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Elliptical scatterers possess the properties of anisotropy and multiple degrees of freedom. With
the plane wave expansion method, the slow light effect with high 7, and low dispersion can be
achieved by optimizing the structure parameters of photonic crystal waveguide with line defect,
including changing the length of major axis or minor axis, and rotating scatterers relative to
the direction of line defect. With operating frequency f =1 THz (wavelength 4 =300 um),
the simulation shows: 1) selecting the group index n, from 38.5 to 107.4, slow light with
low-dispersion bandwidth (n, varies within a 10% range) from 0.385 to 1.272 um, ultralow-
-dispersion bandwidth (n, varies within a 1% range) from 0.188 to 0.548 um, and scalar product
ngA/l//i from 0.138 to 0.180 were obtained by changing the length of major axis or minor axis; 2)
selecting the group index n, from 38.6 to 107.7, slow light with low-dispersion bandwidth from
0.436 to 1.443 um, ultralow-dispersion bandwidth from 0.201 to 0.907 um, and scalar product
n,AA/2 from 0.157 to 0.186 were achieved by rotating scatterers 6 = 30° relative to the direction
of line defect. Moreover, slow light with near-zero dispersion (dispersion parameter D less than
0.01 ps/mm-nm) can also be obtained by these methods, which implies that choosing suitable
scatterers and adjusting their parameters we can efficiently achieve slow light with high n, with
wideband and low dispersion.
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1. Introduction

Slow light has relatively low group velocity, and it is widely used for compact optical
delay lines, optical buffers and other applications. Slow light in photonic crystals has
an incomparable advantage in microphotonic sensors, integrated laser amplifiers, and
devices, for its small and compact structure, high transmission efficiency, proper
behavior at room temperature and other advantages [1-5]. There are mainly two types
of photonic crystal waveguides (PCW) for slow light, namely the line defect waveguide
and the coupled resonator waveguide. Unfortunately, large dispersion occurs in both
when low group velocity is attempted. So far researchers have discovered that the line
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defect waveguide normally results in large group velocity but small dispersion, while
the coupled resonator waveguide normally leads to small group velocity but large
dispersion [6, 7]. Therefore, many researchers like to use the line defect waveguide to
obtain proper slow light with low dispersion.

Several successful attempts with the line defect waveguide were made to effectively
obtain slow light with wideband and low dispersion; these methods include adjusting
the width of line defect [8, 9], changing the PCW parameters by shifting anticrossing
points [10], using slotted photonic crystal waveguides [11, 12], adjusting the diameters
of the holes [13, 14], introducing a hetero group velocity waveguide [15, 16], shifting
the first and second rows of air holes or shifting the lattice along the waveguide
defects [17, 18], infiltrating microfluid into the air holes [19, 20] or using a technique
based on selective liquid infiltrations to precisely and reversibly change the struc-
tures [21], etc. However, the above-mentioned researches focused on the periodic ar-
rangement of the structure, and most of the scatterers are cylindrical, while only in few
researches the shape of scatterers was altered [22, 23].

In this paper, elliptical scatterers, which have multiple degrees of freedom for
greater manipulation, were applied to photonic crystal line defect waveguide, and by
adjusting the parameters including the lengths of major and minor axis, and the angle
between the major axis and the line defect, high n, and thus low group velocity are
achieved under low (n, varies within a 10% range), ultralow (n, varies within a 1%
range), and near zero dispersion (dispersion parameter D less than 0.01 ps/mm-nm),
respectively. Thus the performance of slow light waveguide was much improved.

2. Simulation

Figure 1 is a demonstration of line defect waveguides consisting of elliptical scatterers:
in Fig. 1a the major axis is parallel with the direction of the line defect, and in
Fig. 1b the angle between the major axis and the line defect is 6. For the ease of
analysis, both waveguides have a triangular lattice structure, and the line defect is
assigned to the centre line of the structure. We assume that the material is silicon
(ng; =3.5) and the working frequency is 1 THz (wavelength A =300 um), then we
define the lattice constant of the structure as a, the radius of the major axis of

Fig. 1. The schematic diagram of line defect waveguide with elliptical scatterers: major axis is parallel
to the direction of line defect (a); major axis is € angle with the direction of line defect (b).
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the elliptical scatterers as b and that of the minor axis as ¢, and finally we define a new
parameter e as e = 1 — ¢/b, with the range from 0 to 1.

The simulation process for the structure is shown in Fig. 1a. We should adjust
the parameters b and e (and thus c¢) according to the lattice constant a to find the ap-
propriate bandgap and the acceptably wide and flat band region for a transverse
electric-like (TE) polarized mode with each given n,, then we finely adjust the param-
eter b and e while keeping the parameter @ constant. To find a wide and smooth slow
light mode for Fig. 1b structure, we should also change the parameter 8 and finely
adjust the parameter b to find an appropriately slow light mode. In the supercell
calculation, based on the plane wave expansion (PWE) method, we selected the num-
ber of plane waves in each axis as 32 and the eigenvalue tolerance as 10~® for sufficient
calculation precision.

The established relationship between n, and dispersion could be represented by
the following formula [24]:

a dk

"s T m df D

For slow light, normally n, > ngg, neg is the effective group refractive index, and
the normalized frequency could be expressed as f = wa/27nc, @ is the central angle
frequency of the incident pulse, the relationship between the two is & = 2mn ¢/ A, while
Ais the wavelength corresponding to the working frequency. To obtain low dispersion,
n, must be kept constant, which means that within a certain range of frequency, / and
k have a linear relationship.

2.1. Simulation when the major axis is parallel
with the direction of line defect

For the waveguide with the major axis and line defect in parallel, large n, and flat
wideband could be achieved by adjusting the parameters a, b and e. Figure 2a
shows the variation of f'and k as the parameters b and e vary in TE mode. The linear
region of each curve represents the ideal slow light region, and the gradient is the value
of n,. It is observed that around b =0.400q, linear region is not well achieved
for cylindrical air holes (e =0), while it is well achieved for elliptical scatterers
with e from 0.37 to 0.45.

Figure 2b corresponds to the structure in Fig. 1a and it shows the relationship
between n, and /. Elliptical scatterers lead to proper linear regions (low dispersion re-
gion of slow light) on the ngcurves when ng= 38.5,54.4,79.8,and 107.4, respectively.

The relationship between n, and working frequency represented in Fig. 2b does
not vary if the structure scales proportionately. Therefore, if the working frequency
changes, low dispersion structure could be maintained by scaling the structure
according to the formula a = fA. For instance, when 4 = 300 um, the value of a should
be around 64.8 um; when A =30 um, the value of a should be around 6.48 um, efc.
On the other hand, in order to obtain near-zero dispersion, the parameter a should be
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Fig. 2. The relationship between f'and k (a) and the relationship between n, and f'(b) for the structure
in Fig. la.
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Fig. 3. Dispersion parameter D as a function of wavelength for the Fig. 1a structure under different n,.
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finely adjusted according to the bandgap curve. A few groups of corresponding values
are ng) = 38.5, a; = 64.49 pm; ng, = 54.4, a, = 65.07 um; nyz3 = 79.8, a3 = 65.57 um;
ng, =107.4, a; = 65.92 um.

To analyze the relationship between low dispersion and wideband in Fig. 2b, we
define the variable D to describe the relationship between dispersion and wavelength
as the following formula [21]:

dng 5
51 (2)

According to formula (2), if the gradient of n,(4) approaches zero, D will be near
zero, so will be the dispersion. Figure 3 shows the variation of D around working
wavelength of 300 um with different values of n,. It is observed that D is small,
almost zero, when the wavelength is approximately the working wavelength. Besides,
the curve is smoother when n,, is smaller.
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2.2. Simulation when the major axis has 6 angle with line defect

Since elliptical scatterers are axial symmetrical, large n,, slow light with wideband
and low dispersion could be achieved by rotating the scatterers by 8 relative to the line
defect and finely adjusting the parameters b and e. Figure 4a shows the variation of
fand k as the parameters b and e change in TE mode when € = 30°. It is observed that
when b is approximately 0.440q, elliptical scatterers lead to a proper linear region
between 0.37 and 0.46. Figure 4b corresponds to the relationship between n, and f
in Fig. 1b, and the values ng of elliptical scatterers are selected as 38.6, 54.6, 81.4, and
107.7, respectively. For the same n,, the bandwidth of low-dispersion slow light is
wider in Fig. 4b than in Fig. 2b.
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Fig. 5. Dispersion parameter D as a function of wavelength for the Fig. 1b structure when 6 = 30° (n, is
38.6, 54.4, 79.8 and 107.4, respectively).

After 8 =30° rotation of the major axis with respect to line defect, the bandwidth
is larger than that without rotation, when D has the same value and n, is only slightly
different, as shown in Fig. 5. In other words, the value of n, will be higher than that
in Fig. 3, with the same value D and bandwidth.

3. Results and discussion

3.1. Analysis of the result when the major axis is parallel with line defect

To evaluate low dispersion slow light, most previous researches define a range of
+10% of n, as low dispersion. To further categorize low dispersion, our paper defines
arange of +£1% of n, as ultra-low dispersion, and a range 0of 0.01 ps/mm-nm of D (less
than +0.5% of n,) as near-zero dispersion.

Better slow light is achieved when elliptical scatterers substitute cylindrical air
holes and the major axis is parallel to the line defect. To illustrate this, the information
in Fig. 2b is transferred to Table 1. In Table 1, the largest value of n, is 107.4,
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Table 1. Group index and bandwidth under different parameters for structure from Fig. 1a.

b c ng AL £10% [um] AL £1% [um] n AL
0.210a 0.384a 38.5 1.272 0.548 0.163
0.227a 0.387a 54.4 0.993 0.378 0.180
0.242a 0.389a 79.8 0.596 0.323 0.159
0.253a 0.389a 107.4 0.385 0.188 0.138

the largest wideband within £1% variation is 0.548 um, and the largest wideband
within +£10% variation is 1.272 pm, and scalar product n,A4/A, which stands for group
index times normalized bandwidth, is from 0.138 to 0.180. These sets of data are quite
useful due to their high refractive index and ultra-low dispersion wideband.

The explanation of this phenomenon is as follows: slow light dispersion of photonic
crystal waveguide consists of mainly backscattering and omnidirectional reflection.
For cylindrical scatterers, backscattering is more significant, thus the methods like
reducing width of line defect, adopting slit photonic crystal waveguides, adjusting
the radius of air holes or substituting scatterers with elliptical ones are applied to
enhance the performance. However, if different types of scatters are used in the same
structure, omnidirectional reflection would be increased and thus slow light is
undermined. Fortunately, if elliptical scatterers are adopted, backscattering could be
controlled by varying the parameters b and e, and omnidirectional reflection could be
contained since only one type of scatterers is adopted, therefore dispersion is largely
reduced. This explains the large wideband (ultra-low dispersion region) and large n,
achieved by applying elliptical scatterers, as shown in Fig. 2.

As mentioned earlier, to achieve near-zero dispersion, sometimes the parameter a
needs to be finely adjusted. For instance, when working wavelength A is 300 um,
a; is set at 64.49 um if n,; = 38.5, and aj is set at 65.07 um if ng, = 54.4, in order to
achieve near-zero dispersion.

To analyze the near-zero dispersion region, the information about the parameter D
in Fig. 4 is transferred into Table 2. From Table 2, it is observed that slow light
bandwidth exceeds 0.39 um when n, = 38.5 and D varies within £0.005 ps/mm-nm;
slow light bandwidth exceeds 0.05um when n,=107.4 and D varies within
+0.01 ps/mm-nm. The distortion of internal transmission of light pulses is negligible,
since these structures have very small values of D.

Table 2. Dispersion parameter D under AA for different group index in structure from Fig. 1a.

ng a [um] |D| [ps/mm-nm] AZ [um]
38.5 64.49 <0.005 0.39
54.4 65.07 <0.005 0.19
79.8 65.57 <0.010 0.10

107.4 65.92 <0.010 0.05
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3.2. Analysis of the result when the major axis has € angle with line defect

There are two approaches to rotate elliptical scatterers by 8 angle with respect to line
defect: rotate all scatterers in the same direction and rotate the scatterers axial
symmetrically about the line defect. After refining the parameters, both approaches
lead to similar values of n,, but the latter performs much better in terms of the flat
region in slow light curve and is therefore adopted in this paper.

As the value of 8 changes, slow light effect varies, and the condition to achieve
ideal slow light effect changes too. Simulation has shown that proper slow light is ob-
tained when the value of @is in the range of 0 to 60° (we just give 8 = 30° as an example
here). If 8 changes and so do the bandgap and the slow light mode, the group index
and the flat bandwidth better than those when major axis is parallel with line defect
could be achieved by adjusting the parameter b.

Table 3 is established from the information in Fig. 4b. For the quite nearly value
of n,, the bandwidths of the flat region for low and ultra-low dispersion (range of
variation of n, is within +10% and +1%, respectively) become larger than those in
Tab. 1. In comparison, n, = 38.5 corresponds to 1.272 um and 0.548 um in Tab. 1,
ng = 38.6 corresponds to 1.443 um and 0.907 um in Tab. 3; n, = 54.4 corresponds to
0.993 um and 0.378 pum in Tab. 1, n, = 54.6 corresponds to 1.004 um and 0.504 um
in Tab. 3; n,=107.4 corresponds to 0.385 pum and 0.188 um in Tab. 1, n, = 107.7
corresponds to 0.436 um and 0.201 pm in Tab. 3. The scalar product n,A4/4 is from
0.157 to 0.186, which is also better than that in Tab. 1.

For further comparison of the near-zero dispersion region, sets of data in Fig. 5 are
transferred into Tab. 4. It is observed that the near-zero bandwidth is larger than that
without rotation in Table 2. For example, slow light bandwidth exceeds 0.55 um when

Table 3. Group index and bandwidth under different parameters for the Fig. 1b structure when
g=30°.

b ¢ ng AZ +10% [um] AA + 1% [um] ngAAIA
0.201a 0.396a 38.6 1.443 0.907 0.186
0.221a 0.3984 54.6 1.004 0.504 0.183
0.240a 0.400a 81.4 0.662 0.342 0.180
0.253a 0.400a 107.7 0.436 0.201 0.157

Table 4. Dispersion parameter D under A4 for different group index in structure from Fig. 1a and for
the Fig. 1b structure when 8 = 30°.

ng a [um] |D| [ps/mm-nm] AA[um]
38.6 64.59 <0.005 0.55
54.6 65.21 <0.005 0.24
81.4 65.86 <0.010 0.14

107.7 66.26 <0.010 0.08
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ng= 38.6 and D varies within +0.005 ps/mm-nm; slow light bandwidth exceeds
0.08 um when n, = 107.7 and D varies within +£0.01 ps/mm-nm.

3.3. Clarifications

Though our research consists of theoretical analysis and simulation, instead of practical
fabrication, we would like to mention the acceptable tolerance of fabrication. The fabri-
cation error was simulated with additional simulations with values around the exact
value, and so far the acceptable tolerance of fabrication is +20 nm. This is the reason
that we choose /=1 THz (wavelength A= 300 um) as operating frequency. Taking
ny =38.5 as an example, a = 64.49 um, according to the optimized parameters listed
in Table 1, we tuned the parameters b slightly, and the results are shown in Fig. 5.
In Fig. 6, we chose four values (+40 nm, +20 nm, —20 nm and —40 nm) around
the exact value of b (b = 0.253a = 16.32 um) and ran additional simulations with these
four values. The solid curve corresponds to the ideal model without any fabrication
error. We can see from Fig. 6 that the flat band part of the curve remains almost
unchanged around n, = 38.5 when the fabrication error is within +40 nm. The simu-
lation result is the same when the fabrication error is within £40 nm even for operating
frequency = 0.1 THz, and this precision can be achieved with e-beam lithography
very well now.

== Ob =40 nm
—imeee Ob =20 nm
——03b=0

---- db=-20nm
------- Ob =-40 nm

20+

0.214 0.215 0.216
Normalized frequency f = wa/2nc

Q

Fig. 6. Parameter n, as a function of normalized frequency with fabrication errors relative to parame-
ter b when ng = 38.5 as listed in Table 1.

But for operating wavelength 1550 nm (a = 335.0 nm), the fabrication error must
be within £1 nm, and this precision cannot be achieved with e-beam lithography. So
the current fabrication error could reach +20 nm, less sufficient than the requirement
of our research, therefore the structure in our research could be applied to THz and
other electromagnetic waves with relatively larger wavelength. In addition, it is ex-
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pected that the fabrication error would continue to decrease with advancement of
technology, and thus the scope of application of our research will broaden.

4. Conclusions

By applying photonic crystal line defect with elliptical scatterers, adjusting the lengths
of the major axis and that of the minor axis, and changing the angle of rotation of
the scatterers one can effectively reduce the influence of backscattering and omnidi-
rectional reflection, achieve low dispersion, high group refractive index and low group
velocity, and greatly enhance the performance of slow light waveguide. The signif-
icance of our research is that slow light with low dispersion and flat wideband could
be achieved by adopting new types of scatterers and adjusting their parameters, just
like changing periodic arrays.
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