d) Curve of ng versus f with the optimal parameters.
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Fig. 4 (a) Schematic of the PC-CROW structure with more complicated microcavities. (b) Curve of f versus k with
different values of e. (c) Curve of f versus k with different values of ds. (d) Curve of ng versus f with the optimal parameters.

which the bandwidth of slow light can increase signifi-
cantly while the peak value of the group refractive index
ng remains the same or even increases. We can use the
principle of dispersion compensation: the mechanism for
the saddle-like mode involves three kinds of dispersions
in the dispersion curve: positive dispersion, negative dis-
persion, and flat-band dispersion, the former part can be
compensated by the latter part, there is small dispersion
overall and less signal distortion after the compensation
in the transmission process, and the structure has an
improved slow-light effect.

Second, adjusting both the parameters of the scatter-
ers and the positions of the microcavities is useful for op-
timizing the PC-CROW structure to obtain ideal curves
between f and ng. The maximum values of ng, with
corresponding frequencies and optimal parameters, are
shown in Table 1. The structures can achieve extremely
high group refractive indices, all of which exceed 104,
and higher group refractive index with lower dispersion
can be achieved by further fine-tuning of the parameters.

Third, as mentioned in the second part of the paper,
the concept of the NDBP was first introduced for a line-
defect waveguide, and most researchers selected a band-
width criterion where ng varies within a 5% or 10% range
for the line-defect waveguide. It is better that there is
a threshold for the group index, such as ng > 102 or
ng > 103, because the advantage of PC-CROW struc-

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

b/a e ds/a f0 ng max

Model 1 0.38 0.40 0.305 0.21313 2.60× 104

Model 2 0.43 0.40 0.325 0.22474 5.73× 104

Model 3 0.43 0.40 0.103 0.22327 1.26× 104

tures is their high group index. Thus, we prefer to adopt
the maximum value of the high group index ng max to
replace the average group index and choose ∆ωx as the
bandwidth of ng > 102 or ng > 103. There is a new
definition of Nx instead of the NDBP, as follows:

Nx = ng max
∆ωx

ω0
. (5)

The new definition of Nx is significant, as a larger value
of ng means a lower group velocity, and a larger value of
∆ω means better capacity of data transmission. We can
use the normalized frequency f instead of ω, such that
f0 is the central frequency and ∆f is the bandwidth of
ng larger than 102 or 103. The corresponding results of
the slow-light properties are shown in Table 2.

The parameters, such as the maximum value of the
high group index, central frequency, and bandwidth of
ng larger than 102 or 103, are listed in Table 2. More

Yong Wan, et al., Front. Phys. 13(2), 134202 (2018)
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Fig. 5 (a) Schematic of a PC-CROW structure with (2 + 3 + 2) microcavities. (b) Curve of f versus k with different
values of e, for the structure in (a). (c) Schematic of a PC-CROW structure with revolving scatterers. (d) Curve of f versus
k with different values of e, for the structure in (c).

Table 2 Three kinds of NDBPs for different models.

ng(×104) f0 ∆f100(×10−4) ∆f1000(×10−5) N100 N1000 NDBP

Model 1 2.60 0.21313 4.5 5.6 54.9 6.84 0.227

Model 2 5.73 0.22474 2.7 3.5 68.8 8.91 0.255

Model 3 1.26 0.22327 3.2 4.6 18.10 2.60 0.176

important are the three kinds of NDBPs in the different
models: although they have the same order of magni-
tude, N100 and N1000 reveal the differences clearly and
precisely. For example, when ng > 100, N100 is 54.9,
68.8, and 18.10, and NDBP is 0.244, 0.255, and 0.176,
respectively. The former provides a larger amount of in-
formation and more distinctive information for the three
kinds of models.

Finally, although our research consists of theoretical
analysis and simulation, we wish to mention the accept-
able tolerance of fabrication. Some researchers worry
that the fabrication error may reduce the slow-light ef-
fect because it is sensitive to the parameters. Because
the acceptable tolerance of fabrication is ±10 nm, the
PCW structures can be enlarged or reduced proportion-
ally according to the operating wavelength, and the fab-
rication tolerance is sufficient for practical applications
for millimeter waves and terahertz waves, as those in our

previous research [19], and the fabrication error will con-
tinue to decrease with technological developments.

5 Summary

There are two steps to effectively obtain slow light with
high group index and wideband in PC-CROW struc-
tures. One of them is to search for the saddle-like mode
between f and k, and then optimize the parameters to
obtain ideal curves between f and ng. We can achieve
slow light with a large group index by choosing asym-
metric scatterers and adjusting their parameters, as well
as by changing the periodic arrays of the scatterers. The
simulations show that the PC-CROW structures can eas-
ily achieve a maximum group index larger than 104,
which means that the group velocity is less than 10−4c.

In addition, the slow-light mechanism for PC-CROWs
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differs from that of line-defect waveguides, and NDBP
was first introduced for line-defect waveguides. In the
majority of previous research on this topic, a bandwidth
criterion was selected where ng varies within a 5% or
10% range for the line-defect waveguide. We suggest
an NDBP with a new varying range of ng > 102 or
ng > 103 as a new and effective criterion for evaluat-
ing PC-CROWs, which can provide a greater and more
distinctive information about the slow light effect in PC-
CROWs.
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