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We proposed an effective approach to enlarge the slow light bandwidth and normalized-delay-bandwidth product
in an optimized moiré lattice-based photonic crystal waveguide that exhibits intrinsic mid-band characteristics.
A flatband corresponding to a nearly constant group index of 34 over a wide bandwidth of 82 nm centered at
1550 nm with near-zero group velocity dispersion was achieved. A large normalized-delay-bandwidth product of
0.5712 with a relative dispersion of 0.114%/tm was obtained, which is a significant improvement if compared
with previous results. Our results indicate that the photonic moiré lattice waveguide could advance slow light

applications. © 2022 Optica Publishing Group
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1. INTRODUCTION

The moiré lattice emerges upon superimposing two or more
similar periodic structures with different lattice constants or
rotation angles. Due to their unprecedented advantage in pro-
viding abundant optical properties at twist angles, the moiré
lattice has attracted attention from the community. To date,
moiré lattices have been extensively studied in enhancing
nanophotonics components with great potential applications.
Fu ez al. [1] observed an optical soliton formation that is con-
trolled by twist angle in a photonic moiré lattice for application
in integrated light sources. Similarly, in photonic moiré lattices,
localization and de-localization of light in a nonlinear crystal
were observed for light pattern control [2] and light propaga-
tion/modulation due to optical interference [3,4]. Wu ez al. [5]
reported a plasmonic metamaterial for application in sensors.
The moiré pattern has also been observed in graphene-based
platforms that were used to realize superconductors [6] and
mid-infrared photodetectors [7], which have shown significant
improvement in light—matter interactions. However, the explo-
rations of the moiré lattice with engineered dispersion effects
have not been previously investigated, especially for slow light
phenomena in photonic crystals that emphasize both strong dis-
persion and light—matter interactions. We envisioned photonic
crystal based on a moiré lattice to be intuitively promising for
slow light devices with improved performance.

Slow light has fascinated immense attention in the optical
community because it is used for the delay and temporary stor-
age of light and optical signal processing [8]. Slow light in the
silicon photonic crystal waveguide (PhCW) with its compact
size offers an approach to enhance light-matter interaction,
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which has been utilized in various applications such as sensing
[9], microheaters [10], modulators [11], photodetectors [12],
and nonlinear applications [13]. Among the silicon PhCW;,
two-dimensional (2D) PhCW is a robust platform for realizing
slow light because of its ease of integration with on-chip devices.
However, its performance has been limited by large group veloc-
ity dispersion (GVD) due to the realization of the slow light at
the band edge. Recently, slow light performance in 2D PhCW
was enhanced by integrating the PhCW with materials with
large dispersion such as graphene [14,15], optical fluid [16],
polymer substrate [17], and Kerr effect [18]. These approaches
still have the effect of exciting large GVD, which limits the
operational bandwidth.

In this paper, we propose a novel design of an all-dielectric
photonic moiré lattice waveguide (PMLW) that facilitates slow
light performance enhancement. Compared with conventional
PhCW based on triangular and square lattices, the PMLW
exhibits intrinsic mid-band slow light characteristics and more
flexible control that allow sophisticated dispersion engineering
and optimization. The proposed PMLW achieved an average
group index (7, ) of 34, a bandwidth of 82 nm, near-zero GVD
over the bandwidth, and a normalized delay-bandwidth product
(NDBP) of 0.5712 with a relative dispersion of 0.114%/pm.
Our design of wideband waveguide could find applications in
practical slow light devices.

2. DESIGN METHOD

The moiré lattice is created by overlapping two similar 2D
y pping
periodic square sublattices with either sublattice rotated by an
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Fig. 1. Formation of the moir¢ lattice. The red dotted box shows a
moiré cluster with 12 rods per unit cell, and the green solid box shows
the region for the waveguide. Inset 1 shows a magnified moiré cluster
with selected rods as indicated by the arrow. Inset 2 shows the sketch
of the structure designed in MPB, and the blue dashed box shows the
supercell used in PWE calculations.

angle 0. For a particular rotation angle 6, such thattan 6 = 4 /a,
where “a” and “b” belong to Pythagorean triples (a, 4, ¢),
the moiré lattice that emerges could be periodic or aperiodic.
Figure 1 shows the formation of the moiré lattice. Two simi-
lar square sublattices each with periodicity 2’ =450 nm and
Pythagorean triples (3,4, 5) such thatf = tan™!(3/4) = 36.87°
were considered. Rotating either sublattice by 6 = 36.87° and
overlaying both sublattices in one plane, a square periodic moiré
lattice of periodicity # = 1000 nm appears with certain rods of
the sublattices coinciding as depicted by the green solid box in
Fig. 1. By separating and shifting one row of the coincident rods
by 2” =201 nm in %y direction, a line defect is formed. The
red dotted box (and inset 1 of Fig. 1) shows 12 dielectric rods per
unit cell of the moiré lattice forming a moiré cluster (MC).

The 2D PMLW was designed with circular dielectric rods of
& = 12 and thickness # = 220 nm. Full three-dimensional (3D)
simulation is required to precisely model the PMLW, but 3D
simulation is computationally intensive. To balance the accu-
racy and effectiveness, the effective index method (EIM) and 2D
simulation are employed together, where the 2D effective index
replaces the actual 3D material refractive index so that the simu-
lation can be performed in 2D with much less time but maintain
almost the same accuracy as 3D simulation [19]. For transverse
magnetic (TM) polarization, the dispersion band relation was
analyzed using the plane wave expansion (PWE) method with
the Massachusetts Institute of Technology (MIT) photonic
bands (MPBs) package. The PWE method uses a 3D algorithm
that uses periodic boundary conditions to compute definite
frequency eigenstates and eigenmodes of a large supercell. The
supercellisa x 204 in x—y plane as depicted by the blue dashed
box of inset 2 in Fig. 1. To improve accuracy and better reflect
small changes in the structural parameters, 32 x 32 computa-
tional grid resolution, mesh size of 7, and tolerance decreased to
1 x 1078 were used. The tolerance judges when convergence
occurs, that is, when eigenvalues have a fractional change less
than the tolerance between iterations.
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3. RESULTS AND DISCUSSION

Before we explore the optical properties of the 2D photonic
moiré lattice, let us discuss the bulk band structure of the moiré
unit cell. It is worth mentioning that we deliberately chose
a’ =450 nm sublattice periodicity to design the moiré lattice
because it splits some bands in the band structure and lifts
degenerate points, which opens up the bandgap. Figure 2(a)
shows the photonic band structure of the moiré unit cell when
all the rod radii are set to 0.078a. It can be seen that two posi-
tional bandgaps exist at the high normalized frequency with
many folded bands at the low normalized frequency. The cal-
culated bandgap width between bands 5 and 6 is 0.015(z /1)
(2.34%) while that of bands 6 and 7 is 0.042(z/)) (5.84%).
We chose to explore the guided mode between bands 6 and 7
because it has vanishing group velocity (v,). The vanishing v,
could be attributed to flatbands in the vicinity of the bandgap
frequency [see band 7 in Fig. 2(a)]. Moreover, degenerate points
(bands) could be observed in the band structure at a low nor-
malized frequency. The degenerate point could be explored to
study the localization of light [20]. Therefore, the implication of
having multiple rods per unit cell is that the dielectric contrast
of the structure will be modified, which will result in a shift in
the frequency position of photonic bandgaps and changes in the
bandgap width [21], degenerate bands, and degenerate points.
To analyze the slow light performance of the structure,
we set the radii of all the 12 dielectric rods to 0.0784 and
computed the dispersion band, 7,, bandwidth, GVD, and
NDBP. Figure 2(b) shows the dispersion band with slow light
region 0.7578(2/A)—0.7620(a /A) for wave vector (k) range
0.238(27/a) — 0.405(27 /a). This corresponds to 7, = 38.6
(within 4 10% average 7,) over 27.2 nm bandwidth (centered
at 1550 nm) and NDBP = 0.215 as depicted by the black line
with circles in Fig. 2(c). This result shows that our structure
exhibits an intrinsic mid-band slow light characteristic. This
is because our designed moiré lattice can be treated as a doubly
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resonant system that is made of two photonic crystal sublat-
tices of slightly different resonant frequencies. The merging
of the two sublattices created moiré lattices with rods that
serve as scatterers, which appear closer to each other than in
their sublattices, causing backward scattering at each moiré
unit cell. The formation of the scatterers enhances the inter-
action control more precisely between the forward and the
backscattered waves in a smaller space. The multiple scattering
between these close scatterers allows incoherent interference.
Therefore, the large flat mid-band slow light occurs as a con-
sequence of incoherent interference due to the breakdown of
translation symmetry resulting from the merging of the two
sublattices [20,22,23]. Moreover, by having slow light at mid-
band, dispersion and backscattering loss will have less effect
[24]. The GVD was calculated numerically from the w—#
relation defined by the GVD parameter (B;) as B, = d*k/dw*.
A near-zero B, can be seen over the slow light bandwidth as
shown by the red star line in Fig. 2(c). The B, increases (toward
negative) outside the near-zero frequency range, which signifies
the fast light region. Despite the interesting and promising
capabilities observed so far, that is, 7, = 38.6, bandwidth =
27.2 nm, and NDBP = 0.215, the performance is unsatisfac-
tory. Therefore, a systematic approach that involves extensive
parameter optimization is required to enhance the performance.

The field distributions of the guided mode can be explored to
tailor the dispersion properties of the PMILW. Figures 2(d)
and 2(e) show the field distribution for guided modes at
k=0.52n/a) and k= 0.28(2m /a), respectively. The mode
can be seen to be confined within the waveguide core at k=
0.5(2n/a). In the slow light region, at #=0.28(27/a), the
mode can be seen to be dispersed into the PMIW structure and
concentrated on the dielectric rods, which highlight that the
properties of the mode in the slow light region depend on the
PMLW structural parameters [25].

The goal of slow light devices is to achieve slow light opera-
tion over the widest possible bandwidth, relatively high 7,, large
NDBP, low dispersion, and low propagation loss. The intrinsic
mid-band property of our structure assures low dispersion and
less backscattering loss [24]. To minimize propagation loss, we
limit the 7, below 40 because 7, above 40 in PhCW leads to an
exponential rise in loss [26], and the loss per unit time decreases
within 7, =30—40 [27]. Hence, we enlarge the NDBP by
widening the bandwidth, taking advantage of the mid-band
slow light characteristic.

Dispersion engineering and optimization were carried out
to discern the rod parameters that positively influence the band
and widen the bandwidth, respectively. All the 12 dielectric
rod parameters in the MC merit study. For brevity, and because
some parameters offer similar influence, a few selected rods
labeled 7, 7;, and 7, as indicated in inset 1 of Fig. 1 are reported
here. The strategy is to carefully fine-tune the selected parame-
ters such that the dispersion band slope is as constant as possible
over a wide wave vector range, which simultaneously expands
the flatband frequency region. This was achieved by increas-
ing 7, and 7; then decreasing r,. The process was carried out
geometrically; that is, previously optimized rods are kept at
the optimized value in subsequent steps. A value is considered
optimized when further variation (that is, increase or decrease)
decreases the bandwidth.
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Figure 3(a) shows the influence of 7, variation on the band.
An increase in 7, could be seen moving down the band to the
low normalized frequency in the entire wave vector k range and
increasing the slope steepness. This indicates that an increase
in 7, changes resonant frequency and control band shape. This
is evident in Fig. 3(b), which shows the 7, against normalized
frequency plots for increase 7.(0.0782 <r, <0.08334) with
r1=r4=0.0784 and the remaining rods also kept at 0.0784
(remaining rods refer to those five rods not among the selected.
They are denoted as 7’ and will, henceforth, be referred to as
such). By increasing 7, the curve was decently tuned and flat-
tened, thereby increasing ng and bandwidth. At », = 0.08334,
ny =41, bandwidth = 37.14 nm, and NDBP = 0.314. When
7. > 0.08334, the bandwidth decreases. Figure 3(c) depicts
the behavior of the band when 7, is varied. Increasing ; causes
significant band shift to the low normalized frequency near
the small wave vector (# < 0.1) but minor band shift at the
large wave vector. This highlights that 7, influences the left
band edge. To confirm this assertion, the 7, against a nor-
malized frequency curve is plotted. Figure 3(d) shows an
increase in 7;(0.0782 <r; <0.08252) with r, =0.08334,
rq =r"=0.0784. By increasing r;, the n, curve shows a sig-
nificant shift at the low normalized frequency edge and a slight
shift at the high normalized frequency edge. This extends the
frequency range from the leftedge and, thus, increases the band-
width. At7; = 0.08154, bandwidth = 47.9 nm, », = 39.6, and
NDBP = 0.39. When r; > 0.08154, the bandwidth decreases.
Figure 3(e) depicts the behavior of the band when 7 is varied.
The decrease in r; shows a significant band shift to the high
normalized frequency at large wave vectors near # > 0.4 with no
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Table 1. Details of Optimization with Corresponding
Group Index, Bandwidth, and NDBP at Each Step

Steps ng Bandwidth (nm) NDBP
Uniform rod radii 38.6 27.2 0.215
r. =0.0833a 41 37.14 0.3142
r;=0.08154 39.6 47.9 0.39
rq =0.0732a 34 82 0.5712

band shift at small wave vectors. This shows that r, influences
the right band edge. Figure 3(f) presents the result of decreasing
r4 from 0.0784 to 0.07324 with », = 0.08334, r; = 0.08154,
and " = 0.0784. Decreasing 7, significantly shifts and extends
the curve in the high normalized frequency edge with no shift
in the low normalized frequency edge. This extends the fre-
quency range from the right edge, which further increases the
bandwidth. At »; = 0.07324, bandwidth = 82 nm, ng = 34,
and NDBP = 0.5712. When r; < 0.07324, the bandwidth
decreases. Table 1 presents a detailed summary of the optimiza-
tion with the corresponding slow light figure of merits (FOMs)
ateach stage. It could be seen that the bandwidth and the NDBP
increase after each optimization step. The mechanism for
widening the bandwidth can be explained from the perspective
of double spatial resonance that allows for the creation of a
moiré lattice with 12 rods per unit cell. This large number of
rods in the moiré unit cell gives enormous flexibility to control
the dispersion band by exploiting the vast degree of freedom to
create multiple resonances [28]. The change in rod radii causes
changes in the effective index, which causes various resonances.
We carefully balance these resonances through sweeping to
create slow light that covers a considerable frequency range as
seen in Fig. 3.

Figure 4 compares the slow light performance “before” and
“after” the optimization. The black and red solid line shows
the 7, and GVD curves, respectively, for optimal values. The
optimal values are the values that give the widest bandwidth
of 82 nm and largest NDBP of 0.5712 “after” the optimiza-
tion. They are 7, = 0.08334, 7, =0.08154, r; = 0.07324, and
7" =0.0784. Theblack and red dashed line illustrates the 7, and
GVD curves “before” optimization, that is, when all the rods
in MC have the same radii of 0.078a, which gives a bandwidth
= 27.2 nm, n, = 38.6, and NDBP = 0.215. Comparison of
the bandwidth between “before” and “after” the optimization
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Fig. 4.  Slow light performance comparison of 7, and GVD before
and after optimization.

Vol. 61, No. 19/ 1 July 2022 / Applied Optics 5779

Table 2. Group Index, Bandwidth, and NDBP
Comparison between Current Work and Conventional
Photonic Crystal Waveguides

Bandwidth Relative Dispersion
References ng (nm) NDBP (%/um)
Current work 34 82 0.5712 0.114
(16] 20.1 36.8 0.469 0.75
[30] 80 8.6 0.44 0.12
[31] 13.6 58.4 0.502 0.6
[32] 37 17.7 0.47 -
[34] 28 26.5 0.48 -

gives a 300% increase in bandwidth. Our slow light FOM, that
is, 7g, bandwidth, and relative dispersion, is better if compared
with previous results [16,29-34] as detailed in Table 2. Our
NDBP value is 1 order of magnitude larger than [18], and 1.19
and 1.14 times larger than [34] and [31], respectively. From the
GVD B, curves, a near-zero dispersion over the bandwidth in
both cases could be observed. Extreme 8, can be seen outside the
near-zero dispersion range, which shows dispersion flattening
and dispersion compensation capabilities of the waveguide [35].

4. TIME DOMAIN ANALYSIS

To verify the accuracy of PWE results, a 2D FDTD simulation
was performed with perfectly matched layers absorbing bound-
ary conditions around the structure. The wide bandwidth of
82 nm from 0.7452(a /1) to 0.757877(a /1) and correspond-
ing average 7, = 34 were obtained using the optimal values.
Then astructure of length 204 was designed with these values. A
Gaussian pulse source with center frequency at 0.749822(a /1)
and frequency width 0.012677(a /A) was used. Input and out-
put monitors were stationed at a distance 12 from the boundary
on both sides of the waveguide; thus, the propagation length
L =18a. Figure 5 shows normalized field intensity detected
by the input and output monitors placed along the waveguide.
The pulse peak intensity for the input and output monitors
was detected at 32.675(a/c) and 632.484(a/c), respectively.
Therefore, the time delay Az = 599.81(2/¢). The n, calculated
using 7, = ¢ At/ L is 33.3, which is in good agreement with 7,
obtained using PWE calculations.

The propagation loss in the waveguide was computed using
the peak optical energies detected by the two monitors stationed
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at the input and output along the propagation direction [14].
The ratio of the output monitor peak energy to the input mon-
itor peak energy is computed to be —13.35 dB. This low loss
confirms our earlier assertion of dependence on loss on 7z,,.

The dispersion was computed by calculating pulse broaden-
ing using full width at half-maximum (FWHM). The FWHM
at input and output monitors are 9.05(2/c) and 9.24(a/c),
respectively. Therefore, the pulse broadening is 0.19(a/c).
The relative pulse broadening is only 2.09% equivalent to
0.114%/um, which is very low if compared with previous
results [16,17,30,31,36]. Therefore, the pulse broadened by
0.63 fs over 18 pm propagation length and 82 nm bandwidth.
This implies that the pulse broadened by 0.00043 fs per band-
width per micrometer propagation length. Hence, the GVD
parameter f3, is 0.00043 fs- nm™! - um™!, which is a near-zero
value and confirms the minimal dispersion achieved from the
dispersion relation. This small dispersion is directly attributed
to the intrinsic mid-band characteristic of the waveguide.

5. CONCLUSION

In this study, a PhCW in a moiré lattice was designed for slow
light performance enhancement. Our designed structure creates
mid-band slow light, which shows inherent low dispersion
characteristics. We leveraged the mid-band property to enlarge
bandwidth by 300% through systematic optimization. Ultra-
wide bandwidth of 82 nm, near-zero B8, over the bandwidth,
nearly constant 7, of 34, and NDBP of 0.5712 were achieved.
The B, obtained from dispersion relation and FDTD matches
very well. A relative dispersion of 0.114%/pm was obtained.
Our novel design fulfills conditions for new photonic crystal
lattices because it supports optical guided mode due to bandgap,
it surpasses conventional lattices in terms of the slow light
FOM being considered, that is, the NDBP, and the minimum
dimensions that give good performance are not below the size
attainable by state-of-the-art electron beam lithography tech-
nology. Therefore, the large NDBP and low dispersion would
cause PhCW in a moiré lattice to have great potential for realistic
slow light devices for buffering and pulse shaping.
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