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High-Density and Low-Crosstalk Multilayer Silicon
Nitride Waveguide Superlattices With Air Gaps

Wen-ling Li

Abstract—High-density and low-crosstalk waveguide arrays are
critical components in optical phased arrays (OPAs) and are widely
used in solid-state light detection and ranging (LiDAR). In this
work, silicon nitride waveguide superlattices with air gaps are
proposed and analyzed theoretically. Mode analysis shows that the
introduced air gaps beside the waveguide help shorten the skin
depth of the evanescent field and increase the effective index range
of the waveguide under single mode conditions. Lower crosstalk is
demonstrated between a pair of waveguides with air gaps com-
pared with those without air gaps. On this basis, a waveguide
superlattice with air gaps is designed by combining the eigenmode
expansion method and particle swarm optimization. The crosstalk
of the waveguide superlattice is optimized to —24.3 dB when the
waveguide pitch is 0.9 pm, the propagation length is 1 mm, and the
wavelength is 905 nm. The crosstalk is still below —22.4 dB under
the typical process variations and over the wavelength range of
890 nm-920 nm. Therefore, the proposed air-gap waveguide su-
perlattices with high density and low crosstalk offer opportunities
to improve the beam steering performance of OPA chips in the
near-infrared (NIR) waveband.

Index Terms—Air gaps, optical crosstalk, waveguide arrays.

1. INTRODUCTION

N RECENT years, chip-scale solid-state light detection and
I ranging (LiDAR) technology has attracted much attention
in automotive and VR/AR applications due to its compact size,
high reliability, and low cost. Optical phase arrays (OPAs) based
on silicon photonics [1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19] have become
a promising solid-state beam steering technology compared
to microelectromechanical systems (MEMSs) and mechanical
rotation methods due to their wide steering angle and flexible
range of interest (ROI) selection.

For OPAs, the aliasing-free beam steering angle is negatively
related to the spacing of the antenna array, which can reach
180 degrees at a half-wavelength spacing. However, as the
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spacing decreases, the crosstalk, i.e., power coupling, between
the adjacent antennas (waveguide or grating) increases, lead-
ing to far-field sidelobes and beam quality degradation. Thus,
suppressing the crosstalk in the antenna array becomes a key
issue. According to coupled mode theory [20], the crosstalk
between waveguides decreases as the mode overlap decreases
or the effective index difference increases. To reduce the mode
overlap, methods such as increasing the waveguide pitch, short-
ening the mode field skin depth, or adding an isolation structure
can be used. Sparse and unevenly spaced arrays with large
spacing between the antennas are proposed to achieve lower
crosstalk [1], [6]: the uneven distribution breaks the constructive
interference of the grating lobes so that the main lobe still has
a large steering range. However, this also reduces the power
of the main lobe and introduces intense background noise. In
addition, methods such as increasing the thickness or width of
the waveguides [21] are used to shorten the mode field skin
depth. Furthermore, introducing photonic crystals [2], [22] or
metamaterials between adjacent waveguides [23], [24], [25] can
also decrease the overlap by isolation. To suppress crosstalk by
increasing the effective index difference between waveguides,
waveguide superlattices [8], [17], [26], [27], [28], bending wave-
guide arrays [9], [29], [30], [31] and waveguide arrays with
asymmetrically located stripes [32] have been proposed.

Until now, most of the studies on OPA chips have focused on
frequency modulation continuous wave (FMCW) LiDAR at a
wavelength of 1,550 nm [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11], [12], [13], [14], [15], [16], [17], based on silicon or
silicon and silicon nitride hybrid waveguide reuse components in
optical communication. Compared to the InGaAs or Ge photode-
tector for 1,550 nm application, the Si photodetector available
in the wavelength range below 1,000 nm is more cost-effective.
And Si single-photon detectors with high sensitivity have been
developing rapidly in recent years and have been widely used
in mechanical, MEMS, or flash LiDAR. Therefore, the LiDAR
combined with Si photodetector and solid beam steering OPA
chip will be a low-cost and attractive solution [18], [19]. Silicon
nitride is one of the waveguide materials suitable for the 905 nm
waveband OPA chips owing to its wide transparent window
and low propagation loss [33]. For silicon waveguide arrays at
a wavelength of 1,550 nm, crosstalk below —20 dB has been
achieved by using a waveguide superlattice [26] or sinusoidal
bending waveguide array [31] at half-wavelength spacing. How-
ever, for the silicon nitride waveguide arrays, the crosstalk is
higher with the same spacing for the lower core-to-cladding
refractive index ratio. Waveguide superlattices based on silicon
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TABLE 1
STRUCTURAL PARAMETERS OF AGW AND NAGW
Waveguide type t1 g1 to e htop Rbottom ts hag B
AGW 75nm 100 nm 275 nm  86°  2.55pm 3pm Wag/2  450nm  86°
NAGW 75nm 100 nm  2750m  86°  2.55um 3pum - - -
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nitride are proven to suppress the crosstalk to —18 dB at the
pitch of 1.5 ym in the communication waveband [34], still far  Fig. 2. Mode field of AGW and NAGW. (a) TE00 mode field of AGW;

beyond the half wavelength, indicating that more effort should
be devoted to reducing the spacing. Notably, it is possible to
increase the core-to-cladding refractive index ratio by using
low-index cladding materials such as air since air gaps are
demonstrated to be feasible in manufacturing integrated circuits
(ICs) between metal lines to reduce capacitance [35]. However,
as we know, no such work has been reported.

In this work, we propose an air-gap multilayer silicon nitride
waveguide and theoretically analyze the mode field profile and
the effective index of the waveguide. On this basis, multilayer
silicon nitride waveguide superlattices with air gaps are designed
and optimized to achieve low crosstalk. Calculations show that
the crosstalk of the waveguide array is optimized to —24.3 dB at
a waveguide pitch of 0.9 um, a propagation length of 1 mm, and
a wavelength of 905 nm. The crosstalk remains below —20 dB
under the typical process variations and over the wavelength
range of 890 nm-920 nm.

II. DESIGN AND OPTIMIZATION
A. The Structure and Mode Analysis of AGW and NAGW

The structures of the air-gap waveguide (AGW) and no air-gap
waveguide (NAGW) are shown in Fig. 1. The NAGW is based
on the asymmetric dual stripe (ADS) TriPleX waveguide [33],
the waveguide core of which is composed of two silicon nitride
layers and one silicon oxide layer sandwiched in between, and
the cladding and substrate materials are silicon oxide and silicon,
respectively, as shown in Fig. 1(b). The AGW is configured by
introducing two air gaps beside a NAGW, as shown in Fig. 1(a).

The structural parameters of the AGW and NAGW are shown
in Table I, where the height of the air gap h,q is assumed
to be the same as the core thickness, the top width of the air
gap wyy changes within the range of 125 nm-375 nm, and the
thickness of the silicon oxide deposited on sidewall ¢, is half of
the air gap width w,g, i.e., ts = way/2. The sidewall angle of

(b) TEOO mode field of NAGW; (c) TM00 mode field of AGW; (d) TMO00
mode field of NAGW; (e) TEOO and TMOO field amplitude of AGW and NAGW
along Y axis at Z = 0.25 pm; (d) TEOO and TMOO field amplitude of AGW and
NAGW along Z axis at Y = 0 pm.

the TriPleX waveguide « is typically within the range of 82° to
87°, according to process experience [33]. Thus, a is assumed to
be 86°, and the sidewall angle of air-gap [ is taken as the same
value.

The mode field profiles of the NAGW and AGW are shown
in Fig. 2. Here, the wavelength is 905 nm, the waveguide
widths of NAGW and AGW are both w,,q = 0.45 pm, and other
structural parameters are shown in Table I. The finite-difference
eigenmode (FDE) solver of Ansys Lumerical software is used
in this simulation.

Comparing the mode field distribution in the y direciton (Fig.
2(e)), it can be determined that the skin depth of the evanescent
field of the AGW is shorter than that of the NAGW. And for both
AGW and NAGW, TEOO mode has a shorter skin depth than the
TMOO mode. The mode field distribution in the z direction is
nearly the same for AGW and NAGW (Fig. 2(f)).

The reason for this is that the AGW has a higher core-cladding
refractive index ratio only in the y direction since the refractive
indices of silicon nitride, silicon oxide, and air at a wavelength of
905 nm are ng;,n, = 1.9965, ng;0, = 1.4503, and ng; = 1,
respectively.

The effective indices of NAGW and AGW are shown in Fig. 3,
where the air-gap width W, , = 0 nm corresponds to NAGW, and
Wag = 125 nm or 375 nm correspond to AGW. The waveguide
width is in the range of 250 nm to 800 nm, and other structural
parameters are listed in Table I. The maximum waveguide width
of the single transverse electric (TE) mode is 0.59 pym for
AGW, which exceeds the value of 0.50 pm for NAGW. And the
maximum waveguide width of the single transverse magnetic
(TM) mode is 0.63 pm for AGW, which is also larger than the
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Fig. 3. The mode effective index changes with core width w4 and air-gap
width wgg at a wavelength of 905 nm. The solid dotted and dashed lines
correspond to air-gap widths of 0 nm, 125 nm, and 375 nm, respectively.

value of 0.54 pm for NAGW. The maximum effective index of
the single-mode AGW is larger than that of the NAGW for both
TE and TM mode, so it is easier for the AGW to introduce the
effective index difference. And for both AGW and NAGW, the
TE mode has a larger effective index range than the TM mode.
Therefore, TE mode AGW is chosen in the following design due
to the shortest skin depth and the largest effective index range.

B. Crosstalk of AGWs and NAGWs

According to the well-known coupled mode theory [20],
the power coupling ratio from one waveguide to a neighbor
waveguide, i.e., the crosstalk, is as follows:

AP L
— = Fsin® | — 1
2 sin (2Lc> (D)

Here, P;,, and AP are the input power and the coupling power,
respectively, F' = 1/{1 + [AB/(2r)]?} is the maximum cou-
pling ratio, L is the propagation length, Lo = mv/F/(2k) is the
crossover length, and A5 and k are the propagation constant dif-
ference and the coupling strength between the two waveguides,
respectively. The coupling strength « is positively related to the
overlap between the mode fields of the two waveguides.

For symmetric waveguides with A5 = 0, the maximum cou-
pling ratio F is 1, and the crossover length Lo is 7/(2k).
For asymmetric waveguides, the maximum coupling ratio F
depends on the ratio of AfS/k. When the propagation constant
difference A/ is larger or the coupling strength « is smaller,
the maximum crosstalk is lower, and the crossover length L¢ is
shorter.

The crosstalk of symmetric and asymmetric AGWs and
NAGWs is shown in Fig. 4(a)—(b). The widths of the symmetric
waveguides are w; = wand2 = 0.45 pum, and the widths of
asymmetric waveguides are wy = 0.45 pm and wy = 0.40 pm.

For both cases, the pitch is 0.9 pm, the gap ratio, defined as
the ratio of the air gap width to the inner side distance of adjacent
waveguides, i.e., Wqq/(pitch — w1 /2 — w2 /2), is 50%, and the
other structural parameters are listed in Table I. The eigenmode
expansion (EME) solver of Ansys Lumerical software is used in
the simulation. As the propagation length increases, the crosstalk
oscillates according to a sine function, as shown in Fig. 4(c)
and (d). For symmetric waveguides, the crossover lengths of
the NAGWs and AGWs are 52 pm and 95.5 pum, respectively,
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Fig.4.  Structure and crosstalk of a pair of AGWs and NAGWs at a wavelength
of 905 nm. (a) and (b) are the structures of AGWs and NAGWs; (c) is the
crosstalk of symmetric AGWs and NAGWs varying with propagation length,
where the waveguide widths are w; = wo = 0.45 pm; (d) is the crosstalk of
asymmetric AGWs and NAGWs varying with propagation length, where the
waveguide widths are w1 = 0.45 pm and wo = 0.40 pm; for both (c) and (d),
the pitch is 0.9 pm, the gap ratio is 50%, and the other parameters are as listed
in Table I.

at a wavelength of 905 nm. The AGW has a shorter crossover
length, suggesting that the AGW has a lower coupling strength
due to its shorter skin depth and smaller mode field overlap.
For asymmetric NAGWs and AGWs, the respective maximum
power coupling values are 0.131 and 0.031, and the crossover
lengths are 18.5 pm and 16.5 pum at a wavelength of 905 nm.
The crossover length of asymmetric waveguides is significantly
smaller than that of symmetric waveguides. If the propagation
length is in the range of 100 gm to 1 mm, which is typical for
the waveguide array of an OPA, the crossover length is much
shorter than the propagation length, and the maximum crosstalk
is independent of the propagation length, mainly depending on
the maximum coupling ratio.

The maximum crosstalk values versus waveguide widths for
asymmetric AGWs and NAGWs are shown in Fig. 5. Here,
the waveguide pitch is still 0.9 um, the waveguide width is
in the range of 0.25 pm to 0.60 pum, the gap ratio is 50%,
the propagation length is L = 1 mm, and the other structure
parameters are as listed in Table I. The minimum values of the
maximum crosstalk for single-mode AGWs and NAGWs are
—24.5 dB and —18.4 dB at 905 nm, respectively. The crosstalk
of AGWs is lower than that of NAGWs due to smaller skin
depths and larger propagation constant differences due to the
wider effective index range.

C. Design of AGW Superlattices

In the waveguide array, power coupling appears between
any two waveguides, leading to difficulty in suppressing the
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Fig. 5.  Maximum crosstalk of a pair of asymmetric AGWs (a) and NAGWs
(b) at a wavelength of 905 nm. The pitch is 0.9 pm, the propagation length is
1 mm, the gap ratio is 50%, and the other structural parameters are listed in
Table. The maximum widths of the single-mode AGW and NAGW are 0.59 pm
and 0.50 pm, respectively. The red box in (a) marks the waveguide width range
covering the crosstalk range below —24 dB and satisfying the single mode
condition.
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Fig. 6. The structure of the SCy AGW superlattices.

crosstalk. Waveguide superlattices [26] represent a practical
scheme to solve this problem. In the SC,, waveguide super-
lattice, the waveguide array consists of repeated supercells,
and each supercell contains waveguides with n sets of width.
The intrasupercell crosstalk is reduced by the propagation con-
stant difference due to width variation, while the intersupercell
crosstalk is also suppressed since the supercell size is n times
the adjacent waveguide pitch.

A SCy AGW superlattice is designed to achieve low crosstalk
in the waveguide array. The structure is shown in Fig. 6, where
the waveguide pitch is 0.9 pm, the gap ratio is 50%, the propaga-
tion length is L = 1 mm, and the other parameters are as listed
in Table I.

The design of the SC\ superlattice should satisfy the follow-
ing principles. First, the widths of the nearest adjacent waveg-
uides should be appropriately chosen within the range as shown
in the red box of Fig. 5(a) to suppress the crosstalk below —20 dB
by the effective index difference. So the waveguide widths are
alternately wide and narrow in a zigzag distribution. Secondly,
the widths of the next nearest adjacent waveguides should also
be different to avoid synchronous coupling. Here, the direct
crosstalk between the narrow waveguides is the main source
of crosstalk, since the field restriction is weaker than that of the
wide waveguides, and the indirect coupling resulting from the
twice direct coupling of nearest adjacent waveguides is relatively
low. Therefore, the waveguide widths of the SCy superlattice
should be w; > wz > wy > wy, and other distributions are
equivalently the same considering the periodicity and sym-
metry. Finally, the intrasupercell synchronous coupling from
waveguides with the same width is unavoidable. The minimum
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Fig.7. The profile of the normalized propagation field power in the SCy AGW

superlattice at 905 nm. The waveguide superlattice contains four supercells, with
the input port switching among the four waveguides in one of the supercells.
For port n, the waveguide width is w,,. Here, n = 1,2,3,4, w; = 559 nm,
wo = 334 nm, w3 = 546 nm, and wy = 317 nm.

waveguide width in the supercell should be selected carefully to
keep the crosstalk low enough within the propagation length.

It is trival to find the best solution directly considering the
above principles. Therefore, the waveguide widths of the AGW
superlattice are optimized by combining the crosstalk calcula-
tion and particle swarm optimization (PSO) algorithm to mini-
mize crosstalk in the waveguide array. For each OPA channel,
the overall crosstalk is the superposition of crosstalk from any
other waveguide to this waveguide. If the crosstalk occurs mainly
between waveguides in the local and adjacent supercells, and
is sufficiently low, then the overall crosstalk can be suppressed.
Thus, to simplify the calculation, only the crosstalk between any
two waveguides is considered here. The crosstalk calculation is
packaged as a function XTyax = f (w1, we, w3, wy) with the
input variables of waveguide widths w; 234 and the output
variable of maximum crosstalk X77,.,. Here, the eigenmode
solver of Ansys Lumerical software is used to simulate both
intrasupercell and intersupercell crosstalk and obtain the max-
imum crosstalk between any waveguides. Then, the particle
swarm optimization solver of the global optimization toolbox
in MATLAB is used to minimize the output variable X 7;,,x by
selecting the waveguide widths.

The waveguide width range is 0.50 pm to 0.59 pm for wq 3
and 0.29 pm to 0.37 pum for wy 4, as marked by the red box in
Fig. 5(a). Additionally, the waveguide widths are forced to be
wy > ws > wa > wy to avoid the equivalent multiple solutions
considering the convergence of the optimization. The optimized
waveguide widths for the SC superlattice are 559 nm, 334 nm,
546 nm and 317 nm, the air-gap width is within the range
of 227 nm to 234 nm, and the maximum crosstalk X7}, is
—24.3 dB at a wavelength of 905 nm.

The normalized propagation field power in the optimized SC}y
waveguide superlattice is shown in Fig. 7. Here, the waveguide
superlattice contains four supercells, and the input port switches
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Fig. 8. The profile of the super-mode amplitude and the refractive index of

the SCy AGW superlattice at 905 nm. In the legend, En corresponds to the
super-mode amplitude mainly locates in the waveguide with width w,,. The
profiles are at the cutting line of z = 0.2 pm.

12345678
AN NRRRBRRRRRERE
W1 W2 W3 Wy Wi W2 W3 Wy
——XT12
— —XT13
- - - XT14
—--XT15

——XT23
- — XT24
45 & XT25
—-— XT26
—— XT34
- — XT35
-+ - - XT36
—-—= XT37
—— XT45
- — XT46
< - - - XT47
—-— XT48

=75 T T T T T T T T T
870 880 890 900 910 920 930 940 950 960 970

Wavelength (nm)

Fig.9. Thecrosstalk of the SCy AGW superlattice changing with wavelength.
The waveguide array contains four groups of supercells, as the inset shows. The
crosstalk element X T}, 5 indicates the crosstalk from input waveguide m to
output waveguide n.

among the four waveguides within one of the supercells. For
the waveguide of the nth input port, the width is w,,, where
n =1,2,3,4. When light is input from the 1st and 3 rd ports,
power coupling occurs mainly among the input waveguide, the
nearest neighbor waveguide and the second-nearest neighbor
waveguide. When light is input from the 2nd and 4th ports,
additional power coupling occurs between the waveguides with
the same widths, and the power coupling is sufficiently low
(< —40 dB) beyond the adjacent supercells. This means that the
power coupling is localized within the propagation length below
1 mm, and the crosstalk result is also correct for waveguide
arrays with supercell numbers above four.

According to the super-mode profile of the periodic SCy
superlattice (Fig. 8) calculated by the super-mode approach [36],
the waveguide width difference breaks the modes into isolated
profiles with low overlap between each other, leading to the low
crosstalk.

Furthermore, the wavelength dependence of crosstalk is ana-
lyzed by calculating the variation in the main crosstalk elements
XT,, » changing with wavelength (Fig. 9), where the crosstalk
element XT}, ,, represents the maximum crosstalk from input
waveguide m to output waveguide n over the propagation length.
All crosstalk elements are positively related to the wavelength,
and the maximum crosstalk elements correspond to the crosstalk
between nearest neighbor waveguides, changing from —27.0 dB
to —22.5 dB in the wavelength range of 870 nm to 930 nm. And
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mance with process variation.

in the wavelength range above 930 nm, the maximum crosstalk
elements correspond to the intrasupercell crosstalk X7} g and
XT5 ¢ between the narrower waveguides with the same width,
which exceed —20 dB when the wavelength is above 940 nm.
For the wavelength range below 870 nm, the maximum crosstalk
is lower, but the waveguide supports TEO1 mode, which is
unexpected. Therefore, the wavelength window satisfying both
single-mode condition and crosstalk below —20 dB is from
870 nm to 940 nm. And in the wavelength range from 8§90 nm to
920 nm, the crosstalk is changing from —25.5 dB to —23.2 dB,
showing a slight dependence on the wavelength variation.

III. PROCESS TOLERANCE ANALYSIS OF THE AGW
SUPERLATTICE

The process tolerance of the SCy AGW superlattice is also
studied by worst-case analysis and Monte-Carlo analysis. The
standard parameters and the typical process variations are listed
in Table II, including the thickness variations of silicon nitride
and silicon oxide in the thin-film deposition process, the width
variations in the lithography process, the gap ratio variation
in the gap-filling process, and the sidewall angle variation of
the waveguide and air gap in the etching process. Here, the
statistical probability of each parameter is assumed to obey
normal distribution, and the variation corresponds to £3 sigma.

The worst-case analysis (Fig. 10) shows that the maximum
crosstalk is negatively related to the thickness variation, the
gap ratio and the sidewall angle but positively related to the
width variation. The maximum crosstalk of the designed AGW
superlattice is below —22.4 dB over the process variations at a
wavelength of 905 nm.

The worst-case analysis considers only the corner cases of
variations that can cover the worst performance of crosstalk if
the crosstalk is linearly related to all the process parameters. In
contrast, the Monte-Carlo analysis is not based on the linearity
assumption and may provide the statistical probability of the
crosstalk performance. As the result of Monte-Carlo analysis
based on 750 samples shows(Fig. 11), the maximum crosstalk
is within the range given by the worst-case analysis between
—25.9 dB and —22.4 dB, and more than 91% samples have a
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TABLE II
THE PROCESS VARIATIONS OF THE AGW SUPERLATTICE

Parameter Type t1 g1 to w1,2,3,4 Gap Ratio « B
Standard Value 75 nm 100 nm 275 nm 339 nm, 334 nm, 50% 86° 86°
546 nm, 317nm
Variations [—5%, 5%] [—5%, 5%] [—5%.,5%] [-25nm,25nm]  [0%, 10%] [—4°,1°] [—4°, 1°]
~-235 ~-240
100% 2 (a) g (b)
- é -240 § -245
5 2 ?
60% .2 6 -245 8 -25.0
g £ £
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Fig. 12.  The AGW structure with a pointed arch air-gap shape.

maximum crosstalk below —24.1 dB, indicating the robustness
with respect to process variations.

IV. DISCUSSION

The air-gap silicon nitride waveguide superlattice is demon-
strated to suppress crosstalk below —20 dB at a waveguide pitch
of 0.9 pm and a wavelength of 905 nm, which is applicable for
OPA with both edge emission [1] and surface emission based on
slab diffraction grating [12], [17]. Compared to previous stud-
ies [18], [19], this work steps forward to reduce the waveguide
pitch and increase the beam steering angle of the OPA.

Notably, the shape and size of the air gaps are highly depen-
dent on the preparation process. Formed by the nonconformal
chemical vapor deposition method [35], the air gaps are typically
in the shape of a pointed arch, as depicted in Fig. 12, which can
be defined by the air-gap height h,g, the arch height hg;cp, the
air-gap width wgg, and the sidewall angle 3.

The influence of the air-gap shape on the maximum crosstalk
of a pair of asymmetric AGWs is also analyzed (Fig. 13), where
the waveguide widths are w; = 559 nm and ws = 334 nm, the
pitch is 0.9 pm, the propagation length is 1 mm, the gap ratio is
50%, the wavelength is 905 nm, and the layer thicknesses and
sidewall angle of the waveguide are the same as in Table 1. The
maximum crosstalk is negatively related to the air-gap height,
decreasing from —23.6 dB to —25.1 dB in accordance with the
air-gap height varying from 350 nm to 750 nm, where the arch
height is 0 nm, and the sidewall angle is 86° (Fig. 13(a)). The
maximum crosstalk is also negatively related to the arch height,

with the air-gap height h 4 (a), arch height hg,.cp, (b), and sidewall angle 3 (c).
In (a), the arch height h -, is 0 nm and the sidewall angle 3 is 86°; in (b), the
air-gap height h, 4 is 450 nm and the sidewall angle 3 is 86°; in (c), the air-gap
height hq4 is 450 nm and the arch height /g -cp, is O nm.

decreasing from —24.4 dB to —25.9 dB in accordance with the
arch height increasing from 0 nm to 400 nm, where the air-gap
height is 450 nm, and the sidewall angle is 86° (Fig. 13(b)). The
maximum crosstalk is almost independent of the sidewall angle,
where the center width of the air gap is constant, i.e., w,, =
(pitch — w1 /2 — w2/2)/2 — hageot(86°) + hggcotS, the air
gap height is 450 nm, and the arch height is O nm (Fig. 13(c)).
Therefore, the simplified shape in Fig. 1 is sufficiently accurate
since the maximum crosstalk of the waveguide array varies
slightly when the air-gap shape changes within the range con-
sidered in Fig. 13.

In addition, on OPA or solid-state LiDAR chips, there are
typically waveguides and components such as edge or grating
couplers, beam splitters, phase shifters, and diffraction gratings
in the layout. Introducing air gaps in most of these compo-
nents may result in performance deterioration. Therefore, the
preparation process needs to be carefully designed to locate the
air gaps in a particular area. One of the possible preparation
methods is separating the patterns with and without air gaps into
two steps. In the first step, the waveguide and components are
prepared by lithography and etching, with all gaps well filled
with the cladding material. In the second step, the waveguide
array with air gaps is prepared, with air gaps formed by poor
filling. Adiabatic tapers with high alignment tolerance [37] may
be used to connect the waveguides between the two patterns.
An alternative preparation method is to use hybrid lithography
technology, forming all components with and without air gaps by
ultraviolet lithography and etching, and then selectively filling
the gaps by using electron beam lithography (EBL) based on
hydrogen silsesquioxane (HSQ) photoresist [38].
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V. CONCLUSION

We have achieved improved crosstalk suppression using the
proposed multilayer silicon nitride AGW superlattices. First,
the AGW is demonstrated to have a smaller skin depth of
the evanescent field and a higher single-mode effective index
than the NAGW, according to the mode analysis. Next, lower
power crosstalk is demonstrated between a pair of AGWs than
the NAGWs by the crosstalk calculation using the eigenmode
expansion method. Finally, a SC; AGW superlattice is designed
and analyzed theoretically. The maximum crosstalk of the wave-
guide array is suppressed to —24.3 dB at a waveguide pitch of
0.9 pum, propagation length of 1 mm, and wavelength of 905 nm.
The propagation field simulation shows that the power coupling
is localized within the input and adjacent supercells, indicating
no degradation with scale-up of the waveguide array.

The crosstalk of the SC; AGW superlattice shows slight
wavelength dependence, remaining below —23.2 dB over the
wavelength range of 890 nm to 920 nm. According to the worst-
case analysis, the crosstalk is still below —22.4 dB under the
lithography pattern width variation of £25 nm, the waveguide
layer thickness variation of £5%, the gap ratio from 50% to
60%, and the sidewall angle from 82° to 87°, showing good
process tolerance.

Therefore, the proposed AGW superlattice reduces the spac-
ing of the silicon nitride waveguide array, showing potential to
improve the beam steering performance of the OPA chips with
respect to the near-infrared (NIR) waveband.
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