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Slow light, a technology to control the optical signal by reducing the group velocity, has been widely studied to
obtain enhanced nonlinearities and increased phase shifts owing to its promoting of the light-matter interaction
ability. In this work, a wideband slow light is achieved in a simple one-dimensional fishbone grating waveguide.
A flat band indicating slow light with a group index of 13 and bandwidth over 10 nm is obtained by the plane
wave expansion calculation, and the corresponding experimental results agree well with the theoretical prediction.
A step taper is designed to compensate the coupling loss. The proposed fishbone grating waveguide is a good

candidate for wideband slow light devices in light communication.
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1. INTRODUCTION

Slow light technologies have attracted great research interest in
the past decades because of their capability to delay and
manipulate the speed of light, which has a significant influence
on all optical communications and integrated optics [1]. The
slowdown of light has been observed in a diverse range of
media, including atomic vapors [2], optical fibers [3,4], micro-
rings [5,6], and photonic crystal waveguides (PCWs) [7-11].
Among them, the slow light PCWs have exhibited significant
advantages because of their ultracompact footprint, a moder-
ately slow light loss, and a relatively small group velocity
dispersion (GVD). Moreover, previous studies on PCWs have
shown the unprecedented ability to increase the slow light
bandwidth and eliminate the GVD effects such as lattice-
shifted PCWs [12,13], slot PCWs [14], and PC-coupled cavity
waveguides (CCWs) [15,16]. Despite these advantages, PCWs
require rigorous periodicity in two dimensions, which adds
complexity and difficulty to the fabrication. As a result, the fab-
rication process in PCWs is still a key issue that dominates slow
light performance. For example, the roughness and imperfect
locations of the holes during the fabrication process would
cause serious slow light losses and signal distortion. Compared
with PCWs, the one-dimensional (1D) silicon fishbone grating
waveguide (FBGW) [17-21] attracts attention because, com-
pared to PCWs, it is fabricated easier and exhibits similar slow
light performance, but provides a much lower scattering loss.
Due to the less etched surface area overlapped with the optical
mode in the FBGW, it has been experimentally demonstrated
that slow light in the FBGW has lower optical propagation loss
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and is less susceptible to fabrication variations [22]. Moreover,
different from 2D PCWs, the lateral light confinement in 1D
FBGWs relies on index confinement. Thus, its footprint could
be further reduced, and therefore, it is more appealing for
integrated optics.

Recently, a well-designed 1D FBGW was experimentally
tested with a 100 ps delay and related small loss [18]; however,
the obtained slow light was designed at the band edge, while the
flatness in the band edge determines large dispersion, which may
limit the corresponding slow light bandwidth. However, perio-
dicity structures have an intrinsic advantage to increase the slow
light bandwidth, as shown in the previous PCW literature
[22,23]. For example, PCWs can move the slow light regime
from the band edge to the middle band by appropriate band
engineering, while the linearity in the middle band can result
in wideband slow light. However, the situation is different for
a grating structure such as a FBGW. First, there is only 1D perio-
dicity in the FBGW/ thus, the freedom for band engineering is
quite limited if compared with the 2D PCW case. Second, for
the FBGW, the lateral grating dimension is only several microm-
eters, and the band engineering at such a small dimension is
extremely difficult and challenging for the present clean room
fabrication technology. For this reason, wideband slow light
in 1D grating structures has not been explored and experimen-
tally verified.

In this work, a simple but effective 1D-grating-based
fishbone-like slow light waveguide is proposed and experimen-
tally verified with a large slow light bandwidth over 10 nm and
a constant group index of approximately 13. To the best of our
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knowledge, the bandwidth is one magnitude larger than in
other work [18,19,24]. The simple geometry in our wideband
FBGW has the advantages of large fabrication tolerance and
low intrinsic propagation loss. Moreover, a special slow light
coupler has been designed and tested. Our designed wideband
FBGW may pave the way for future wideband slow-light-
grating devices.

2. NUMERICAL RESULTS AND DISCUSSION

The proposed FBGW is shown in Fig. 1(a), where a silicon
layer is placed on the top of the silicon dioxide substrate. In
the silicon layer, two symmetrical crosses are joined together
to form a basic unit, as can be seen in the right panel of
Fig. 1(a), and these basic units are periodically repeated along
the waveguide direction to constitute the fishbone-like grating.
In the basic unit, the period of the grating teeth 4 is set to be
420 nm. The widths (w;, w,, w;) for the upper, middle, and
lower rectangles are 0.524, 0.84, and 0.684, respectively, while
the lengths (hy, /,, h3) are 1.7, 0.854, and 1.75a, respectively.
Figure 1(b) shows the scanning electron microscope (SEM) pic-
ture of the fabricated FBGW.

The device is fabricated on a silicon-on-insulator wafer with a
220-nm-thick top silicon layer and a 2 pm SiO, buried oxide
layer. The wafer is first coated with photoresist poly(methyl meth-
acrylate) using a spin processor. The gratings, waveguides, and
couplers are first patterned with the Raith150II E-beam lithogra-
phy (EBL) system and then etched with inductively coupled
plasma (ICP) in the first overlay. The second overlay is needed
to etch the grating coupler, which is 150 nm high, different from
the height of the FBGW (220 nm). The minimum feature size
of the structure is approximately 60 nm, which matches the litho-
graphic system’s requirement such as the EBL system.

To obtain the wideband slow light through the 1D periodic-
ity of FBGW, the dispersion relationship of the proposed grating
needs to be rigorously studied, since the ratio of the w—£ curve
determines the group index 7,. The dispersion relationship

..........................................................

Fig. 1. (a) Schematic picture of the proposed FBGW; (b) SEM pic-
ture of the top view of the FBGW. Insets show the amplified picture of
the red rectangle area.
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between the frequency @ and wave vector # is analyzed by
the three-dimensional plane-wave-expansion (PWE) method us-
ing the Massachusetts Institute of Technology photonic bands
software. The PWE method utilizes the periodicity of the struc-
ture, which simplifies band calculation as solving algebraic eigen-
values. The supercell is used for faster calculation in the
propagation direction. The supercell’s structure is one period
of the grating teeth, as shown in the right panel of Fig. 1(a).
Systematic sweeps of the geometrical parameter influences on
dispersion curves are performed in Fig. 2. As a starting point,
we set the widths (w;, w,, ws) for the upper, middle, and lower
rectangles as 0.524, 0.84, and 0.684, respectively, while the
lengths (hy, by, h3) are 1.7a, 0.85a, and 1.75a, respectively.
During the sweep, we increase one of the parameters while keep-
ing others unchanged, and the dispersion curve behaviors are de-
picted in Figs. 2(a)-2(f). In Fig. 2, it can be seen that the
dispersion curves move to lower frequencies when the geometrical
parameter increases. This is expected because the increase of w,
wy, w3, by, by, and by causes the increase of the corresponding
effective index. In addition, the degree of the reduction and the
reduced features of these curves in Figs. 2(a)-2(f) are different. In
Fig. 2(a), the dispersion curves exhibit complex behavior when the
height of the outer teeth 4, is monotonously increased: the middle
regions of the curves decrease significantly while /4, increases; how-
ever, other regions (the initial part above the light line and the part
close to the band edge) of the curve almost stay constant. This in-
dicates 4, has a pronounced influence on the middle region of the
dispersion curve. In Figs. 2(d)-2(e), it can be seen that the initial
regions of the curves above the light line reduce more rapidly than
the regions of the curves close to the band edge, when the widths of
the central teeth w, and the outer teeth w; increase. This suggests
w, and w, have a dominant effect on the initial region of the
dispersion curve. The situation is just the opposite in Fig. 2(f).
When the width of the inner teeth w; increases in Fig. 2(f),
the regions of the curves close to the band edge decreases more
rapidly than the initial regions of the curves. This suggests that
w; exerts a greater influence on the band edge regions. As a sum-
mary from Fig. 2, the height of the outer teeth 4, is the most sen-
sitive parameter to change the middle region of the dispersion
curve, and the width of the inner teeth w; mainly affects the band
edge region of the curve, while ), and w), are responsible for the
influence on the initial part of the curve. These influences of geo-
metrical parameters enable a more precise control of the band
shape, especially because different parameters have different effects
on the band curve.

With a full study of the dispersion relationship in Fig. 2,
some approaches are taken to increase the slow light band-
width. For previous studies, the slow light was generated near
the band edge with limited bandwidth. The strategy here is to
use the precise control of the dispersion curve to move the band
edge slow light into the mid-band slow light. To achieve this,
w, and w, are reduced to raise the initial part of the w—#k curve,
while wj is increased to lower the band edge. As a result, a
twisted w—k curve is obtained. Using appropriate tune 4, to
optimize the middle region of the curve, a large linear middle
region can be obtained in the w—k curve, as depicted in
Fig. 3(a). The geometrical parameters depicted in Fig. 3(a)
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Fig. 2. Band variation with (a) 4, (b, = 4, h; = 1.85a, w; = 0.52a, w, = 0.8a, w3 = 0.684a); (b) h, (b = 1.7a, h; = 1.85a, w; = 0.52a,
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(a) Band diagram for the 1D fishbone grating waveguide; the inset pictures are the electric fields of A and B, respectively; (b) group index

1, (for different flat band) versus the wavelength (red line: 4y = 1.74, b, = 0.854, b3 = 1.754, wy = 0.524, w, = 0.84, w3 = 0.684; blue line:
by = 1.85a, h, = a, h; = 1.85a, w; = 0.52a, w, = 0.84, w3 = 0.684; black line: /; = 1.94, h, = a, h; = 1.85a, w; = 0.52a, w, = 0.8a,

w3 = 0.684).

are the widths (wy, w,, w3) 0.524, 0.84, and 0.684, and the
lengths (hy, by, h3) 1.7a, 0.854, and 1.75a.

As the ratio of the w—# curve determines the group index, the
red circle curve in Fig. 3(b) records the group index variation ver-
sus the wavelength corresponding to the w—# curve in Fig. 3(a). It
can be seen that this group index curve first increases monoto-
nously, then stays constant over a certain bandwidth, and after
that, it increases rapidly, which displays the characteristics of the
“chair type” group index curve. The bandwidth here is defined as
the frequency range where the group index variation is limited by
10% to its central value. One significant feature of the group in-
dex curve is that it has a constant group index over a bandwidth
larger than 10 nm, which corresponds to the large linear portion

of the w—#k curve in Fig. 3(a). This indicates that wideband slow
light has been obtained by the grating optimization. Furthermore,
such a wideband feature is obtained by geometrical optimization,
and thus, it can be highly tunable under different grating param-
eters. In Fig. 3(b), the group indices for different parameters are
plotted. The group indices are approximately 13, 28, and 40,
while the corresponding slow light bandwidths are 10 nm, 4 nm,
and 1 nm, respectively. It can be concluded that there is a trade-off
between the group index and slow light bandwidth: with the
increase of group index, the bandwidth decreases. The bandwidth
of the group index that is approximately 13 is two times larger
than the bandwidth of the blue line with the group index of
approximately 28 as shown in Fig. 3(b).
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The electric field intensity distribution of the mode at differ-
ent slow light regions is shown in the inset of Fig. 3(a). The
introduction of lateral grating teeth helps push the mode field
out of the central waveguide and enhances the Bragg reflection
and scattering at the lateral corrugations, which is important to
get a high group index and properly tune the dispersion. The
mode field mainly located in the lateral grating teeth corre-
sponds to the band edge slow light. From the dot B in the pic-
ture, the mode fields concentrated in the periodic teeth region
on both sides and the central waveguide have equivalent mag-
nitude, which means there is not much resonance in the struc-
ture, corresponding to the flat semi-slow light part. Compared
with dot A, the mode field spreads more into the lateral grating
teeth by field coupling when the wave vector value increases.

The fishbone grating waveguide’s slow light effect is verified
through the 3D finite-difference time-domain method, as
shown in Fig. 4. The length of the grating waveguide is set
as L = 40a, where « is the period of the grating teeth. A
Gaussian pulse with the central wavelength of 1610 nm and
a bandwidth over 10 nm is input from the strip waveguide.
Two monitors are located at the input and the output of
the waveguide separately. The transmission spectrum is shown
as the red line in Fig. 4(b). Figure 4(a) indicates the temporal
pulse detected by the monitors. From the time distance be-
tween the input and the output pulse peaks, the time delay is
calculated to be Az = 4574/ ¢, and the group index of the op-
tical pulse is determined to be , = ¢/(L/At) = 11.4, which
matches the result of the plane-wave-expansion simulation very
well. In addition, the full width at half-maximum (FWHM) of
the output pulse (460 fs) does not change much compared to
the incident one (400 fs), which means there is not much dis-
tortion. However, due to the mismatch and low coupling effi-
ciency between the strip waveguide and the FBGW, the
transmission is not higher than 20%, as depicted in Fig. 4(b).

To improve the coupling efficiency, the step taper is intro-
duced, as shown in the inset of Fig. 4(b). When the light speed
changes drastically between the fast light and slow light, serious
loss appears due to the mode speed mismatch. One possible
solution is to design specific step tapers that operate at a faster
light speed to compensate the strong speed mismatch between
the fast light and slow light [20,25-27]. Thus, the hetero group
velocity step taper is introduced into the structure, of which the
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group index is between 7, = 4 for the strip waveguide and
ng =12 for FBGW. As shown in the inset of Fig. 4(b),
two groups of tapers are set to compensate the coupling loss.
The coupler is nearly the same structure as the fishbone grating
waveguide. The value @ of the tapers is set to 425 nm and
431 nm, respectively. The group index decreases with the in-
crease of the period value. The length of each cube does not
change. From Ref. [21], the oscillation patterns will not be im-
proved when the length of cuboids is not matched because the
mode-matching condition may be destroyed. And the widths of
the cuboids keep the same proportion of the period. To find a
better coupling effect, the influence of the step taper’s period
number is studied. Figure 4(b) shows the transmission of the
slow light fishbone grating waveguide with different periods of
step taper. The transmission has a peak when N = 5, which
means IV = 5 is the optimized step taper length. As N =0
corresponds to butt coupling, it means the light propagates di-
rectly from the strip waveguide into the FBGW without taper.
Comparing the transmission of the waveguide with (V = 5)
and without (V' = 0) the taper, the transmission reaches over
60%, which is greatly improved compared to the butt coupling.

3. EXPERIMENTAL RESULTS AND DISCUSSION

To experimentally demonstrate the wideband slow light effect,
the waveguide was fabricated and tested. The experiment setup
for the test of the FBGW performance is shown in Fig. 5(a).
The input light is generated from a tunable laser source. Its
polarization is controlled by a polarization controller to obtain
the TE mode light, which is injected into the chip through a
grating coupler with the coupling angle of 80°. The inset of
Fig. 5(a) shows the SEM images of the fabricated grating cou-
pler. The output temporal spectrum response is recorded and
analyzed by an oscilloscope.

The ends of the grating form a Fabry—Perot cavity at the
wavelengths above the stop band, leading to resonant ripples
[24]. By studying the amplitude of the Fabry—Perot ripples,
the calculated insertion loss is approximately 16 dB in the
wideband slow light region. Using the Fabry—Perot effect,
the output signal is controlled by the phase change at two sides
of the slow light fishbone grating waveguide. From signal 1 to
0, the phase change is 7/2. A, and A, are the wavelengths

min
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T
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(a) Temporal pulse detected at the input and the output; (b) simulated transmission of different periods, the inset is the SEM image of
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(a) Schematic of the experimental setup. Inset pictures are SEM images of the grating coupler. In addition, we utilize a tunable laser (TL)

source, a polarization controller (PC), a data analyzer (DA), and an optical spectrum analyzer (OSA). (b) Measured transmission and group index as
functions of wavelength; (c) group index (from both simulation and experiment) as a function of wavelength.

corresponding to signal 1 and signal 0 in the transmission spec-
trum, respectively. The spectral dependence of the group index
in the FBGW can then be deduced from positions of the ad-
jacent peak and valley of the oscillations as

ng(/l) = Amax/lmin/[4[‘(/1max - /Imin)]’ (1)

where L is the length of the waveguide, and 7, is the group
index of the 1D FBGW. The transmission spectrum was mea-
sured and is shown in Fig. 5(b), and the oscillation period de-
creases with the increase of wavelength. The group index then
can be calculated from Eq. (1), and the group indices are drawn
in the same diagram (red plots), where the group index in-
creases from 5 to over 60, as the wavelength increases from
1550 to 1610 nm. Figure 5(c) shows the group index of sim-
ulation and experiment as a function of wavelength. From
Fig. 5(c), the experimental data (red circles) agree well with the
theoretical dispersion curve (black curve). A bandwidth over
10 nm with a high group index close to 12 can be clearly ob-
served. The deviation between the measured and the calculated
group indices mainly attributes to fabrication inaccuracies.

4. CONCLUSION

In summary, we have designed a slow light fishbone grating
waveguide, which has a simple 1D structure and was experi-
mentally verified on a silicon chip. In this work, the defect
effect is taken into consideration, and a flat band away from
the band edge is finally found in the grating structure. The pro-
posed slow light waveguide’s minimum feature size is quite
small due to the multi-teeth structure, which makes the

fabrication difficult. But compared with PCWs, the FBWG
will take much less fabrication time due to its simple structure
and a small device size, and the fabrication in the EBL and ICP
progress is more accurate because of its rectangular shape. The
slow light FBGW is optimized and fabricated to obtain a large
bandwidth with a high group index and low propagation loss.
The bandwidth over 10 nm is one magnitude larger than that
of other similar grating structure waveguides. The performance
of our device is superior to other grating waveguides in terms of
the trade-off between the group index and bandwidth. Thus,
the slow light fishbone grating waveguide will have the advan-
tage in future high-speed signal processing.
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