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ABSTRACT A novel structure is studied with implanting sporadic slots inside a photonic crystal waveg-
uide (PCW) to form sporadic-slot PCW (SSPCW) for realizing compact, all-optical buffers with low-
dispersion, distortion, and attenuation (DDA). We implement the first demonstration that, to the best of our
knowledge, the SSPCW works for both TE- and TM-modes all-optical buffers and slow-light waveguides.
High buffer performance and wider transmission bandwidth in telecommunication band are obtained, which
are guaranteed through bit rate optimization that exceeded 2 Tb/s for both TE and TM modes in ultra-low
dispersion region which is 20 times greater than that required for 5G mobile communications and it is also
useful for all-optical signal processing. The storage length of 1 bit is obtained as 4.5202 pum for TE mode and
6.0525 um for TM mode. Moreover, a low relative pulse distortion of 0.0801% m™! along the propagation
path per unit length is acquired for a 0.63 ps pulse. Besides, the attenuation coefficient of the optical power
pulse between the input and output is 0.0170 dB/um. Additionally, the deigned SSPCW is insensitive for
small variations of waveguide parameters and the deviation is virtually negligible between the simulated
results and that of the fabricated structures with totally acceptable tolerance below £3 nm, which is the

challenge in the fabrication process of conventional PCW and PCW-cavity.

INDEX TERMS Sporadic-slots, photonic crystal waveguide, dispersion, distortion, attenuation.

I. INTRODUCTION

Photonic crystals (PhCs) have been scrutinized for mis-
cellaneous applications, as a highly successful and unique
platform for manipulating light in microscopic dimensions
and designing their dispersions for particular needs [1].
PhCs have the potential in realizing optical processors to
meet the need for higher CPU speeds. The common key
for all-optical processors is the optical buffer, which stores
the optical packets temporarily and fine-tunes CPU timing.
Slow-light property in PhC waveguide (PCW) provides the
basis for efficient buffering of optical packets in flexible on-
chip optical signal processing [2]. Moreover, they can operate
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at room temperature with wide bandwidths [3] and pos-
sess low dispersion and distortion for light propagation [4].
With technologically valuable developmentsof silicon-based
PCWs, slotted photonic crystal waveguide (SPCW)attracted
the attention of many researchersdue to the combination of
two important features in numerous applications: it can merge
the abilities to confine light in the low-index material in
slots and enhancing the slow-light property of PCWs [5].
In PCWs, the optical confinements are due to the deeper
spreading of optical mode profile inside the PhC lattice with
reducing group velocity [6], and generally the propagation
loss upsurges for the slow-light modes. Further, some of the
benefits derived from the slow-light effect can be debilitated.
Contrariwise, in the SPCW due to the high index contrast
of the silicon platform, the optical confinement consolidates
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with the reduction of group velocity. At the interface with the
high contrast of index, the guided modes are required to be
highly intensive in the low index region (slots). Accordingly,
the concentration percentage of energy in this region will
increase instead of decrease by approaching the photonic
bandgap edge [7]. This advantage can be utilized in applica-
tions mainly for compact optical communications [8], various
types of sensor devices [9], [10] and probable applications
in 5G communication systems.

Recently, sundry SPCW structures proposed for realizing
slow-light property [4], [11], [12] have been designed based
on two main frameworks: changing the periodic arrays or/and
shape of the scatters. Examples of changing the periodic
arrays of scatters are, adjusting the size of the hole [13],
fine-tuning the holes’ positions adjacent to the slot posi-
tion [14], and changing the slot size [15], [16]. It turned out
that it was difficult to precisely control the size of holes for
a photonic lattice and reproduction in the fabrication pro-
cesses [1]. Examples of changing the shape of the scatters are,
ring-shaped [17], ellipse-shaped [11], eye-shaped [18], and
crescent-shaped designs [19]. Nevertheless, novel structures
are to be inspected based on square photonic crystal slab with
a large and fixed size of all air holes together with SSPCW
for realizing compact, all-optical buffers with low dispersion,
distortion, and attenuation (DDA). In this paper, we proposed
a unique platform from SSPCW for both TE- and TM-modes
of all-optical buffers and slow-light waveguides. High buffer
performance and ultra-wider transmission bandwidth in the
telecommunication band are obtained.

Il. GENERAL EQUATIONS OF SLOW LIGHT AND OPTICAL
BUFFERS
To investigate and heighten slow-light properties, some for-
mulae and definitions are requisite to be explained. The slow-
light properties can be evaluated by the group index n,, which
is defined as the ratio of light speed in vacuum c to group
velocity vg, so [18]
c dK !

e = Vg CdU M
where U = wa/2nc = a/i and K = ka/2n are the
normalized frequency and normalized wave vector, respec-
tively. Considering the refraction effect of material to light,
the group velocity ve of the guided modes is defined as
the derived number of angular frequency w to wave vec-
tor k, ie., v = dw/dk. According to Eq. (1), the slop
of a dispersion curve or the first derivative of dispersion
relation between U and K vector is ng. Furthermore, for
all-inclusive valuation of slow-light property, normalized-
delay-bandwidth-product (NDBP) is more frequently con-
sidered for devices at different operating frequencies and/or
different lengths. NDBP is defined as:

_ AU
NDBP =Tig X — )
Uo
where Uy is the normalized central frequency of the linear

slope region over normalized bandwidth AU of a linear
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region within £7.5% of n, variation about 7g. To avoid
optical signal distortion, AU should be inside the linear
region. Moreover, for ultra-low dispersion Uy should be in the
flattest dispersion curve and region. For all calculations in this
study, ng variation is less than all other reported previously
which restricted by £10% [20]. The £7.5% variation of the
group index is a sufficient guarantor to achieve ultra-low
dispersion below 5 x 10* (a/2mc?).

Alongside the transmission function of data connection,
the SSPCW is superior for comprehending all-optical buffers
in practical applications for its compact physical size in
addition to its admirable performance of data transmis-
sion through slow-light modes. Consequently, the number
of parameters to characterize the full buffering performance
should be mentioned. The entering data to the buffer (slow-
light region) contains a sequence of packets (i.e., a series of
bits) with an optical central wavelength Ag. Each packet has a
data bit period of tp;; with a base-bandwidth Bpgcker = 1/Tpis-
The optical data bandwidth in rad/s is Aw = 47 Bpacker [21],
which links with the normalized bandwidth by AU =
(a/2mc)Aw. The first key figure of merit (FOM) for buffering
is the bit rate R, which is well-defined by the number of bits
per second. From the view of bit flow in a return-to-zero (RZ)
format, R can be calculated by [22]:

Bpacker cx AU
Ry = = 3
T 4a ©)

For the constant value of lattice constant a, R has a direct
dependence on the bandwidth. The second key FOM param-
eter is the storage time T for the buffers in the slow-light
region of length L, calculated by

L L

T,= = == x 7, @)
Vg c

Equation (4) shows that high 7, is required for delay-time
enhancement, which, however, leads to the reduction of band-
width or the bit rate, and vice versa. The third key FOM
parameter is the storage capacity (delay-bandwidth-product)
C, which is defined by the maximum number of stored bits
in the buffer. From Egs. (3) and (4), C can be written as:

L
C =Ts X Bpacket = 2% X (ﬁgAU) (%)

It’s obvious from Eq. 5 that C is directly proportional to the
product of 7g and AU. The fourth key FOM parameter for
all delay-line buffering is the minimum physical size of each
stored bit in the buffer Ly;, and by noticing Eq. (5) Lp;; can
be written as: [21]

I _ 2a ©)
it = Vg XTphit = ———
bit g bit (ﬁg AU)
which is eventually limited by the maximum storage den-
sity (SD, the fifth key FOM parameter) of data bits in the
buffer [23]. SD is defined as the number of stored bits per
unit length, and from Eq. (6) SD can be written as:
1 C n,AU
SD= — = —_ — M

= 7
Lbit L 2a ( )
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Subsequently, the guarantee for high capability all-optical
buffering and slow light is the high compatible value between
ng and AU, hence the product of 77, and AU is the duty-bound
quantity to be optimized. In real applications, for a fixed
delay line of length L, the recommended structure has to be
considered in line with the request of the delay time, bit length
and storage density.

Ill. PHYSICAL MODEL AND SIMULATION RESULTS

The inspected structure is based on a square photonic crystal
slab of n = 3.48 in silicon-on-insulator substrate (SOI) with
large, fixed-size air holes of radius r = 0.44a, where a is
the lattice constant. The proposed SSPCW of W2 PCW is
constructed by switching the central two lines of air holes
with one line of sporadic slots. Each slot has a width w, and
length [, and the shifting between every two sequentialslots
inthe Z direction is s, as shown in Fig. 1. For the minimization
of scattering loss in the propagation direction, the lattice
constant is kept as a constant between every two sequen-
tial slots to ensure optical-phase-matching between adjacent
unit cells [24]. By appropriately modifying the sporadic slot
dimensions, high buffer performance and wider transmission
bandwidth are investigated. In the subsequent process, firstly,
photonic band gaps (PBGs) were calculated for transverse
electric/magnetic modes (TE/TM) by the spectral features of
the basic square PhC structure for silicon slab of n = 3.48 and
air holes of radius » = 0.44a. The output in time domain is
transformed into the frequency domain through Fast-Fourier-
Transform (FFT) algorithm. Figure 2 shows the transmission
spectrum of the basic PhC along the propagation direction
I'-X. Suppose, for instance, that the dielectric constant
is independent on the Y-axis. Then the solutions all take
the form of either TE modes with nonzero (Hy, H;, Ey) or
TM modes with nonzero (Hy, Ex, E;). In all-purpose, con-
ventional PhC structures are: either, slab on insulator sub-
strate arranged by a triangular lattice of air holes supporting
TM polarized mode, or square-lattice from dielectric rods
arranged in air background supporting TE polarized mode.

w2

2r -Air hole

Sislab
"Zé—‘
X

FIGURE 1. Schematic diagram of the paradigm SSPCW geometry.

Fortunately, the square photonic crystal slab of n = 3.48
with large and fixed size of all air holes can support-
ing TE and TM polarized modes in our proposed case as
shown in Fig. 2. Transmission spectrum has one TE-PBG of
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FIGURE 2. Transmission spectra of the basic PhC slab with n = 3.48 and
air-hole radius r = 0.44a.

normalized frequency from wa/2mc = 0.1775t0 0.2517,
and two large TM-PBGs of normalized frequencies from
wa/2mc = 0.2015 to 0.3224 and from wa/2wc = 0.3985
to 0.4967. For all-purpose extent, high bit rate and alow DDA
can be acquired via optimization of the structure parameters
(e.g., changing the radius, position, shape and refractive
index and so on [4], [25]-[27]). However, in this paper,
we introduce a unique method for both TE/TM polarized
modes to get ultra-high bit rate and ultra-low DDA.

We first consider the linear slot with slot width w, = 1.0a
and the shifting s, = 0.0a but with different slot length /,.
This corresponds to a straight air slot in the center of the
structure.

The dispersion curves in Fig. 3(a) are elaborated by plane-
wave-expansion (PWE) method using the BandSOLVE mod-
ule of software Rsoft for the SSPCW with w, = 1.0a,
s, = 0.0a, and [; varying from 0.55a to 0.65a. It supports TE
and TM modes as shown in Fig. 2(a). Moreover, as shown
from the inset of Fig. 2, the supercell periodic is selected for
eigenmode calculations with a lateral length of two rows of
air holes in the x-direction and eleven rows in the z-direction.
It is large enough that the coupling among adjacent parallel
waveguides, which are created due to the super-cell model,
can be ignored. Furthermore, high resolutions are used for
both x and z directions with 65536 plane waves which equal
to the spatial grid points (64 x 256) in the calculations. The
dash-dot line signifies the light line. Figure 3(b) shows the
contour map of group velocity vg/c for both TE and TM
modes with [, varying from 0.55a to 0.65a via normalized
wavevector K. For TE mode, we can see perceptibly that the
linearity for constant slope in the long K range decreases
with increasing [, and the smallest linearity of K range is
around I, = 0.60a, for which we concern on the area
below the light line. For the realization of slow-wave devices,
the dispersion curves of waveguide modes should be under
the light line, because the modes located above the light line
are extremely lossy and the modes below the light line are
intrinsically lossless [26]. Interestingly, TM modes have an
acceptable wideband at [, = 0.60a. To make the simulation
data in Fig.3 visible, we transferred it into Table 1. As is
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TABLE 1. Slow-light and all-optical buffer parameters for different /; at wy = 1.0a and s; = 0.0a.

mode l,/a AU Uy a(nm) AA at 1550 nm ng NDBP Ts(ps) R,(Tb/s) Ly (pm) SD(b/um)
055 00071 0244 03783 44.78 13.63 03937 4543 1.3978 7.873 0.1270
g 0575 00069 0247 0.3824 43.07 1403 03898  46.77 1.3445 7.952 0.1258
0.60  0.0064 025 0388l 39.44 1430 03638  47.67 1.2311 8.520 0.1174
0.625  0.0074 0253 03915 4533 1520 04445 5067 1.4150 6.974 0.1434
0.65 00074 0256 03971 44.74 1530 03937 4543 1.3967 7.019 0.1425
055  0.0059 0303  0.4694 30.18 1169 02276 3897 0.9423 13.62 0.0734
0575  0.0058 0309  0.4783 28.93 1220 02277 40.67 0.9032 13.61 0.0735
T™ 060 00063 0318  0.4925 30.97 1182 02362 394 0.9669 13.12 0.0762
0.625 00056 0323 05013 26.82 11.60 02007 3867 0.8373 15.44 0.0647
0.65  0.0011 0329  0.5096 5.089 4200 0.1379 3897 0.1589 22.48 0.0445
(a) 1 j simulations, the delay line length L is taken as 1 mm, which
------ 1 el is much longer than the wavelength, so our calculations are
0.32 TTeeeal T applicable [4], [22].
1 B RN N From Table 1, in the case of a straight-line slot with w, =
0.30 Y N 1.0a, the optimum slot length is I, = 0.625a and 0.60a for
) ! Tttt - TE and TM modes, respectively. These bit rates do not exceed
TE ™ Iglzs 1.5 Tb/s and 1.0 Tb/s for TE and TM modes, respectively.
Sup b = - 0. '
0.28 | 0.575 The central wavelength can be scaled to be the optical com-

1

= ==0.60
! F 0.625
] = = =0.65

0.0 0.1 0.2 0.3 0.4 0.5
Normalized Wavevector(kA/2x)

Normalized Frequency(a/\)
o
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FIGURE 3. (a) Dispersion diagram of SSPCW at wy = 1.0a and s; = 0.0a
for TE/TM modes with /I; varying from 0.55a to 0.65a, where the inset
shows the supercell for simulation; (b) contour map for TE/TM modes of
group velocity vg/c versus I; and K.

known, the PWE method considers infinite-area structures,
however, the calculations are good for practical applications
when the structure length is much longer than the operating
wavelength which has the order of the lattice constant. In our
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munication wavelength of 1.55 um by reducing the lattice
constant a from 1 um according to Table 1. Therefore, in this
case to storage 1 bit, we need 6.9743 um for TE (SD =
1 bit/6.9743 um = 0.1434 bit/um) and 13.1249 pum for
T™ (SD = 0.0762 bit/um). It is not so satisfied as yet
for applications, particularly for all-optical signal process-
ing and new-generation communication systems in which
high bit rates are needed with a small physical size of each
bit which requires higher storage density. In the following,
we will see that the SSPCW is the potential candidate for
all-optical signal processing requirements. Our idea is phys-
ically based on the following: the sporadic slots in the pro-
posed SSPCW act as microcavities of low index material
(air slot). Meanwhile, each slot represents a defect and each
defect can be considered as a cavity. Consequently, a series
of slot cavities can be coupled together to form a line of
defect cavities as a waveguide. The zigzag-arranged cavities
provide more delay to the waves. The operating transmission
bandwidth is enlarged based on the concept of impedance
matching [26]. With the suitable design (suitable w, and [,
values) and impedance matching, the transmission bandwidth
can be wider on account of the group index.

In the following, w, # 1 and will be varied from
0.85a to 0.95a with an increment of Aw, = 0.05a, and the
length [, will be varied from 0.50a to 0.70a with an increment
of Al; = 0.025a. In this case, the central region is a channel
with a broken straight slot, i.e., having periodic air slots
arranged in a silicon background. Fig. 4 shows the effect
of changing wy and [, on the group velocity and normalized
frequency. The inset of Fig. 4(a) shows the supercell for PWE
calculations. For TE at wy = 0.85a and [; changing from
0.50a to 0.70a, it can be seen that most flat-band areas are
located above the light line which has high losses and the
ellipse-marked regions around K = 0.4 are the only small
flat area for slow-light modes. Whereas, for w, = 0.90a
and 0.95a, linear dispersion regions in the long K range are
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FIGURE 4. Group velocity vg/c versus K, wx and I; at s; = 0.0a for (a) TE and (c) TM modes; ng versus normalized frequency

a/r, wyx and I for (b) TE and (d) TM modes.

available below the light line with wide bandwidth around
I, = 0.55a as shown in Fig. 4(a). Moreover, for observing
more clearly the transmission bandwidth, Fig. 4(b) shows
the variation of n, with normalized frequency for TE mode
as I; changing from 0.525a to 0.60a with w, = 0.90a
and 0.95a. For TM mode at wy, = 0.95a and [, changing
from 0.50a to 0.70a, it’s clear that the flat-band area located
below the light line is small, as shown from the vertical
ellipse-marked region around K = 0.4. Whereas for w, =
0.85a and 0.90a, linear-dispersion regions in the long K
range are available below the light line with wide band-
width above I; = 0.625a as shown in Fig. 4(c). Moreover,
for more clear observation of the transmission bandwidth,
Fig. 4(d) shows the variation of n, with normalized fre-
quency for TM modes as /, changing from 0.60a to 0.70a
with wy = 0.85a and 0.90a. The operating frequency bands
within £7.5 % variation of n, are colored by dark gray solid
balls in Figs. 4(b, d). To compare the simulation results of
Figs. 4(b, d) clearly, we transferred them into Table 2.
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Table 2 shows the slow-light and all-optical buffer param-
eters at w, = 0.90a, 0.95a combined with [, changing from
0.525a to 0.60a by an increment of Al, = 0.025a with
s; = 0.0a for TE modes. Whereas for TM modes, /; changes
from 0.65a to 0.70a by an increment of Al, = 0.025a
combined with w, = 0.85a, 0.90a. The lattice constant a is
ranged for the operating wavelength in the optical commu-
nication band around 1550 nm. Meanwhile, for TE modes,
at wy = 0.90a and I; = 0.55a lead to the highest compatible
value of NDBP = 0.6858 for the operating bandwidth and
group index. By varying w, and [,, R; exceeds 2 Tb/s in
the ultra-low dispersion region which is 20 times the speed
demonstrated for all-optical signal processing and 200 times
the speed of 5G mobile communication, and it can also be
used for 6G mobile communication network due to its high bit
rate with the smallest physical size of each stored bit around
4.5202 pm. Furthermore, to store 1 bit, a space of 4.5202 um
length is needed, so the storage density SD is 0.2212 bit/um.
For TM modes, wy = 0.90a and [, = 0.65a lead to the
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TABLE 2. Slow-light and all-optical buffer parameters under different values of wx and I; with s; = 0.0a for TE/TM.

Mode w,/a l,/a AU Uy a(nm) AXat 1550 nm ng NDBP Ts(ps)  Ru(Tb/s)  Lp;(um)  SD(b/pm)
0.90  0.525 0.0103 0.2361 365.99 67.7 1450  0.6331 48.33 2.1128 4.90 0.2042
0.90 0.55 0.0115 0.2405 3728 74.1 1435  0.6858 47.83 2.3125 4.52 0.2212
0.90 0.575 0.011 0.2431 376.85 70.2 1446  0.6545 48.20 2.1900 4.74 0.2111
TE 0.90 0.60 0.0109 0.2469 382.65 68.5 1452 0.6421 48.40 2.1398 4.83 0.2071
0.95 0.525 0.0103 0.2383  369.39 67.3 14.11  0.6127 47.03 2.1012 5.06 0.1977
0.95 0.55 0.0098 0.242  375.11 62.6 1436 0.5799 47.87 1.9542 5.35 0.1871
0.95 0.575 0.0096 0.2449  379.59 60.9 14.65  0.5752 48.83 1.8997 5.39 0.1855
0.95 0.60  0.0096 0.2484 384.96 59.7 15364  0.5916 51.21 1.8630 5.24 0.1908
0.85 0.65 0.0038 0.2958  458.45 19.7 37.72  0.4788 125.7 0.6142 6.47 0.1545
0.85 0.675 0.0034 0.3023  468.56 17.4 39.92  0.4469 133.1 0.5417 6.94 0.1442
™ 0.85 0.70  0.0033 0.3108 481.75 16.7 41.74  0.4494 139.1 0.5209 6.90 0.145
0.90 0.65 0.0049 02983  462.32 25.6 30.96  0.5122 103.2 0.8005 6.05 0.1652
0.90  0.675 0.0045 0.3048 472.48 229 32257 04771 107.5 0.7157 6.50 0.1539
0.90 0.70  0.0044 0.3134 485.73 21.9 3397  0.4799 113.2 0.6836 6.46 0.1548

highest compatible value of NDBP = 0.5122 for the operating
bandwidth of 25.6425 nm and group index 30.96. The
longest storage time is achieved in this case but in the
account of bandwidth. At the optimum for TM mode, R}, is
0.8005 Tb/s with the small physical size of each stored bit
around 6.0525 um, corresponding to SD = 0.1652 bit/um.
As the present optical modulators [28], [29] has the mod-
ulation speed of 10 — 100 Gb/s, the proposed SSPCW
can be utilized for developing high-speed optical modulator.
Besides, SD of slow light in practical PhC delay line devices
is 1 bit/20 um [30]. Whereas our SD for TE SSPCW is
0.2212 bit/pm, and 0.1652 bit/um for TM SSPCW. Finally,
to obtain further optimum results for TM mode, we consider-
changing the displacement between each adjacent slots form
s; = 0.06a to 0.1a by an increment of As, = 0.01a, while
keeping wy = 0.90a and [, = 0.65a at the optimum values
as shown in Table 2. The influence of s, on ng is shown
in Fig. 5 and Table 3. It is comprehended from Table 3 that for
s; = 0.07q, it has an 71, of 9.73, and there are the largest R;,
and wider bandwidth AA about 1.9142 Tb/s and 61.3192 nm
respectively, with the lowest 1-bit storage size of 8.0534 pum.
Therefore, ultra-high R, was achieved for both TE and TM
modes. This is significant as in future telecommunication
networks, high Ry, all-optical signal processing exceeding
40 Gb/s will be desirable [31] and 1 Tb/s for metro trans-
portation systems [32]. Also, the SSPCW can provide promis-
ing applications for random access memories in all-optical
signal processors and quantum information processing.

IV. TIME-DOMAIN ANALYSES

To validate our results founded by PWE method, the time-
domain propagation of optical pulse is studied over the pro-
posed SSPCW with the two-dimensional finite-difference
time-domain (2D-FDTD) method through FullWAVE mod-
ule of software Rsoft [33] with 25 grid points in resolution
for each period and perfectly matched absorbing boundary
layers (PMLs) surrounding the structure. The transmission
length is elongated to be 50a. 71, is calculated from [26] 7y =
cAT /L, where AT is delay time by ps unit between the input
and output pulses and L is transmission length. Throughout
the simulation, two monitors are positioned to measure the
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FIGURE 5. ng versus normalized frequency a/i for TM modes with
varying sz from 0.06a to 0.1a at wy = 0.90a and /; = 0.65a.

field intensity. To grantee being inside the slow-light region,
the input monitor is located inside at a position of 10a to the
leftmost air-hole row and the output monitor is located at a
position of 10a to the rightmost air-hole row of the structure,
so the transmission length monitored is L = 30a.

Three cases are considered for 2D-FDTD simulations.
The first case is the optimized instance for TE mode at
wy = 090a,l;, = 0.55a and s, = 0.0a with n, =
14.35 and AL = 74.0776 nm at 1550 nm. According to
Table 2 and clear comparison between PWE and FDTD
methods, the Gaussian pulse source is launched with cen-
tral normalized frequency Uy = 0.2405 and to operate at
optical communication wavelength of 1550 nm, the lattice
constant a is 372 nm. Fig. 6(a) reveals the intensity of the
normalized field of input and output monitors with the time
delay by ps. As clarified, the normalized field intensities
detected by the input and output monitors are at 2.384 ps
and 2.873 ps respectively, thus the delay time AT between
the input and output is 0.489 ps over the length L = 30a.
Consequently, 7, = 13.11. The slight difference between
the two values of 77, from PWE and FDTD is principally
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FIGURE 6. (a) Time-domain optical-pulse transmission in the optimized TE SSPCW with wy = 0.90a, I; = 0.55a and s; = 0.0a, with (b) the E-field
distribution inside the SSPCW; (c) time-domain optical-pulse transmission in the TM SSPCW with wx = 0.90a, /; = 0.65a and s; = 0.0a, with
(d) the M-filed profile; (e) time-domain optical-pulse transmission in the TM SSPCW with wx = 0.90a, /; = 0.65a and s; = 0.07a, with (f) the

M-filed profile.

from the number of plane waves for calculation in the PWE
method and the limited discretization of FDTD [34]. The
full widths at half maximum (FWHM) detected by the input
and output monitors are 0.445 ps and 0.592 ps, respectively,
viewing a pulse distortion. This displays that the relative pulse
distortion (D, = FWHM o, /FWHM ;;, — 1) is 33.0337% and
the relative pulse distortion per unit length (Dpg = Dp/L)
is 2.9536 % um™!, which is a little high. The light pulse
transmission for TE inside the designed SSPCW has a benefit
to realizing the physical mechanism as shown in Fig. 6(b).
The Electric field (E-field) profile shows that the pulse trans-
mission is slow and completely different from the counterpart
in conventional PCWs. The E- field profile reflects a wider
bandwidth. The second case is the optimized instance for
TM mode at w, = 0.90qa,l;, = 0.65a and s, = 0.0a with
ng = 30.96 and AX = 25.6425 nm at 1550 nm. According to
Table 2, the Gaussian pulse source is launched with Uy =
0.2983 and a = 462 nm. From Fig. 6(c), the normalized
field intensities detected by the input and output monitors
are at 4.298 ps and 2.912 ps respectively, thus AT between
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the input and output is 1.386 ps over the length L = 30a.
Consequently, 7, = 30. The FWHMs detected by the input
and output monitors are 0.630 ps and 0.637 ps respectively,
viewing a very small pulse distortion of D, = 1.1111% and
Dpr = 0.0801 % um_l. The magnetic field (M-field) profile
of pulse transmission is shown in Fig. 6(d), which reflects a
lower transmission bandwidth as compared with that of TE
mode transmission in Fig. 6(b). Periodic oscillations of the
field profile are observed through spatial light confinement
along the propagation path. It displays that the pulse experi-
ences periodic compression, extension, and compression, and
the output of the pulse width is nearly the same as that of
the input pulse. The third case is the optimized instance for
TM mode at w, = 0.90a, [, = 0.65a and s; = 0.07a with
ng =9.73 and AA = 61.3192 nm at 1550 nm. According to
Table 3, the Gaussian pulse source is launched with Uy =
0.4454 and a = 690 nm. From Fig. 6(e), the normal-
ized field intensities detected by the input and output mon-
itors are at 2.387 ps and 3.058 ps respectively, thus AT
between input and output pulses is 0.671 ps over L = 30a.
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TABLE 3. Slow-light and all-optical buffer parameters for TM modes at wxy = 0.90a, I; = 0.65a and different s; values.

s,/a AU Uy a(nm) AA at 1550 nm ny NDBP Ts(ps) R,(Tb/s) Ly (pm) SD(b/um)
0.06 0.0121 0.43813 679.1 42.67 8.74 0.2406 29.13 1.332 12.88 0.0776
0.07 0.0176 0.44541 690.3 61.319 9.73 0.3849 3243 1.914 8.05 0.1242
0.08 0.0154 0.44704 692.9 53.32 9.22 0.3172 30.73 1.664 9.77 0.1023
0.09 0.0145 0.44787 694.2 50. 9.8 0.3162 32.67 1.561 9.8 0.102
0.10 0.014 0.45174 700.2 47.97 10.62 0.3286 354 1.497 9.43 0.106
TABLE 4. Comparison between current work and previous literature.
Refs. Polarization GVD order NDBP Lpie(pm)
Current work TE 10* 0.6858 4.52
™ 10° 0.5122 6.05
[11] TE only 10° 0.14 Non
[12] TE only 10° 0.221 Non
[13] TE only 106 0.31 Non
[17] TE only 10° 0.4661 6.95
[35] TE only 108 0.245 Non
TABLE 5. GVD within +7.5% variation of ng and distortion of the optimum SSPCW for TE/TM operations.
Mode w,/a l,/a s,/a GVD within £7.5 % FWHMy, (ps) FWHM,,¢(ps) Dpg(%/pm)
TE 0.90 0.55 0.00 —9.021 x 10° to 2.353 x 103 0.445 0.592 2.95
™ 0.90 0.65 0.00 —3.744 x 10* to 1.560 x 10* 0.630 0.637 0.08
™ 0.90 0.65 0.07 —4.680 x 10° to 3.404 x 103 0.480 0.489 0.09

Consequently, ng = 9.725 which agrees completely with
the PWE calculations. The FWHMs for the input and out-
put monitors are 0.48 ps and 0.489 ps respectively, viewing
also a very small pulse distortion of D, = 1.8750% and
Dpr = 0.0905 % me’l. Thus, the pulses can be trans-
mitted lengthways in the proposed SSPCW without explicit
distortion. The magnetic field profile of pulse transmission
is shown in Fig. 6(f), which shows that the distortion in
the pulse transmission is ignorable. The proposed SSPCW
provides an abundant higher value of slow-light property
(NDBP) and all-optical buffer parameters compared with all
other structures based on slotted PCW waveguides reported
previously in literature as shown in Table 4. In comparison
with previous works, we find that our work has achieved high
NDBPs in the cases of both TE and TM. Ultra-low dispersion
is achieved within £7.5% of the group index in the proposed
SSPCW, unlike previous literature that achieved results with
a change in +10% of the group’s index.

V. IMPLEMENTATION CONSIDERATIONS

There are a few particular issues for the implementation of
buffer devices, for instance, dispersion, losses and fabrication
tolerance, to be considered.

A. GVD

The second derivative of dispersion relation gives the group
velocity dispersion (GVD = d*k/dw?* = (a/27rc2)dng/dU)
which induces phase modulation and results in pulse width
broadening. Subsequently, the carried bit data by the trans-
mitted pulses become distorted along the propagation path.
Therefore, compensation to the distortion due to the GVD
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along the propagation is required [1], [6], [36]. Naturally,
less distortion (L-D) corresponds to less GVD (L-GVD) in
transmission. So, we searched for low dispersion distortion
(L-DD). Fig. 7 shows the GVD variation of optimum cases
for TE/TM SSPCWs within 7.5 % variation of n, color in
green. The £7.5 % variation of ng is a small variation for the
light to have ultra-low dispersion, i.e., nearly zero dispersion.
To see the masked range of green color in the GVD curve
clearly, the corresponding data in Fig. 7 is transferred into
Table 5 with a summary of distortion calculation in the
previous section for the optimum cases.
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FIGURE 7. GVD variation with normalized frequency a/) of the SSPCW
within the £7.5% variation of ng colored in green for optimum cases.

As shown in Table 5, ultra-low dispersion is achieved
within the +7.5% of the group index. For general application,
we can consider GVD < 106(11 / 2nc2) as low GVD, and then
all our proposed SSPCWs are ultra L-DD and they are proper
for optical pulse transmission and all-optical buffer applica-
tions [37]. As can be seen from Table 5, within the £7.5%
variation of group index, it is sufficient to achieve ultra-low
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dispersion below 1 x 10%(a/2m¢?) and 1 x 10°(a/27c?) of
GVD for TE and TM modes, respectively. Alternatively,
an appropriate GVD can be used to compensate for the pulse
distortion. For compensation purposes, the designs having
positive and negative GVDs are shown in Fig. 7. Besides,
slow light transmitted in a waveguide experience generally an
intrinsic dispersion. Hence, designing a wide zero-dispersion
band is required for slow-light systems and important for high
fidelity in the transmission of light signals.

B. LOSSES

In general, there are two classes of losses: material loss
and structure loss. By using appropriate materials, material
loss can be neglected or avoided [2], [38]. Structure loss
for PCWs or any waveguide possesses two originations. The
first one is the coupling loss at the input and output of a
structure or a device; the second one is the propagation loss
through the buffer region. To conserve the bandwidth and
storage advantages of buffer devices, it is adequate to employ
classical Si waveguide as a transmission medium devoid of
any loss, and use a buffer and slow-light devices as active
elements [39]. Now, coupling loss in the buffer and slow-
light devices can be considered as a mostly resolved issue [4],
[39], [40]. Propagation losses in the slow light and buffer
PCW can be classified into intrinsic and extrinsic losses. For
the practical realization of slow-light devices, the dispersion
curve of waveguide modes should be under the light line,

because the modes located above the light line are extremely
lossy, and the modes below the light line are intrinsically
lossless [26] and all our calculations are done below light
lines. Providentially, both issues of the dispersion and losses
are controlled by particular designs of the proposed structures
since the benefited property of the slow light is a joint result
by the pulse broadening and loss [4], [41]. So, the design
of compensating-device GVD with opposite signs shown
in Fig. 7 is proposed for overcoming the pulse broadening.
For the issue of propagation losses, the optimized case of TE
SSPCW is considered for a transmission length L = 50a with
wy = 0.90a,l, = 0.55a, s; = 0.0a, and a = 373 nm.
A Gaussian pulse source is launched by using 2-D FDTD
method with 4 monitors inserted every 10a where the first
monitor is positioned at 10a from the leftmost row of the
SSPCW for observing the attenuation in the slow-light region,
and the last monitor is located at 10a from the rightmost row
of the SSPCW. Hence, the distance is L = 30a between the
first and last monitors.

Fig. 8 shows the contour map of transmitted power versus
central operating wavelength and delay time at 4 different
monitors for the optimized TE SSPCW. The 4 monitors
are arranged every 10a inside the slow-light region. From
Fig. 8, the transmission band is observed over the full c-band
that reflects the wide transmission bandwidth along the
propagation path and confirmed our proposed results by
the PWE method. The magnitudes of optical pulse power
at the first to fourth monitors are 0.746 a.u., 0.734 a.u.,
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FIGURE 8. Contour map of transmitted power versus central operating wavelength and delay time at 4 different monitors for the
optimized TE SSPCW of wx = 0.90a, I; = 0.55a, s; = 0.0a, and a = 373 nm. The 4 monitors are arranged every 10a inside the

slow-light region.
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0.728 a.u. and 0.714 a.u., respectively, showing a decay
along the transmission path. The attenuation coefficient is
0.0189 dB/um between the first and second monitors (L =
10a and a = 0.373 pum), 0.0095 dB/um between the second
and third monitors, and 0.0226 dB/um between the third and
fourth monitors. Thus, The average attenuation coefficient
of 0.0170 dB/um, is a lower attenuation (L.-A) compared to
that reported in the literature [42]-[44]. For example, in [42],
the attenuation was 1.5 dB/um and in [43] was 0.05 dB/pum.
However, less attenuation is better for applications, and thus
it is an interesting future work to acquire further less attenua-
tion. Moreover, we achieved low DDA in one proposed struc-
ture and further, we will show that this structure is insensitive
for a small variation of structure parameters, which represents
a challenge in the fabrication of conventional PCWs.

C. FABRICATION TOLERANCE

After designing any proposed structure, the fabrication of
buffer devices on a large scale is one of the critical issues.
Attributable to the inadequate process of equipment in the
progression of fabrication, there may exist rough changes
between the simulated results and that of the structure fabri-
cated. The errors include, for example, that due to the electron
scattering in electron beam lithography, etching anisotropies,
and stitching [45]. These errors lead to the changing of air
holes in the basic PhC and also the slot width and length
in the structure. As the PBG is larger than the bandwidth of
the transmitted slow-light pulse, thus the errors of air holes
involving the PhC structure can be neglected. Consequently,
acceptable tolerance of the slot width and length is modeled
by changing wy and [, around the optimum values of 0.90a
and 0.55a respectively for TE SSPCW. Table 6 displays
9 cases of fabrication errors of the optimized TE SSPCW.
The width w, changes from 0.54a to 0.56a around the opti-
mized value 0.55a by £0.0la = £3.73 nm ata = 373 nm.
The length I, changes from 0.89a to 0.91a around the opti-
mized value 0.90a by +£0.0la = =£3.73 nm. The results
in Table 6 show that 7z, is scrimpy ranging from 14.23 to
14.51 over a narrow changing of bandwidth from 70.2515 nm
to 74.9807 nm, with average values exposed in the last
line. The averaged Rp, Lp;r and SD of 2.2803 Tb/s, 4.58 um
and 0.2184 b/um respectively are significantly close to the

TABLE 6. The effect of fabrication tolerance on slow-light and all-optical
buffer parameters.

Wy l, — Ry (Tb SD(b

No. Ja /a AL ng /5) Lpie(um) /Jum)

1 0.89 0.54 7025 14.38 2.193 4.76 0.2102

2 0.89 0.55 7489 14.23 2.338 4.51 0.2218

3 0.89 0.56 7443 14.25 2.323 4.53 0.2207

4 0.90 0.54 7239 1437 2.26 4.62 0.2165

5 0.90 0.55 74.08 14.34 2313 4.52 0.2211

6 0.90 0.56 7357 1437 2.297 4.54 0.2200

7 0.91 0.54 7422 1441 2317 4.49 0.2226

8 0.91 0.55 7323 1446 2.286 4.54 0.2204

9 0.91 0.56 7034 1451 2.196 4.71 0.2124

AVG. / / 73.04 1436 2.28 4.58 0.2184
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optimum values in No. 5. Moreover, the slow-light and
all-optical buffer parameters have insignificant variation.
Hence, the errors are totally acceptable in this range and thus
the deviation is virtually negligible about the optimum values.
Finally, we can conclude that below the variation of £0.01a
around +3 nm there is no deviation between the simulated
results and that of fabricated structure. So, the proposed PCW
with sporadic slots in the waveguide is insensitive for small
variations of waveguide parameters, which is the challenge in
conventional PCW fabrication.

VI. CONCLUSION

In conclusion, a new paradigm structure (SSPCW) is
inspected based on the SPCW. The results are numerically
discussed for all-optical buffers and slow-light property
of TE and TM polarized modes by PWE and confirmed
with FDTD methods for the first time. Besides, low DDA
is obtained. By appropriately modifying the sporadic-slot
dimensions, higher buffer performance and wider transmis-
sion bandwidth in the telecommunication band are demon-
strated. The bandwidth centered at 1550 nm fluctuates from
16.7 nm to 75 nm, corresponding to a fluctuation of the bit
rate from 0.5209 Tb/s to 2.3125 Th /s within +7.5% variation
of group index which is a sufficient guarantor to achieve
ultra-low dispersion below 5 x 10*(a/27 ¢2) with the highest
value of NDBP about 0.6858 and 0.5122 for TE and TM
modes, respectively. For low distortion, the incident optical
pulse of width 0.63 ps is broadened to be solitary 0.637 ps,
corresponding to a relative pulse distortion along the prop-
agation path per unit length of 0.0801 % um™'. Moreover,
the attenuation coefficient of the optical-pulse power between
the input and output is obtained as 0.0170 dB/um.
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