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Eye-shaped scatterers are adopted into a photonic crystal waveguide (PCW) in two ways: (1) slow light
with wide bands and group index ng from 14.1 to 32.8 can be generated by simply replacing the first
and second rows of air holes adjacent to the linear defect with eye-shaped scatterer and (2) slow light
with wide bands of ng from 36.5 to 287.5 are achieved by substituting all air holes with eye-shaped
scatterers. More simulation results show that the latter method can achieve slow light with low
dispersion at large ng, and near zero dispersion structures by adjusting the lattice parameter a and
parameter e (e is inversely related to the ratio of the radius of the minor axis c to that of the major

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Slow light with a small group velocity vg is found useful in
compact optical delay lines and optical buffers. It can be observed
close to the Brillouin zone edge in a photonic crystal waveguide
(PCW) by using the photonic bandgap of photonic crystal [1-3].
Photonic nanostructures can also generate on-chip slow light at
room temperature and achieve any slow light operating wavelength
by correctly, scaling the structural parameters of the photonic crystal
with less loss [4-6]. There are two basic kinds of PCWs for slow light:
line defects waveguide and coupled resonator waveguide. Unfortu-
nately, both of them encounter the same problem: a low group
velocity may accompany a high group velocity dispersion (GVD),
which may offset most of the advantages of operation in the slow
light region and severely limit the width of flat band [7].

Aimed to achieve wide band and low GVD slow light with high
group index ng, many successful researches have been conducted.
For line defect waveguides, the improvements include reducing the
waveguide width [8], changing the PCW parameters by shifting
anticrossing points [9],using slotted photonic crystal waveguides
[10,11], adjusting the diameters of the holes [12-14], introducing a
hetero-group velocity waveguide [15,16], shifting the first and
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second rows of air holes or shifting lattice along the waveguide
defects [17-19], infiltrating microfluid into the air holes [20,21] or
using a technique based on selective liquid infiltrations to precisely
and reversibly change the structures [22], etc. For coupled resonator
waveguide, the improvements include chirping airhole diameters
only or both radius of holes in the center row and radius of those
besides the waveguide [23,24], shifting the shear along the defect
interface over a distance of one crystal period [25], using a chain of
weakly coupled cavities [26], changing the radius of defect rods and
the position of the rods nearby the missing rods simultaneously [27],
integrating side-coupled cavities in photonic crystal waveguide [28],
etc. Some existing researches also combined two kinds of PCWs to
achieve low group velocity and low dispersion, such as adding
high-Q multicavities or single quantum nanocavity side-coupled to
a line defect photonic crystal waveguide [29,30].

Among the above papers, experimental ones are minority
[4,6,10,12,19,22,29], while most of them are theoretical research
and they neglected the acceptable tolerance of fabrication. Another
phenomenon is that most of these methods focus on the variation of
periodic arrays of scatterers, and the scatterers are usually cylind-
rical. Only a few research changed the shapes of scatterers [31].

In our previous study, we at first introduced eye-shaped
scatterers into PCWs instead of cylinder holes on silicon wafer.
It is found that the widths of bandgaps and their positions can be
effectively adjusted by changing parameters of eye-shaped scat-
terers [32]. In this paper, according to the PCW1 waveguide, we
adopted eye-shaped scatterers into PCWs in two ways: (1) wide
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bands from 23.2 nm to 70.4 nm for slow light with ng from 14.1 to
32.8 can be generated by replacing the first and second rows of air
holes and (2) wide bands for slow light are achieved for ng up to
287.5 by substituting all air holes with eye-shaped scatterers.
Moreover, we obtained flat slow light with bandwidths from
3.2 nm to 30.0 nm, where the group index variation is within a
range of 10%. These results show that the latter way can achieve a
wideband slow-light PCW with low dispersion simultaneously.

2. Simulation

Fig. 1(a) is a schematic diagram of PCW structure with the first
and second rows of air holes adjacent to the line defect replaced by
eye-shaped scatterers; Fig. 1(b) is a schematic diagram of PCW
structure with all the air holes replaced by eye-shaped scatterers.
The PCWs are triangular lattice structures on silicon wafer (ns;=3.46)
with same lattice parameter a=1 pm (since ng is not determined by
it) and with line defect at the center. Parameters b and c stand for the
radius of the major axis and that of the minor axis of the eye-shaped
scatterer, respectively. Define parameter e =1 — c/b, with range from
0 to 1. This parameter describes the degree of deviation of the eye-
shape from a circle, and it is chosen because the ratio of b to c is
more relevant to the shape of the eye-shape and thus the optical
properties of the scatterers than the value of either b or c.

In the supercell calculation, based on the plane-wave expan-
sion (PWE) method, we selected the number of plane waves in
each axis as 32 and the eigenvalue tolerance as 102 for the
sufficient calculation precision.

The well-known relationship between the dispersion and ng
can be given as Eq.(1):

dk dn
= Neff+ O d(iif (1)

ng= - =c
£y do

where n.y is the effective index and w is the central angle

frequency of the incident pulse. Here ne¢ and o can be substituted
by the propagation constant k=27n.g/A, where A is the operating
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Fig. 1. The schematic diagrams of two types of the PCW structures: (a) a
schematic diagram of PCW with the first and second rows of air holes replaced
by eye-shaped scatterers; (b) a schematic diagram of PCW with the all of air holes
replaced by eye-shaped scatterers.

wavelength, and f the normalized frequency, f=wa/27c. For slow
light, ng »» nefr, Eq.(2) can be deduced from Eq. (1), based on which
we can obtain low-dispersion (ng is nearly a constant) slow light
in specific frequency regions where f varies linearly with k:

a dk
ng = EW (2)

To obtain wideband and flat slow light with large ng simulta-
neously, we simply varied parameters a, b and e. Fig. 2 shows the
relationship between f and k for the TE even mode while para-
meters b and e are adjusted for optimization. The linear region of
each curve corresponds to a flatband slow-light region with a
specific ng determined by its slope. Fig. 2(a) is the relationship
between f and k for the structure in Fig. 1(a); Fig. 2(b) is the
relationship between f and k for the structure in Fig. 1(b). In each
figure, the curve corresponding to PCW1 waveguide (e=0) is
provided for comparison.

In order to evaluate the low-dispersion bandwidth of the slow
light, most researches selected a bandwidth criterion where ng varies
within a 10% range. Fig. 3 shows the calculated n, as a function of f.
Fig. 3(a) shows the relationship between ng and f for the structure in
Fig. 1(a), in which bandwidths of 70.4, 48.9, 31.5, and 23.2 nm were
obtained for nominal group indices of 14.1, 17.4, 24.2, and 32.8,
respectively; Fig. 3(b) shows the relationship between n, and f for
the structure in Fig. 1(b), in which bandwidths of 30.0, 22.5, 14.3, 7.1,
and 3.2 nm were obtained for nominal group indices of 36.5, 56.1,
96.7, 157.5, and 287.5, respectively.

The dispersion relationship between ng and f in Fig. 3 is
unchanged, so we could enlarge or reduce the PCW structures
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Fig. 2. (a) The relationship of f with k for the Fig. 1(a) structure and (b) The
relationship of f with k for the Fig. 1(b) structure.
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Fig. 3. (a) The relationship between ng and f for the structure in Fig. 1(a) and Fig. 3
(b) the relationship between ng and f for the structure in Fig. 1(b).

proportionally, and obtain low dispersion structures with arbitrary
operating wavelength of interest by simply adjusting the value of
parameter a without renewing the simulation. And we should trim
parameter a in a narrow range to get near zero dispersion structure.
For operating wavelength A=1550 nm, the relationship can be
simply summarized as a=f\, so parameter a is around 335 nm.
For near zero dispersion structures, we will adjust accurately the
value of parameter a later. To further illustrate the dispersion
property of the flat band with operating wavelength in Fig. 2(b),
we defined the GVD parameter D as follows [14].
10ng

D=_—* €)

According to Eq. (3), the PCW structure must have a near-zero
GVD if the slope of ng (X) is near zero. Fig. 4 shows dispersion

curves as a function of wavelength for different n; when operat-
ing wavelength A=1550 nm.

3. Results and discussion

For the slow light effect, PCW structure with all air holes
replaced by eye-shaped scatterers is better than that with only

Y. Wan et al. / Optics Communications 286 (2013) 192-196

10

it —®— n_asaconstant of 36.5
-9- n,_ as a constant of 56.1

i o 1, as aconstant of 96.7

'é“ ! : -4 n_as aconstant of 157.5
= ) !
£ 4
E 3
(2] & v
Q S
= i
N BRE
i 1.
Q i
i
[ ]
i L)
i &
A
i | S
i [C.
! i \
15 N H PRI 1 N 1 v N 1 .
1546 1548 1550 1552 1554 1556 1558 1560
Wavelength A (nm)

Fig. 4. The GVD as a function of wavelength for the Fig. 1 (b) structure, but the
nominal operating wavelength region is around 1550 nm.

Table 1(a)
Group index, bandwidth with different parameters for Fig. 1(a) structure.

e b ng A/ (nm) ng Aw/m

0.05 0.374a 32.8 23.2 0.1763

0.10 0.365a 24.2 31.5 0.1704

0.20 0.347a 17.4 48.9 0.1808

0.3 0.330a 141 70.4 0.2089
Table 1(b)

Group index, bandwidth with different parameters for Fig. 1(b) structure.

e b ng AZ (nm) ng Awjm
0.30 0.400a 287.5 3.2 0.2035
0.35 0.405a 157.5 7.1 0.2439
0.40 0.410a 96.7 14.3 0.2999
0.45 0411a 56.1 22,5 0.2725
0.50 0.409a 36.5 30.0 0.2304

the first and second rows of air holes replaced by eye-shaped
scatterers, as in Fig. 1. To see the simulation results clearly, we
transferred the data of Fig. 3(a) and (b) into Table1(a) and Tablel
(b). In Table 1(a), the largest ng is 32.8 with a bandwidth of
23.2 nm. In Table 1(b), the largest ng is 287.5 with a bandwidth of
3.2 nm. Although in Table 1(a), the largest bandwidth is 70 nm,
the value of ng is only 14.1. Another main performance index for
slow light devices is the parameter ng; Aw/® which indicates the
normalized delay-bandwidth product, and it is proportional to the
delay-bandwidth per unit length[33]. For the structure in Fig. 1(a),
ngAw/w is around 0.18. And for the structure in Fig. 1(b), ngA®/®
is around 0.24, which is larger than the former and the values
reported in other papers as well.

The mechanism of the slow-light effect in the PCW is usually
classified into two different aspects, back-scattering and omni-
directional reflection. For cylindrical scatterers, the back-scattering
is the main reason of dispersion, which can be improved by reducing
the waveguide width [7], using slit photonic crystal waveguides [8,9],
adjusting the diameters of the holes [10-13], or replacing the first
and second rows of air holes by eye-shaped scatterers. However, it
will inevitably increase omni-directional reflection with the change of
scatterers. The back-scattering can be controlled by varying the eye-
shaped parameters b and e. The monotypic eye-shaped scatterers can
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also avoid interference between the signal and the back-scattering
pulse, and then decrease the omni-directional reflection. All these can
make GVD significantly depressed, as shown in Fig. 2.

As mentioned earlier, to obtain near zero dispersion structures,
we need to adjust the value of parameter a only slightly according to
the bandgap curves [32]. For operating wavelength A=1550 nm,
we can set a;=331.5 nm for ng; =36.5, a,=335.0 nm for ng,=56.1,
a3=337.6 nm for ng=96.7, a4=339.6 nm for ng=157.5, and
a;=344.0 nm for ng5=287.5. So parameter a can change in a range
from 331 nm to 344 nm.

To see the simulation results for parameter D clearly, we
transferred the information of Fig. 4 into Table 2, where all the
nominal operating wavelengths were fixed around 1550 nm by
setting parameter a to different values according to Eq. (3). Similar
to the GVD feature under a small value of ng, the GVD still stays very
low as expected even for a high n,. Taking ng =36.5 as an example,
the GVD stays within + 3 (ps/mm nm) over 7.4 nm, which has been
considered to be a quite low-dispersion region [14]. Even for
ng=157.5, the GVD stays within =+ 15 (ps/mm nm) over 0.9 nm,
which was considerably unattainable in previous models published
[14,16].

Though our research consists of only theoretical analysis
instead of practical fabrication, we would like to mention the
two factors that may affect the slow light in experiment. One is
the acceptable tolerance of fabrication and the other is the
thickness of waveguide wafer. Fabrication error was simulated
with additional simulations with values around the exact value.
For instance, in Fig. 5, we chose four values (+1 nm, +0.5 nm,
—0.5nm and —1 nm) around the exact value of bs (b3=0.411a3
=138.8 nm) and ran additional simulations with these four
values. The same was applied to h where in Fig. 6 the value of h
is 0.7a=235 nm.

So far the acceptable tolerance of fabrication is + 20 nm. Taking
ng =56.1 as an example, a=335.0 nm, according to the optimized
parameters listed in Table 1(b), we tuned parameters b slightly, the
results are shown in Fig. 5. The solid curve corresponds to the ideal

Table 2
Parameter D with parameter a around 335 nm for different group
indices in Fig. 1(b) structure.

ng a (nm) | D | (ps/mm-nm) AJ(nm)
36.5 3315 <3 7.4
56.1 335.0 <5 5.4
96.7 337.6 <10 2.7
157.5 339.6 15 0.9
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Fig. 5. ng as a function of normalized frequency with fabrication errors relative to
parameter b when ng =56.1 as listed in Table 1(b).
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Fig. 6. ng as a function of wavelength with fabrication errors relative to parameter h
when ng=56.1 as listed in Table 1(b).

model without any fabrication error. We can see from Fig. 5 that
the flat band part of the curve remains almost unchanged around
ng=56.1 when the fabrication error is within +1nm, but this
precision cannot be achieved with e-beam lithography now.

Fortunately, the PCW structures can be enlarged or reduced
proportionally according to the operating wavelength, and the
state of art fabrication tolerance (+20nm) is sufficient for
practical uses of terahertz wave, which corresponds to a=120 pm
(consider that 4+ 1 nm of error corresponds to a=355 nm), as in
our previous research [32]. Hopefully, the fabrication error will
continue to decrease with the development of technology.

The result for the thickness of the wafer h is a little more
complicated. In the simulation, we controlled the initial value of
the thickness at 235 nm (around 0.7* Period). If parameter h is
allowed to vary within + 1 nm, the flattened region and its position
are almost unchanged; if parameter h is allowed to vary by + 10 nm,
the flattened region is still unchanged, but its position takes a
considerable red-shift with the increase of h, which we can see from
Fig. 6. This result is coherent with other research [34].

4. Conclusion

We obtained slow light with bandwidths from 23.2 nm to
70.4nm (when a=1 pum), where the group index variation is
within a range of only 10%, and slow light with n, from 14.1 to
32.8 can be generated by simply replacing the first and second
rows of air holes with eye-shaped scatterers. Moreover, we
obtained slow light with a flat band for ng up to 287.5 and
bandwidths from 3.2 nm to 30.0 nm by substituting all air holes
with eye-shaped scatterers. We also attained near-zero dispersion
structures by adjusting the value of parameter a slightly. All these
achievements indicate that the latter method enables us to
achieve a wideband slow-light PCW with ultralow dispersion
simultaneously. In a broad sense, we can attain slow light with a
large group index by choosing new scatterers and adjusting their
parameters, as well as changing the periodic arrays of scatterers.
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