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Abstract: As anovel method for solid-state light detection and ranging (LiDAR), optical phased
arrays (OPAs) cater to the growing market requirement for mass-produced chip-scale beam
steering devices. Waveguide grating antennas (WGAs) with low loss, high efficiency and large
emitting aperture are strongly desirable to achieve low beam divergence and high resolution
for OPAs. In this paper, we report two kinds of silicon ridge-waveguide-based WGAs with
ultra-sharp instantaneous field-of-view (IFOV) for LiDAR applications. The ridge-concave WGA
(RCC-WGA) and ridge-convex WGA (RCV-WGA) are designed on account of both sides of ridge
area have relatively weak mode field distribution. Lateral quasi-bound state in the continuum
(L-BIC) is utilized to further suppress side scattering and improve the emission efficiency. The
RCC-WGAs and RCV-WGAs are fabricated on silicon-on-insulator (SOI) platform with 220 nm
device layer and foundry compatible etching depths. The measured losses are as low as 2.64 and
2.40 dB/mm at 1550 nm wavelength. The antenna length can up to 6 mm, with theoretical beam
divergences of 0.0195° and 0.0175° at the wavelength of 1550 nm, while the experimental results
are 0.0251° and 0.0237°, respectively. The proposed low-beam-divergence WGAs are promising
in high resolution solid-state LiDAR applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, automatic driving and unmanned aerial vehicle (UAV) have garnered a great deal
of commercialization interest. LIiDAR devices are key sensors for advanced driver assistance
systems (ADAS). OPAs are able to realize solid-state beam steering pattern [1,2], which are
widely used in LiDAR [3], free space optical (FSO) communication [4,5], imaging [6] and so on.
The earlier OPAs are achieved at silicon platform or liquid crystal. OPAs are now moving towards
to multi-material systems, higher integration, feature-rich, and better performance. Some other
material platforms show great potential in solid-state LiDAR, like SiN [7,8], SiN-Si [9,10], thin
film lithium niobate on insulator (LNOI) [11], InP [12,13] and so on. Silicon nitride is capable to
load high power and avoids two-photon absorption (TPA) effect. LNOI platform has the unique
advantages in high electro-optic modulation efficiency and low energy consumption, while III-V
platform is more suitable to integrate light source. Moreover, hybrid integration [14,15] and 3D
integration [16] are also potential schemes to combine the advantages of different materials on a
wafer in the future.

Waveguide grating antennas are key components to achieve azimuthal-axis beam steering
in OPAs. A large effective aperture would provide a high-resolution spot. In order to achieve
millimeter length, multiple methods have been proposed including ultra-shallow etching [17],
evanescent field modulation [18,19], multilayer structure [20,21] and chirped grating [22,23].
Most of these methods require modification from the standard fabrication process provided by
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foundry services which are cost or requires complex process flow. As is known to all, ridge
waveguide is not only a key passive waveguide structure but also widely used in silicon active
devices, which effectively suppresses the sidewall scattering loss in strip waveguide.

Bound states in the continuum are superb conditions with infinite lifetime and infinite Q-factor
[24]. Interference-based BICs exhibit remarkable potential in integrated optics like ultra-high-
Q resonators [25-27], photonic integrated circuits (PICs) [28,29], nonlinear optics [30,31],
gratings [32,33] and so on. Representative interference-based BICs mainly focus on leakage loss
suppression for quasi-TM mode by adjusting the ridge width, as quasi-TM mode to TE slab mode
transition happens in ridge waveguide. That is the quasi-TM mode located in the continuum of
TE slab mode but still maintain bound state.

In this work, we demonstrate two kinds of 6mm-long WGAs with typical foundry provided
etching depth, which are ridge-concave WGA (RCC-WGA) and ridge-convex WGA (RCV-WGA),
respectively. This design principle lies in both sides of ridge area have relative weak mode field
distribution, thus leads to ultra-low loss. Meanwhile, shallow-etched grating teeth gives rise
upward perturbation to the mode field, which enables to accomplish a relatively high directivity
of proposed WGAs in vertical direction. Lateral quasi-bound state in the continuum (L-BIC)
is utilized to suppress side scattering. The proposed WGAs can achieve 6 mm emitting length,
with the theoretical beam divergences of 0.0195° and 0.0175°, while the experimental results
are 0.0251° and 0.0237°, respectively. The two WGAs behave high emission performance in
the wavelength range of 1480-1580 nm, with the steering sensitivities of 13.43°/100 nm and
13.41°/100 nm. The measured steering ranges upon wavelength tuning are 1.28°/10 nm and
1.34°/10 nm. An imaging system is established to capture near-field and far-field patterns of
WGA:s. This work is an extension of our previous conference publication [34]. We provide further
principle analysis and more comprehensive data on the device performance. The demonstrated
WGAs are promising for high-resolution OPAs.

2. Design and simulation

The 3D perspective views of RCC-WGA and RCV-WGA are shown in Fig. 1. The two WGAs
are designed at 220nm-SOI platform with 70 nm shallow etching to form the ridge and full
etching to form the slab. The RCC-WGA is formed by partly inward etching to ridge waveguide,
while the RCV-WGA is formed by ridge partly outward extension, which leads to a weak grating
perturbation strength. The ridge width is marked as wy, with the period of A. The A is set as
0.62um to achieve a near vertical diffraction angle. To obtain low-loss WGA structures and
suitable critical dimensions simultaneously, the grating teeth sizes are defined as (w2, a) = (70,
70) nm. In order to reduce the loss caused by the overlay misalignment, we set the slab width to
be twice of the ridge width. This design also ‘pushes’ more electric field into slab area, thus has
the benefit for restraining the waveguide side-wall scattering loss.

The mode profile of a 70nm-shallow etched ridge waveguide is shown in Fig. 2. The ridge
width is 0.5um, and slab width is double. It’s evident that the mode profile is weak near ridge
area, which preliminarily verify the rationality of our design method. By the way, though the
both ends of slab region have weaker electric field distribution, we prefer to introduce upward
perturbation to the mode field, so we still choose the shallow etched ridge waveguide grating
structure. The wider slab is mainly used to provide overlay redundancy in fabrication.

The propagating mode in WGA is a disturbed mode rather than guided mode. Subject to
periodic perturbation by grating teeth, the original TE guide mode excites different kinds of light
fields, which are diffractive fields in vertical direction, lateral outward scattering fields and inner
self-established fields. The various light fields distributions of two kinds of WGAs are shown in
Fig. 3. Besides shallow-etched upward perturbation to the mode field, we also pursue higher
upward diffractive field through lateral destructive interference between side scattering fields and
self-established fields.
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Fig. 1. 3D perspective schematics of (a) RCC-WGA and (b) RCV-WGA with some key
parameters labeled. The two WGAs are designed based on 220nm-SOI platform with 70 nm
shallow etched (With 2um thick oxide on the top but not drawn).

Fig. 2. The normalized modal field distributions of (a) TE; mode and (b) TM( mode in
ridge waveguide with the ridge width of 0.5um and slab width is double. The effective
indexes of TE(y mode and TM mode are 2.660 and 1.825 at the wavelength of 1550 nm.
The whole device height is 220 nm with the slab height of 150 nm. The outlines highlight
the waveguide shape. Cyan arrows represent the directions of the electric field.

(a) (b)

Diffracted Diffracted

Self-established
field Self-established field field
field
Scattered
cz;ief;e Scattered

field
Ridge-Si
Slab-Si

Fig. 3. 3D schematics of field distributions in (a) RCC-WGA and (b) RCV-WGA. The
grating structures stimulate diffractive fields in vertical directions, side scattering fields and
self-established fields in lateral direction. The L-BICs conditions are built via destructive
interferences by scattering fields and self-established fields.
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In our WGAs, the continuum state refers to the high-loss radiation mode while the bound
state is low-loss disturbed quasi-TEg mode with minimum side scattering strength. The coupling
strength x of gratings can be expressed in Eq. (1) [21], neg 4 is the average mode effective index
in gratings, and An,g , is the difference value of mode effective index with or without gratings.
By introducing the L-BIC, the coupling strength for RCC-WGA can be adapted as Eq. (2). and
for RCV-WGA is adapted as Eq. (3) [32]. S, is the side scattering ratio and V;, is the minimum
vertical diffractive ratio. ng, is the effective index of scattering field or self-established field.
Due to the stimulation of periodic perturbations, side scattering fields and self-established fields
have initial phase difference, we mark it as ¢g ;. When the ridge width changes, different degrees
of destructive interference happened.
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Fig. 4. Simulated (a) loss and (b) lateral scattering ratio for RCC-WGA.. The 1-order L-BIC
condition happen at the ridge width of 0.6um while the 2-order L-BIC condition happen at
that of 1.2um. Simulated (c) loss and (d) lateral scattering ratio for RCV-WGA. The 1-order
L-BIC condition happen at the ridge width of 0.5um while the 2-order L-BIC condition
happen at 1.2um.
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Fig. 5. The broad-spectrum performance of RCC-WGA from 1480-1580nm wavelength
range. (a) Emitting efficiency in different directions. (b) Loss. (c) Lateral scattering ratio.
(d) Directivity. And the broad-spectrum performance of RCV-WGA from 1480-1580nm

wavelength range. (e) Emitting efficiency in different directions. (f) Loss. (g) Lateral
scattering ratio. (h) Directivity.
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Fig. 6. The diffraction angles of (a) RCC-WGA and (b) RCV-WGA via the wavelength
tuning from 1480 nm to 1580 nm. The steering angle of two WGAs are 13.43°/100 nm and
13.41°/100 nm, respectively.
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Fig. 7. Calculated beam divergences of two WGAs with various antenna lengths. The
lengths of RCC-WGA are (a)1 mm. (b)3 mm. (c)6 mm. With the corresponding beam
FWHMs are 0.0795°, 0.0292° and 0.0195° at the wavelength of 1550 nm. The lengths of
RCV-WGA are (d)1 mm. (e)3 mm. (f)6 mm. With the corresponding beam FWHMs are
0.0792°, 0.0282° and 0.0175° at the wavelength of 1550 nm.

From Eq. (2)-Eq. (3), we confirm that there are a series of minimum coupling strength k values
with ridge width varying, namely different orders of L-BICs conditions for proposed WGAs. The
ridge widths at L-BICs conditions are calculated in Eq. (4)—Eq. (5). It is worth noting that we
only introduce lateral destructive interference to suppress lateral scattering fields incompletely
as the different amplitudes of two coherent fields, so it is not a perfect BIC condition. The
downward diffractive fields can be further decreased by multi-layer grating structures.
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Fig. 8. The loss with fabrication tolerance analysis for the ridge width and teeth size in the
range of +10 nm at the wavelength of 1550 nm. (a) RCC-WGA. (b) RCV-WGA.

We simulate and search the L-BIC conditions upon different ridge widths via three-dimensional
finite difference time-domain(3D-FDTD), Fig. 4(b) shows lateral scattering ratio (scattering
towards WGA lateral over the total scattering) curves with varied ridge widths at the wavelength
of 1550 nm. We define the L-BICs conditions where lateral scattering ratio reach minimum
values, as the maximum destructive interference happens. Figure 4(b) indicates that 1-order
L-BIC condition of RCC-WGA happens approximately at the ridge width of 0.6um, while 2-order
L-BIC condition happens at 1.2um. From Fig. 4(a), it’s also obviously that the total loss for
RCC-WGA also reach minimum values near L-BICs conditions. Although RCC-WGA with
higher order L-BIC condition has lower loss and better side scattering ratio, we still choose
1-order L-BIC structure for compact WGA. Similarly, the 1-order and 2-order L-BICs conditions
of RCV-WGA happen at the ridge width of 0.5um and 1.2um, as shown in Fig. 4(d). For the sake
of performance comparison, we set two WGAs to the same ridge width of 0.5um.

Figure 5 demonstrates the performance of proposed WGAs with the ridge width of 0.5um. It’s
distinct that RCC-WGA nearly has a more than half the emitting efficiency in the wide wavelength
range of 1480-1580 nm, while RCV-WGA just has an efficiency over 40%. What’s more,
RCC-WGA has a near zero back reflection ratio, which maintains the input signal undisturbed.
RCC-WGA has a more balanced loss level in the wide wavelength range, while RCV-WGA has
a lower loss in longer wavelength. Benefit from the L-BIC condition, the WGAs both has a
lateral scattering ratio below 40% in the wavelength range of 1480-1580 nm, the directivities of
WGAs are more than 60% and 55%. Generally, RCC-WGAs has a relative better performance
than RCV-WGA in 100 nm bandwidth. We attribute this to the fact that the inner sides of ridge
area have weaker mode field than outer area. By the way, the added power in the mentioned
directions may slightly larger than 100%, because the disturbed mode would radiate light around
the waveguide section, rather than radiate only in lateral and vertical directions.

As is known to all, the power attenuation principle in WGAs can be expressed as Eq. (6).

I = Iy exp(=Pox) (6)

Ip is the input power and Iy is the remain light power in WGA at the length position of x,
Bo is the perturbation strength. The perturbation strength By of RCC-WGA and RCV-WGA
are calculated as 6.262 x 10~ um~! and 4.976 x 10~ um~! at the wavelength of 1550 nm,
respectively. Here we simulate the two WGAs with 50um length due to the computational power
constraints. The diffraction angles upon wavelength tuning are plotted in Fig. 6. The vertical
steering angles of RCC-WGAs are 15.45° and 2.02° at the wavelength of 1480 nm and 1580 nm,
while the vertical steering angles of RCV-WGAs are 14.85°, and 1.44°. Therefore, the azimuthal
angle steering ranges of two WGAs are 13.43°and 13.41° upon 100 nm wavelength tuning range.
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We calculate the beam divergences with different emitting lengths in theory at the wavelength
of 1550 nm. As mentioned in Fig. 6, The near-field attenuations of two WGASs can be expressed
as I, = Inexp[—0.6266x(mm™")] and I, = Ipexp[—-0.4976x(mm~")] at 1550 nm wavelength. We
conduct the Fourier transforms to the near-filed with the WGA lengths of 1 mm, 3 mm and
6 mm, hence we get the far-field beam profiles, as shown in Fig. 7. The full width at half
maximums (FWHMs) of RCC-WGA are 0.0795°, 0.0292° and 0.0195°. And the beam FWHMs
of RCV-WGA are 0.0792°, 0.0282° and 0.0175°. It’s consistent with the common sense that a
larger emitting aperture owns a narrower beam divergence.

What’s more, we also analyze the fabrication tolerance for the proposed WGAs. The fabrication
process would lead to size variation, causing the actual device to deviate from our designed
parameters. In that case, a more fabrication tolerant WGA is more meaningful in OPAs. We
mainly focus on the ridge width in the range of +10 nm and teeth size in the range of +10 nm at
1550 nm wavelength, the fabrication error influence is shown in Fig. 8. The fiducial ridge width
and teeth size are 500 nm and 70 nm. The RCV-WGA is more error tolerant than RCC-WGA.
According to the comprehensive analysis, if the devices size can be fabricated precisely, the
RCC-WGA is a better choice.

3. Device fabrication and measurement

As for lithography process, a critical dimension (CD) of 70 nm is unable to fabricate by single
lithography process using deep ultraviolet lithography, we utilized electron beam lithography
(EBL) and inductively coupled plasma (ICP) etching system to fabricate the WGAs. In the future,
it’s promising to fabricate the WGAs by utilizing a higher process node lithography.

A commercially available SOI wafer with a 220 nm thick top silicon layer and 2um buried
silicon dioxide is cleaned by sonication in acetone and isopropanol, then dried with N, stream. A
360 nm thick ZEP is spin coated on top silicon film as a mask, and metal mark patterns are defined
by EBL. The residual coat is cleaned by plasma stripper. After development, a 10 nm/50 nm
thick chromium (Cr)/gold (Au) alignment marks is deposited onto the wafer using electron-beam
evaporation (EBE), followed by lift-off to reserve metal marks. Then, a 250 nm thick ZEP is spin
coated on wafer and the first device patterns are defined by EBL, after development procedure
is 70nm-shallow etching by ICP etching system. Next, remove the resist and spin coat a 250
nm thick ZEP again. Subsequently, the second device patterns are also defined by EBL with
the same parameters. After development procedure is 220 nm depth etching by ICP etching
system. Removing the resist and characterizing device size by scanning electron microscope
(SEM). Finally, we clean the wafer, a 2um thick silicon dioxide film is then deposited on the top
surface of the wafer as silica cladding by plasma-enhanced chemical vapor deposition (PECVD).
The whole process flow is shown in Fig. 9, a shallow etched ridge waveguide is demonstrated
as a gesture. The scanning electron microscope (SEM) images of fabricated RCC-WGA and
RCV-WGA are shown in Fig. 10.

A standard vertical fiber-chip coupling system (OMTOOLS OMT-22071401GJ), a tunable
narrow-linewidth laser (SANTEC TSL-710) and a power meter are used to measure the
transmission spectra of the WGAs. The measured broadband loss curves of two WGAs in the
wavelength range of 1480-1580 nm are shown in Fig. 11(a). (c). In order to ensure the superiority
of WGAs at L-BIC conditions, we set a pair of WGAs absent from BIC conditions as contrasts,
the ridge width is set to 0.3um and the slab width is 0.6um. Other parameters are unchanged.
The loss curves of control group are shown in Fig. 11(b). (d). The two high-loss peaks due to the
form of partly Bragg reflection. It’s evident that the WGAs at L-BIC conditions have lower loss
and more balanced performance.

The experimental setup for near-field and far-field imaging measurements is a 30 mm coaxial
4f imaging system, an infrared camera is placed to capture emission profiles, as shown in Fig. 12.
The 30 mm coaxial 4f imaging system is installed above the fiber-chip coupling system, with
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Fig. 10. The scanning electron microscope (SEM) images of fabricated WGAs. (a)

RCC-WGA and (b) RCV-WGA.
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Fig. 11. Measured loss curves of two WGAs at L-BIC condition with the ridge width of 0.5
um. (a) RCC-WGA. (¢) RCV-WGA. Measured loss curves of two WGAs at L-BIC condition
with the ridge width of 0.3 um as a control group. (b) RCC-WGA. (d) RCV-WGA. The
advantage at L-BIC conditions is obvious by comparison. The two high loss peaks due to
the form of partly Bragg reflection.

two convex lenses. The captured near-field images of RCC-WGA and RCV-WGA are shown in
Fig. 13(a). (b). The whole WGAs lengths are both 6 mm. The upper bright spot is input grating
coupler area, while the downer bright spot is output grating coupler. The power attenuation
process in antennas is clear along the downward direction from the near-field images.

The far-field patterns at 1550 nm wavelength for RCC-WGA and RCV-WGA are plotted in
Fig. 14. Unusually, the captured beam shapes consist of a series of light stripes instead of a
straight line. To seek the reason of this phenomenon, we adjusted the 4f system to focus from
far-field pattern to near-field pattern. We found that the disconnected area is formed as the
interference by light from grating couplers or reflected light on the chip surface, as the coupling
angle of grating coupler is almost the same with diffractive angle of the WGAs. We mainly
choose the undisturbed area and fitted the beam outlines of WGAs, the measured beam FWHMs
are 0.0251° and 0.0237° respectively, as shown in Fig. 15.

We use the lenses combination of fi = 7.5 cm and f, = 6 cm to measure the steering sensitivities.
Limited by the aperture size of the imaging system, we test the steering sensitives by 10 nm
wavelength tuning. The far-field patterns of RCC-WGA and RCV-WGA at the wavelength of
1550 nm and 1560 nm are measured in the same field-of-view, as shown in Fig. 16. The working
distance of 4f imaging system is 12 cm, the marked moving pixel numbers are 358 and 379,
respectively. Thus, the measured steering sensitivities are calculated as 1.28°/10 nm and 1.34°/10
nm.

To have a better comprehension, we supplied a detailed comparison table to show our
advantages, as shown in Table 1. The options include platform, layers, length, experimental loss,
FWHM, efficiency, directivity, critical dimension (CD) and grating etching depth. By comparing
our RCC-WGA with other schemes. It’s distinct that our work has a relative sharper IFOV and
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Fig. 13. Measured near-field images for (a) RCC-WGA and (b) RCV-WGA. The upper
bright spot is input grating coupler and the under bright spot is output grating coupler. The
hole device length is 6 mm, and the power attenuation is indicated.



Research Article Vol. 32, No. 19/9 Sep 2024/ Optics Express 33170 |

Optics EXPRESS : N

5

Nomalizd Power

=

(a) (b)
1024 1024 255
> e =]
= e o o A
e 85
0 0 0
0 Pixel-x 1280 0 Pixel-x 1280

Fig. 14. The far-field images at the wavelength of 1550 nm of (a) RCC-WGA and (b)

RCV-WGA.
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Fig. 15. The measured beam divergences of (a) RCC-WGA and (b) RCV-WGA at the
wavelength of 1550 nm. The measured full width at half maximum (FWHM) are 0.0251°
and 0.0237°.

larger emitting aperture in comparison to other schemes in SOI platform. The multi-layer antenna
is supposed to achieve better directivity and lower loss due to the more degrees of freedom, but
brings extra process in fabrication or customized process. What’s even rarer, our design is a
typical fabrication compatible method. It’s easy to fabricate by EBL and ICP etching system.
Our method provides a promising method for OPAs in typical SOI platform.

Table 1. Performance comparison for various antennas method

Reference  Platform layers  Length Loss FWHM  Efficiency Directivity = CD Depth
(/mm) (dB/mm) ) (nm) (nm)
[17] SOI single 4 / 0.08 / / 280 10
[35] SOI single 1 / 0.095 / / 100 220
[22] SiN single 3.16 / 0.04 22.9% / 75 200
[36] SiN double 2.5 / 0.066 / 92% 230 200
[10] SiN double 3 / 0.029 / 95% 200 70
[21] SiN-on SOI  double 2 / 0.1 / / 86.1 60
[37] SiN-on SOI  double 1.5 227 0.061 / / 150 400

This work SOI single 6 ~2.5 0.0251 50% 60% 70 70
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Fig. 16. Measured steering sensitivities in the same field-of-view with a wavelength step of
10 nm. The far-filed patterns of RCC-WGA at the wavelength of (a) 1550 nm. (b) 1560 nm.
The far-filed patterns of RCV-WGA at the wavelength of (c¢) 1550 nm. (d) 1560 nm.

4. Conclusions

In conclusion, we have proposed two ridge-waveguide-based ultralong WGAs with foundry
compatible etching process. In the future, it’s promising to fabricate the WGAs by utilizing a
higher process node lithography. We introduce 1-order L-BIC condition in lateral direction to
the WGAs, which restrains the side scattering fields significantly, thereby improves the emitting
efficiency and directivity. The minimum antenna loss could be suppressed to even 2 dB/mm and
effective antenna length can reach to 6 mm level. RCC-WGA has a relatively better performance
than RCV-WGA in the wavelength range of 1480-1580 nm while the RCV-WGA has a better
tolerance, we mainly recommended the RCC-WGA. It has a nearly more than 50% emitting
efficiency and more than 64% directivity in 100 nm wavelength bandwidth, with almost zero
level back reflection. We set up a 30 mm coaxial 4f imaging system to measure near-field and
far-field images. The measured beam divergences are 0.0251° and 0.0237°, respectively. We
also verify the steering sensitivities of 1.28°/10 nm and 1.34°/10 nm, mainly for the application
prospects in OPAs.
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