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Abstract: We design a novel slow-light silicon photonic crystal waveguide which can operate over
an extremely wide flat band for ultrafast integrated nonlinear photonics. By conveniently adjusting
the radii and positions of the second air-holes rows, a flat slow-light low-dispersion band of 50 nm is
achieved numerically. Such a slow-light photonic crystal waveguide with large flat low-dispersion
wideband will pave the way for governing the femtosecond pulses in integrated nonlinear photonic
platforms based on CMOS technology.

Keywords: silicon photonics; photonic crystal waveguides; slow light

1. Introduction

With the capabilities in flexible designability, high integration and mature mass-
production, the slow-light photonic crystal waveguide (PhCW) [1] has become a versatile
element for many applications including integrated lasers [2], microwave photonics [3],
optical communications and optical computing [4]. Especially, due to its remarkable
slow-light enhanced effects and flexible dispersion engineering properties under the room-
temperature condition, ultrafast nonlinear photonics within the slow-light region of PhCW
has emerged as a hot topic recently, with many impressive works including front-induced
transitions [5], pulse acceleration [6], pure-quartic solitons [7], pulse compression [8], ultra-
fast time delay tuning [9], slow-light-induced Doppler shift [10], optical auto-correlator [11]
and dynamic control [12] having been demonstrated in Ph\CW. However, the inherent orig-
inal small bandwidth, extremely large group velocity dispersion (GVD) and sophisticated
linear and nonlinear loss properties distort the ultrashort pulse seriously, which limit the
practical ultrafast utilization of slow-light PhnCW.

Several attempts had been made to design a suitable PhCW for various broadband
applications, and the performance is usually evaluated by the normalized delay-bandwidth
product (NDBP), which is defined as the product of group index (N) and normalized band-
width. We can obtain large NDBP by using dispersion engineering methods such as adjust-
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ing structure parameters of the PhACW in symmetric or asymmetric ways [13], changing the
waveguides width [14], modifying the air-hole radius [15], shifting the air-holes lattices [16],
chirping the waveguides structure [17], changing the shape of holes [18], algorithmic-based
inverse design approach [19] and so on. Recently, an optimized coupled-cavity Ph\CW
with tunable capabilities and NDBP above 0.8 even had been demonstrated [20]. However,
besides these theoretically achievements, from Table 1, which is a brief summary of some
typical dispersion engineering PhCW that had been exploited in ultrafast photonic applica-
tions, we can find out that moderate group indexes and bandwidths are usually focused on.
There are three major factors limiting the usage of higher group index in practice. The first
factor is the loss scaling law, i.e., the Ng—dependent linear loss, though there are some
preliminary methods to address this problem, such as the Bloch mode engineering [21],
where the key point is to drive the electric field away from the air-holes. The second
factor is the disordered transmission spectrum in the large group index region resulting
from the wavelength-dependent insertion loss. Furthermore, the third factor is the high
nonlinear absorption resulting from the slow-light enhanced two-photon absorption (TPA)
and free-carriers absorption (FCA) [22]. What is more, combining with the high group
index, large low-dispersion bandwidth is also vital for the ultrafast nonlinear photonics,
as an ideal transform-limited Gaussian pulse with center wavelength of 1550 nm and 100 fs
pulse-duration is corresponding to 35 nm spectral-width [23].

In practice, it is highly desirable to design a dispersion engineering slow-light silicon
PhCW (Si-PhCW) with low-dispersion and wide bandwidth for ultrafast integrated nonlin-
ear photonic applications over a wide flat band (larger than 35 nm). Usually, PACW with
group index around 10 is suitable [8,22], which can show various temporal and spectral
domain phenomenon. Herein, the simulation results show that, by adjusting the radius
and the lattice positions of the second air-holes rows of the standard W1 Si-PhCW, low-
dispersion operating bandwidth up to 50 nm can be achieved; such a broadband Si-PhCW
can be effectively applied for pulse compression [8], true time-delay [9], highly efficient
field-matter interaction [24] and many other applications.

Table 1. Typical Dispersion Engineering PACW Used in the Ultrafast Integrated Photonics.

References Ng Bandwidth (nm)
Front-induced transitions [5] 30 12
Optical pulse compression [8] 9 15
Ultrafast time delay tuning [9] 35 6
Optical auto-correlator [11] 30 15

2. Improving the Low-Dispersion Bandwidth by Adjusting the Lattice Positions
and Radii

The novel structure is achieved by starting from a standard triangular W1 Si-PhCW,
as shown in Figure 1. We use the plane wave expansion method (PWE) implemented in
the MPB code [25,26] to find out the optimum design parameters, and the dispersion rela-
tionships of the transverse electric (TE) polarized mode in various engineered waveguides
are calculated by using two-dimensional simulations with effective index of 2.9 [27]. In the
novel structure, the lattice constant is a, the air-holes’ radius (R) is 0.26a and the radius
of the second air-holes rows (R2) is decreased and the corresponding positions are also
shifted along the line defect direction by Ax.

It is helpful to get some hints from the dispersion profiles and the field distribution
pattern of the unperturbed structure [15,28] for further structure engineering. We use a
two-step strategy to achieve the design parameters for wide flat band, i.e., expanding the
frequency range and then tailoring the dispersion profile to straight line. To expand the
frequency range, one would expect to move down the dispersion profile corresponding
to the K = 0.5 (gap-guided mode) as shown in Figure 2a, while making the counterpart
of K = 0.35 (index-guided mode) remain unchanged. Actually, based on the variational
principle [28], typically, we can achieve a smaller eigenfrequency if the field confinement in
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the air-holes is smaller, and we can reduce the air-holes radius of the first rows to increase
the effective index and decrease the eigenfrequency of the eigenmode [29]. However,
according to the field distribution as shown in Figure 2b, the first rows of air-holes adjacent
to the line defect have strong impact on both the gap-guided and the index-guided modes
region, so if we decrease the first rows’ radius, the dispersion profiles of both the gap-
guided mode and index-guided mode will be moved down together. As for the third and
other rows far away from the line defect, there is a relatively small field strength, which
makes them also have a smaller impact on the dispersion than the second rows, and here,
we focus on expanding the bandwidth effectively by adjusting structure parameters as less
as possible, although the third and fourth rows can also be hired as a knob to fine tailor the
dispersion as in Ref. [30], the achieved bandwidth is only around 10nm. Hence, we choose
to only decrease the radius of the second air-holes rows firstly. The simulation results
in Figure 3 show that the gap-guided mode lower faster than the index-guided mode as
we expected. It should be particularly pointed out that this step is vital for designing an
extremely wide flat band PhCW.
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Figure 1. Schematic of the dispersion engineering slow-light Si-PhCW, the blue circles represent
the air-holes in a standard W1 PhCW with a lattice constant of 4, while the red circles represent
the engineered air-holes, i.e., decreasing the radius from R to R2 and shifting horizontally from the
dashed circles by Ax.
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Figure 2. (a) Dispersion relationship of the unperturbed standard W1 Si-PhCW, the inset represents
the supercell used in MPB, (b) Hz field distribution corresponding to TE polarization at K = 0.35
(green diamond in (a)) and K = 0.5 (red diamond in (a)), respectively.
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Figure 3. Dispersion profiles of the guided mode for various R2.

In order to expand the frequency bandwidth corresponding to this K range, for the
first glance, one may expect to move up or down the band in K = 0.5, but it is likely to result
in the multimode problem by the former routine, which is the case of Ref. [31]. Therefore,
we choose to use the later routine, and as shown in Figure 3, the corresponding frequency
bandwidth of the target K range can be greatly enlarged when R2 = 0.20a and 0.224.

After the successfully expanding of the K range, the second step is to fine-tune the
dispersion profile to a straight-line shape, which means the vanishment of the group
dispersion. Furthermore, the appearance of the straight dispersion profiles indicates
the increasing group index of the index-guided mode and the decreasing group index
of the gap-guided mode, which result in a high group index band with low dispersion.
Among the methods mentioned in the introduction, here we choose to shift the positions of
the radius-decreased air-holes along the line defect direction. Compared with the structures
proposed previously, our design only changes the parameters of the second air-holes rows,
which is highly desired for the practical fabrication processes.

3. Results and Discussion

Figure 4 shows the simulation results by combining the decreased R2 = 0.20a and
various lattice shifted distance of the second air-holes rows to tune the parabolic dispersion
profiles in Figure 3 to an almost straight line. Figure 4 shows that the dispersion profiles will
gradually move up and eventually turn to a straight profile when Ax = 0.20a. The calculated
group index and GVD parameters corresponding to Figure 4 are shown in Figure 5a,b.
In order to make the waveguide work around 1550 nm, we have set the lattice constant
a = 380 nm here. When Ax = 0.254, as the magenta solid line shown in Figure 5a, the group
index keeps around 9 over an extremely wide band almost covering from 1520 nm to
1570 nm, i.e., bandwidth up to 50 nm, what should be pointed out is that although the
group index corresponding to Ax = 0.25a seems to be varied largely, but this is resulting
from the small vertical scale range, which is only 4 over the whole wavelength range.
The GVD parameters give a convincing picture to address this illusion, as shown in
Figure 5b, over a wide wavelength range from 1520 nm to 1570 nm, the GVD is keep below
1000 ps?/m, which is really a quite small value for a dispersion tailored PhCW.

For the ultrafast integrated photonics, it is important to investigate the optimized
parameters range for the designed structures, here we have further simulated the results
where R2 = 0.224, and the other parameters are the same as Figure 5. The group in-
dex and GVD are shown in Figure 6a,b, respectively. Because of the larger hole radius,
the group index has a higher value around 12 and a higher GVD compared with the case
of R2 =0.20a. However, the GVD is still below 2000 p52 /m over wavelength range from
1510 nm to 1565 nm, and the main parts are below 1000 p52 /m; what is more, the low dis-
persion wavelength range is basically located in the same positions for all the simulations,
which is quite significant for the dispersion engineered PhCW. Combing the results in
Figures 5 and 6, it is convincing to say that our design has an outstanding performance
over a robust optimized parameters range. In practical use and fabrication, the most
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important thing of PhCW is to keep the target working wavelength and performance stable
even though taking the fabrication errors into consideration. We can see that a quite stable
working wavelength around 1550 nm can always be achieved in Figures 5 and 6 when the
R2 and Ax vary from 0.2a to 0.22a and Oa to 0.25a, respectively. Furthermore, the N also
only change a little around 10 when R2 and Ax vary from 0.2a to 0.22a and 0.2a to 0.224,
respectively. In conclusion, the target working wavelength and N, can be well maintained
with fabrication errors around 10 nm, which is achievable for the nanofabrication facilities.
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Figure 4. Dispersion profiles corresponding to R2 = 0.20a, while Ax is variable, the inset shows

partially zoomed-in lines.

12

(a)

—— R2=0.20a, 4x=0.00a
= = =-R2=0.20a, Ax=0.15a
114} R2=0.20a, Ax=0.20a
= = =R2=0.20a, Ax=0.22a
—— R2=0.20a, Ax=0.25a

(b)

—— R2=0.20a, 4v=0.00d A\
= = - R2=0.20a, Ax=0.15q
-1500 1 R2=0.20a, 4x=0.20q
- - -R2=0.20a, 4x=0.22a \
— R2=0.20a, Ax=0.25q

8 T T T T T 0 T T T T T
1520 1530 1540 1550 1560 1570 1580 1520 1530 1540 1550 1560 1570 1580
‘Wavelength (nm) Wavelength (nm)

Figure 5. (a) The calculated group index and (b) Calculated GVD parameters, where R2 = 0.20a2 and
a is equal to 380 nm.
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Figure 6. (a) The calculated group index and (b) Calculated GVD parameters, where R2 = 0.22a and
a is equal to 380 nm.

Furthermore, we have performed the simulation by the two-dimensional finite-
dimensional time-domain (FDTD) to verify the PWE results, where a transform limited
Gaussian pulse with full-width half-maximum (FWHM) of 200 fs and center wavelength
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of 1550 nm was used, and the input pulse spectrum is shown in Figure 7a. With two time
domain monitors standing 804 (2 = 380 nm) apart are used for recording the transmission
signal, the simulation results are shown in Figure 7. As shown in Figure 7b, where the
PhCW is a standard W1 waveguide, the simulated result shows the pulse has been broaden
seriously by the dispersion. For the dispersion tailored PACW shown in Figure 7c, where
the radius of the second air-holes rows is 0.22a and the lattice-shifted distance is 80 nm,
the pulse broaden phenomenon is well suppressed. The group velocity and group index
can also be extracted from Figure 7c, which are 2.4 x 10’ m/s and 12.5 and well agreed
with the results in Figure 6a.
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Figure 7. (a) Spectrum of the input pulse, and the temporal pulse profiles for (b) standard PhCW and
(c) tailored PhCW at two selected detection points at 10a and 904, when R2 = 0.22q and Ax = 80 nm.

In Figure 8, we have done a three-dimensional (3-D) FDTD simulation to further
validate our 2-D results and guide the fabrication of our design. Here, a typical silicon-
on-insulator (SOI) air-bridge PhCW with thickness of 220 nm has been used, and because
the thickness of the SOI is fixed, the choice of other parameters have also been affected
comparing with the 2-D simulation. During the simulation, a lattice period of 400 nm,
radius (R) of 100 nm have been used to set the working wavelength near 1550 nm, and the
corresponding R2 and Ax are a little different from the 2-D simulation. However, as shown
in Figure 8a, the low dispersion bandwidth can also be effectively expanded by reducing
the R2, and the values of Ny and low dispersion bandwidth are also similar with the
2-D simulations as shown in Figure 8b,c. By using the 3-D FDTD method, we have also
presented the electric field profiles corresponding to the cases of R2 = 0.16a, Ax = 0 nm
and R2 = 0.16a, Ax = 100 nm in Figure 8. We can find out that the field confinement in the
air-holes becomes larger by comparing Figure 9a—d, which also verify our design principles
presented in Section 2.
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Figure 8. (a) Dispersion profiles of the guided mode for various R2, (b) the group index and (c) GVD
parameters for various R2 and Ax. The thickness of the silicon film in this 3-D FDTD simulation is
220 nm, the lattice period a is 400 nm and the radius R is 100 nm, while the R2 and Ax values are
shown in the legends.
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Figure 9. The electric field profiles for different structure parameters and observation planes, i.e., z =0
plane for (a,c), x = 0 plane for (b,d). While R2 = 0.164, Ax = 0 nm in (a,b), R2 = 0.164, Ax = 100 nm in
(c,d). The definition of the axes has been given in Figure 1.

4. Conclusions

In summary, a novel slow light Si-PhCW with extremely wide flat band and low
dispersion has been designed. By conveniently adjusting the radius and lattice positions of
the second air-holes rows, an extremely wide flat band up to larger than 50 nm covering
almost the whole c-band is obtained. For the case of R2 = 0.20a and Ax = 0.254, the group
index is about 10, and the variable span of group index is only 3 over a bandwidth larger



Photonics 2021, 8, 105 80f9

than 50 nm. We highlight the method to expand the corresponding frequency band by
lowering the dispersion band within the counterpart K range, and here the method has
the potential to be effectively applied for other similar structures. For the femtosecond
laser pulse applications in the various microstructure waveguides as photonic crystal
waveguides and photonic crystal fibers, the complicated dispersion will play a crucial
role. By lowering the dispersion over an extremely wide band, the ultrafast femtosecond
pulses will undergo a smaller dispersion-induced pulse-width expanding, and then will
experience better nonlinear slow light enhanced effects. At the same time, by combining
the depressed GVD and the remarkable nonlinear matter-light interaction, the higher-order
nonlinear effects and the higher-order dispersion will come to be prominent, then many
further interesting phenomena will become easier to catch. Anyway, our design method
has demonstrated a regular pattern to design a PhCW with an extremely wide flat band.
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