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Abstract—Optical beam scanning is a widely utilized function
in optical systems and a compact nonmechanical solid-state device
has long been anticipated. Here, we have studied such a device con-
sisting of photonic crystal slow-light waveguides and switch trees,
fabricated by a Si photonics process, employing a bespoke prism
lens for beam collimation. Further in this study, we particularly
demonstrated the operation of the device only by the thermo-optic
(TO) tuning of its components, at a fixed wavelength of light. A
spot beam of ∼0.1° divergence, was scanned in two dimensions, in
the angular range of 40° × 8.8° and average power consumption
of < 0.7 W. Neglecting some disordered beams caused by the
non-uniformity of the fabricated device, the estimated number
of resolution points was 400 × 32 = 12,800, which required a
significant effort in the device fabrication and calibration, utilizing
optical-phased arrays, if the same performance was targeted.

Index Terms—Beam scanner, solid-state, silicon photonics,
photonic crystal, slow-light.

I. INTRODUCTION

A
N OPTICAL beam scanner is employed for laser pro-

cessing, laser microscopy, laser display and projection,

printing, decoding, three-dimensional (3D) profiling, motion

capturing, identification, optical coherence tomography, light

detection and ranging (LiDAR), etc. Conventional commercial

beam scanners all exploit mechanics, such as Galvano and poly-

gon mirrors. Their technology is well-established while their

large sizes and power consumption, less-flexible motion due to

their moments of inertia, and instability against vibrations are

their constraints. A micro-electro-mechanical system (MEMS)

mirror is a practical solution for the construction of a miniature

system, although other constraints remain. A complete nonme-

chanical solid-state beam scanner has been anticipated for a long

time, although it is still a challenge to fabricate one.

Table I compares one-dimensional (1D) beam scanning de-

vices that have been studied so far. Liquid crystal [1] and
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electro-optic (EO)/acousto-optic (AO) crystals [2] are beneficial

as bulk beam scanners, although their high operation voltages,

temperature sensitivity, and/or small steering angle hamper their

application. Si photonics and compound semiconductor devices

are attractive because they can be integrated with other func-

tional optical components. Particularly, optical phased arrays

(OPAs) have been developed extensively in this decade [3]–[9].

OPAs are attractive if a large number of optical antennas, each

consisting of a miniature diffraction grating, is integrated with

a small spacing close to the optical wavelength, λ, to avoid

ghost beams; light is uniformly distributed to them with a

small optical loss; and an arbitrary wavefront is synthesized

by precisely controlling the optical phases of all the antennas

via, for example, the thermo-optic (TO) effect, with reasonably

low power consumption. However, all the approaches are still

challenging. Waveguide gratings are more common devices that

produce narrow beams and steer it by sweeping λ [10]. However,

its range for a reasonable sweep is small. To overcome these

constraints, a slow-light waveguide [11], exhibiting a guided

mode, with a large group index, ng, can be employed. In general,

ng is given as c(dβ/dω), where c, β, and ω, are the vacuum-light

velocity, modal propagation constant, and frequency. The large

ng is equivalent to a large angular dispersion when the waveguide

mode is converted to a free-space beam via grating [12]. Actu-

ally, slow-light waveguide grating increases the steering range

by 5–10 times that of simple gratings for the same λ sweep. This

also allows the utilization of the TO tuning of the refractive index

of the waveguide, instead of the λ sweep, to steer the beam, thus

simplifying the total system.

Table II shows the two-dimensional (2D) beam scanning

schemes with respect to Si photonic devices. 2D OPAs increase

the attraction but simultaneously with the challenges of OPAs

[4]. Therefore, 1D OPAs, consisting of waveguide gratings, have

been employed as a practical solution [5]. In this scheme, the λ

sweep is necessary, and therefore, the steering range in the di-

rection along the waveguides is limited. If slow-light waveguide

gratings are employed in 1D OPAs, a wide steering range would

be obtained in 2D and the full operation by the TO tuning without

the λ sweep would be available. However, a flat slow-light

spectrum suitable for this purpose has only been obtained in a

lattice-shifted photonic crystal waveguide (LSPCW) [13], [14]

whose width, including the photonic crystal claddings, is wider

than 10λ. Therefore, ghost beams cannot be suppressed if OPA

is constructed by this waveguide. Another scheme, employing
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TABLE I
NONMECHANICAL SOLID-STATE BEAM SCANNERS

TABLE II
NONMECHANICAL 2D BEAM-SCANNING DEVICES IN SI PHOTONICS. A SIMPLE CYLINDRICAL LENS IS ILLUSTRATED IN THE THIRD TYPE,

ALTHOUGH A BESPOKE PRISM LENS WAS REQUIRED

slow-light waveguides, involves the selection of one waveguide

from the arrayed waveguides, for light incidence. Here, because

light is diverged in the lateral direction, a collimator lens is

utilized to form the spot beam. Thereafter, the light is steered in

the lateral direction when the position of selected waveguide is

offset from the center of the lens [15]. In this scheme, a thick

system resulting from the lens and its focal length and a discrete

lateral beam-steering may be the drawbacks.

We have proposed this third scheme, and so far developed

a device consisting of LSPCWs and switch trees, which are

all integrated by the Si photonics complementary-metal oxide-

semiconductor (CMOS) process, as well as a bespoke collimator

lens [16]. We demonstrated the 2D scanning of a spot beam of

∼0.15° divergence in the angular range of 40° × 4.4° with an

estimated resolution point, 266 × 16, by the combination of the

λ sweep and TO waveguide switching. In this paper, we report

the full TO operation of this device without employing the λ

sweep. The detail of the device is presented in Section II, the

beam-scanning characteristics in Section III, and the evaluation

of the response speed is shown in Section IV.

II. DEVICE

The structure and fabrication processes of the Si photonics

chip were according those in Ref. [16]. We employed a 200-

mm-diameter silicon-on-insulator (SOI) with a 210-nm-thick Si

layer and the CMOS process with a KrF excimer laser stepper

at λ = 248 nm and phase-shift masks, for which the minimum

feature size was < 130 nm.

Fig. 1(a) shows the schematic of a SiO2-clad Si LSPCW

consisting of a single-line-defect core, sandwiched by photonic

crystal claddings, and Fig. 1(b) shows the magnified scanning

electron micrograph (SEM) of fabricated LSPCW with shallow-

etched gratings. The hole diameter and pitch of the triangular-

lattice photonic crystal were 192 and 394 nm, respectively. The

above generic process was enough to fabricate these holes. The
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Fig. 1. Fabricated Si photonics chip. (a) Schematic of the beam steering device, consisting of SiO2-clad and p-i-p–doped Si LSPCW with shallow-etched gratings.
(b) Perspective SEM view of LSPCW with the grating, taken after removing the top SiO2 cladding. (c) Top-view of the Si photonics chip die-bonded on an Al
block and wire-bonded to a printed circuit board with an attached input fiber. (d) Electrical characteristics of the p-i-p doped LSPCW. (e) Thermal image of LSPCW
heated at P = 1.3 W, which was observed by microscopic thermography.

lattice-shift of 95 nm was added to the third rows of the holes,

targeting the slow-light transmission window,∆λ= 23 nm, thus

exhibiting a nearly constant ng of ∼18, at λ of around 1,550 nm.

The gratings with a depth of ∼10 nm and a pitch that is twice

larger were formed so that the edge of each grating was located

between the two holes on the first rows. In finite-difference

time-domain simulations, such gratings exhibited an emission

rate of 100 dB/cm and a 60% upward emission (40% downward),

regardless of the direction of the light propagation. Further,

LSPCW was p-i-p-doped to heat the undoped core selectively

when the electric current flowed across the waveguide [17]. The

target concentration of p-doping was 1.05 × 1018 cm–3. The

width of the i region was set at 1.5 µm to ensure that the free-

carrier absorption loss in the slow-light mode was comparable

to the scattering loss of the fabricated LSPCW without doping,

i.e., 10–30 dB/cm, and much lowr than the target emission rate.

The length of LSPCW was 1.23 mm.

The complete view of the fabricated chip is shown in Fig. 1(c),

where 32 LSPCWs were integrated with a 80 µm pitch at the

center of the chip. This pitch included a large margin, and it

can ideally be reduced to 20 µm, considering the width of the

LSPCW (8.2 µm in total for 12 rows of holes on each side of

the waveguide channel) as well as that of Al wires and contacts.

Therefore, 128 LSPCWs can be integrated maximally without

margin for the same footprint. The chip was die-bonded to an Al

block and wire-bonded to a printed circuit board. An external

single-mode laser light of transverse-electric polarization was

coupled to a Si inverse-tapered spot-size converter at a facet

via a high ∆ core-shrunk polarization-maintaining fiber, which

was directly attached to the facet by an ultraviolet curing resin.

The light was launched on one of the 32 LSPCWs after passing

through either left or right side of a 1 × 32 Si-wire wave-

guide switch-tree. Both ends of LSPCWs were connected to the

switch-tree via low loss-tapered junctions [18]. The switch-tree
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was composed of 1 × 2 Mach–Zehnder switches, each driven

by a 100 µm long TiN TO heater. One of the two switch-trees

contained 31 switches, and two switch-trees were switched so

that the direction of the light propagation in LSPCWs was

changed in order to double the angular-range of beam scanning.

Therefore, the total number of TO heaters was 95 (32 for

LSPCWs and 63 for the switches). The size of the chip was

5.5 mm × 3.95 mm. This lateral size was not determined by

LSPCWs and the switches; it was determined by the footprint of

the electric pads. Employing flip-chip bonding, we could reduce

the chip-size to 3.5 mm × 3.5 mm. The π-phase–shift power

consumption of each switch was 15 mW. Only six switches were

operated simultaneously for the selection of one LSPCW and

one direction of the light propagation. Although excess power

was required to compensate for the initial phase-offset in each

switch, the total power consumption of the switch was no higher

than 200 mW, and the average value was < 100 mW.

Fig. 1(d) shows a typical current-voltage characteristic of the

p-i-p heater. Because of the partial reverse bias in this junction,

the threshold behavior appeared. The series resistance above

the threshold was 300 Ω. The operation was stable at a voltage

of V < 28 V or a heating power P < 2.1 W. Fig. 1(e) shows a

thermal image of LSPCWs, taken by microscopic thermography

(ViewOhre IMAGING, MCR32), when P of 1.3 W was injected

into LSPCW in a test element group (TEG) chip. Although the

absolute temperature was not precisely evaluated because of

the uncertain radiation coefficients of materials, we confirmed

the well-concentrated heating around LSPCW; the lateral heat

diffusion was distributed within ∼20 µm, which was narrower

than the 40 µm of the TiN heater of the switch that was buried

in the SiO2-cladding [16]. Because any one of the LSPCWs is

heated during the beam steering, this heat diffusion does not

matter, even when the LSPCW pitch is extremely reduced, as

mentioned above.

The collimator lens above the chip was also mounted on the

printed circuit board, as shown in Fig. 2(a). Light emitted from

LSPCW formed a fan beam, and that at any beam angle θ must

be converted into a spot-beam by this lens. For this purpose, a

simple cylindrical lens does not work; it works only at a certain

θ because the distance between the chip and lens and the focal

length of the lens vary inversely with θ. Additionally, the light

emitted from LSPCW disappeared at θ = 0° under Bragg’s

condition, thereby resulting in the blind angular range of beam

scanning. To solve these challenges, we developed a symmetric

prism lens, as shown in Fig. 2(a). The detail of its shape and

principle are contained in Ref. [19]. The lens was designed to

uniformly convert the fan beam of θ = 10°–30° to a spot beam

of < 0.1° divergence. An almost similar collimation was main-

tained even when LSPCW was slightly offset against the lens.

Therefore, it could be employed for lateral beam-steering in the

φ direction. Furthermore, the refraction at the prism converted

the range of θ = 10°–30° to θ′ = 0°–20°, which eliminated

the blind range and obtained continuous beam-scanning from

–20° to +20°, which was available by switching the direction of

the light propagation. We fabricated this lens with pedestals by

acrylic cutting and fix it to the Al block.

Fig. 2. (a) Total device view of the chip on board with a prism lens loaded.
(d) Experimental setup.

Fig. 2(b) shows the experimental setup for the evaluation of

the beam scanning. The emitted and collimated beams were first

observed by the microscope, which was equipped with optics for

the far-field pattern (FFP) observation and 1280 × 1,024 pixels

InGaAs camera (resolution, 0.0288°), that was placed above the

device. When the free-space beam was observed, the beam was

reflected by a 45° mirror. The TO heaters were driven by op-amps

controlled by a personal computer or field-programmable gate

array, through digital-analog converters. The onset time of this

circuit was 10 µs.

III. BEAM SCANNING

In this paper, we did not exhibit the λ-swept beam scanning of

the device because its details are already contained in Ref. [16].

The 1D TO beam scanning characteristics are summarized in

Fig. 3. The beam was first evaluated with the FFP microscope,

where λ was fixed at 1.58 µm, and the light was launched

on a LSPCW close to the center by controlling the switches.

When the LSPCW was heated, a slow drift of the beam, in

which the saturation time was longer than 3 s, was observed.

Therefore, we evaluated the spot after setting P and an adequate

waiting time. Figs. 3(a) and (b) show some spot patterns and

their profiles when P was changed in the range of 0–1.2 W and

when the direction of light propagation was switched. Fig. 3(c)

is the magnified image of one spot, indicated by the arrow in

Fig. 3(a). Figs. 3(d) and (e) summarize θ′s above the prism

lens, and the beam divergence, δθ′ and δφ (full-width at half



908 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 4, FEBRUARY 15, 2021

Fig. 3. Observation of 1D optical beam steering using TO effect. (a) FFP of steered beam at λ= 1.58 µm. (b) Normalized profile of the beam in (a). (c) Magnified
FFP image and profiles of the beam indicated by an arrow in (a). (d) Steering angle above the prism lens, θ′, for heating power P, where θ′ was changed from
minus to plus by switching the orientation of light propagation in the LSPCW. (e) Beam divergence for heating power. (f) Relative emission power and sidelobe
level measured for θ′.

maximum (FWHM)), as functions of P, respectively. The beam

was steered from –20° to +20° (the total steering range, ∆θ′ =

40°) with a power dependence of dθ′/dP ≈ 1.6°/W. Considering

the temperature-dependent refractive indices of materials, the

highest temperature increase for the maximum heating power

was estimated to be 300 K. The range θ′ = 0°–20° in one

direction of light propagation was determined by the range of θ

and the prism angle. The former was governed by the photonic

band-edge without heating, and the crosspoint of the SiO2 light

line and the waveguide band shifted with heating; thus, it was

slightly expanded by the heating, as compared with the λ-swept

scanning. The calculation of the photonic band suggested that θ

= 0°–32° was possible [17], although the emission disappeared

at θ = 0°, as already mentioned, and the beam divergence

and disordering increased gradually when θ approached 0°.

Therefore, we set λ at 1.58 µm, which was slightly shorter than

the band-edge wavelength, and employed θ= 10°–30° to obtain

θ′ = 0°–20°. However, θ′ = 0°–27° from θ = 5°–32° and ∆θ′

= 54° are obtainable potentially by redesigning the prism lens.

All the spots were well-collimated but the profile in Fig. 3(b)

at θ′ = 0° looks to be a slightly wider than the others. It was due

to the split peaks at P = 0 W before and after the switching of

directions. Their difference was ∼0.1°. As the guided mode was

mainly emitted near the input end of the waveguide, the main

emission area was shifted by the length of LSPCW (1.23 mm)

before and after the switching. The 0.1° difference suggested

slow nonuniformity over the chip. The angular dispersion dθ′/dλ

was 0.9°/nm, and the calculated dependence of the photonic

band wavelength on the hole diameter of the photonic crystal,

dλ/d(2r), was 1.6. Therefore, the above 0.1° difference corre-

sponds to a 0.07 nm error in 2r. Such a small error or its equiva-

lent in the thickness of the Si layer could occur, even accounting

for an average around each area. It could be suppressed by a more

advanced CMOS process with 300-mm-diameter SOI and ArF

exposure. Actually, we could fit the split peaks by shifting λ by

∼0.04 nm on the long wavelength side. Figs. 3(b) and (e) also

show the increased beam divergence and disordered profiles,

at θ′ = ±20°, of the highest P. Because it corresponds to the

light-line condition with almost a constant ng, such disordering

was not generally observed in the λ-swept scanning. It was

caused by a gradual drop in temperature near both ends of

LSPCW, where the strongest emission occurs. We confirmed in

a supplemental experiment for the TEG chip that the increased

beam divergence disappeared when 100-µm-long non-emissive

regions without gratings were arranged near the ends of LSPCW.

The average beam divergence δθ′ was 0.1° and the number of

resolution points evaluated from ∆θ/ δθ was 400. These values

were better than the λ-swept beam scanning in Ref. [16]. But it

was not owing to the TO tuning but just a better chip selected and

used in this study. They were maintained when another one of the

32 LSPCWs was selected for the φ-directional beam steering,

although it was difficult to evaluate all the spots separately under

the same conditions because of the slow thermal drift. Operating

all LSPCWs, we confirmed that the φ-directional steering range
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∆φ was 8.8°. Neglecting the irregular points, which exhibited

the disordered profiles, we roughly estimated the number of

resolution points in the 2D scanning to be 400 × 32 = 12,800.

As the resolution points in the φ direction is simply determined

by the number of LSPCWs, it will be increased up to 128 for

the maximum filling of the LSPCWs.

Fig. 3(f) shows the peak intensity fluctuations and side lobe

level. The fluctuation was caused by the interference between

upward and downward emission inside the device. Further

optimization is necessary for the grating structure to enhance

the upward emission ratio. The side lobe level ranged from –11.5

dB to –3.7 dB of the peak intensity, except at ±20° close to the

band-edge condition. The light emission decays exponentially

along the LSPCW, for which the corresponding FFP is

Lorentzian with no side lobes when the LSPCW is sufficiently

long. Therefore, the observed side lobe was caused by the

nonuniform local scattering. It was particularly enhanced by

voids inside the SiO2 cladding; we observed such voids formed

inside or above the holes of LSPCW. Their size and position

were sensitive to the SiO2 deposition process, and large voids

severely disordered the beam and increased the side lobe level.

Their size was minimized in the present device, but we expect

a lower side lobe level by completely eliminating the voids.

IV. FREE SPACE BEAM TRANSMISSION

Thereafter, we tested the free-space beam transmission. Ne-

glecting the intensity fluctuation in Fig. 3(f), the insertion loss

from the fiber to the free-space beam was estimated to be 13

dB, at the lowest, including (i) 3 dB for the fiber coupling, (ii)

1.7 dB for the propagation loss of the Si wire, (iii) 1.8 dB for the

switch tree, (iv) 0.5 dB for the Si wire and LSPCW coupling, (v)

2 dB for the propagation loss of LSPCW, (vi) 2 dB for downward

emission, and (vii) 2 dB for the light extraction and collimation.

Regarding (i)–(iv), we expected the reduction by > 4.5 dB by

employing a more advanced CMOS process and design, which

resulted in a total loss of < 9 dB. Regarding (v)–(vii), more

designs for optimization may be required. Only the essential

loss was expected to be the absorption loss of < 2 dB due to the

p-i-p doping.

Fig. 4 shows the observation of the continuous 2D scanning

of the free-space beam. Here, a semi-transparent screen was

placed in front of the device at a 90 cm distance, and the spot

profile was observed by an InGaAs camera from behind. To

avoid the thermal drift, which depended on P, we observed the

dynamic raster scanning at a duration of 2–10 s for each line

(1–5 min for 32 lines in a frame), so that the camera could

capture it almost clearly. Fig. 4(b) shows the image, produced

by overlaying the taken video frames. From this, the scanning

range, ∆θ = 40° and ∆φ = 8.8°, were confirmed. The center

gap was caused by the aforementioned split peaks at P = 0 W.

It could be compensated for by optimizing λ and calibrating the

range of P for each LSPCW. The maximum and average power

consumption were 1.2 and 0.6 W, respectively. Even adding that

for the switches, the average power consumption was no higher

than 0.7 W.

Fig. 4. Demonstration of dynamic 2D beam steering. (a) Experimental setup.
Device was placed on the back side of the screen with a distance of 90 cm. The
beam emitted and irradiated on the screen was observed by InGaAs camera on
the front. (b) Overlaid spots on the screen, which were taken from video frames
of real time beam steering.

V. RESPONSE SPEED

To evaluate the response speed, we launched light on one

LSPCW and repeated the 1D scanning with a sinusoidal voltage

from a function generator at the frequency f after amplification.

A large swing, 6.7–22.3 V, and a small swing, 14.3–15.7 V,

demonstrated almost the same frequency responses after the

normalization. Therefore, only the results for the large swing

are shown in Fig. 5. The difference between those at f = 1 and

10 Hz was due to the slow drift. At f > 10 Hz, the response

became almost flat up to 10 kHz, and thereafter dropped to half

at fc = 70 kHz. Assuming the exponential thermal response, the

corresponding time constant is 2.3 µs and the 90% onset time

is 5.0 µs. Adding the onset time of the utilized driver circuit,

the total onset time became 15 µs. This potentially achieves

the scanning of the above resolution points within 0.192 s, thus

implying a frame-rate of 5.2 fps (10 µs order onset time of the

MZ switches was negligible in the frame). If the response of

the driver circuit is improved so that its onset time also becomes

negligible, the frame-rate will be > 15 fps. Regarding the device

response, we previously measured fc ≈ 100 kHz in a similar

p-i-p-doped LSPCW [17], for which the onset time of 3.5 µs and

a frame-rate of > 20 fps were expected. In that experiment, the

chip was not die-bonded and the electrical contact was conducted

by a probe instead of the wire-bonding. This suggested that there

were still rooms for optimization in the chip and the surrounding

elements toward high-speed thermal response.
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Fig. 5. Response speed. (a) FFP of the continuously steered beam, at different frequencies. (b) Frequency response, evaluated from (a).

VI. DISCUSSION

Let us compare the TO beam steering with λ-swept one. The

beam quality isalmost the same. Important advantages of the

TO steering are that it allows to use a simpler laser source and

achieves a high speed. A standard distributed feedback laser

diode can be used at a fixed λ, although λ must be tuned to the

photonic band-edge in advance. Once it is tuned, the relation

between λ and band-edge does not change so severely with the

environmental temperature when the laser and device are con-

tained on the same carrier because the temperature dependence

of such singlemode lasers and Si photonics components are sim-

ilar. Regarding the speed, it is difficult to obtain >10 kHz order

response with maintaining high coherence in λ-swept lasers.

Using the TO eliminates these constraints with a reasonable

average power consumption of 0.7 W. A concern may be the

instability for high temperature operation. For highest ∆T ≈

300 K in this type of device, we observed no degradations for

50 h continuous operation. The ∆θ can be extended to ±27°

potentially, for which the corresponding ∆T is estimated to be

400 K. We also tested at this temperature and confirmed the

similar stability. Therefore, this ∆θ will become available by

improving the beam quality.

Next, we compare the device with OPAs. The full flatness

is a significant appeal point of OPAs, and our device with the

prism lens lost it. The size and focal length of this lens can

be reduced in analogous shape but the uniform collimation for

different θ is degraded gradually. Further optimization of the

design is necessary to moderately suppress this degradation. We

wonder if the prism lens can be replaced with some full-flat

optics such as metalenses. But even with the current lens, the

total space required is no larger than 40 mm × 40 mm × 10 mm,

which is already compact as a beam scanner. A merit of using

the lens is a beam aperture simply enlarged by the lens. The

large aperture is crucial particularly when the device is used

for the reception of returned light in LiDAR. In OPAs, it is

only possible by enlarging the device size on a chip, resulting

in a high cost. The post control of the beam profile is another

advantage of OPAs, although it needs the complicated phase

tuning. The beam quality of our device is simply determined

by the device quality. But we obtained δθ = 0.1° and the large

number of resolution points in the device fabricated by generic

CMOS process. We consider it to be attributed to the simple

grating structure, and expect the significant improvement when

a more advanced CMOS process is employed and the voids, as

mentioned in Section III, are completely eliminated. Regarding

the speed, our device is superior to the combination of the λ-

sweep and 1D OPA. Comparable or even higher speeds may be

achievable in 2D OPAs by employing the TO effect or much

faster carrier plasma dispersion for the phase control, while 2D

OPAs are not suitable for the reception in LiDAR because of a

low filling ratio of optical antennas in an effective chip area. The

insertion loss is a common problem for these devices and most

Si photonics devices as well. But, as their major components

depend on the fabrication process, they will be reduced by further

optimizations.

Finally, we discuss a point to be noted when our device

is applied to frequency-modulated continuous-wave (FMCW)

LiDAR. Most commercial LiDARs employ time-of-flight (TOF)

method, in which the range information is acquired from the

delay of round-trip optical pulses. However, it is difficult to

apply this type to Si photonics, because of the two-photon

absorption problem for watt-class high-power pulses in TOF

LiDARs. The FMCW LiDAR does not need such high powers

but a complicated photonic circuit instead, which is suitable for

Si photonics. In FMCW LiDARs, frequency-swept light is used

for ranging, and this results in an angular shift of the beam in

our device. As the angular dispersion of our device was 0.9°/nm
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( = 0.0075°/GHz), the frequency-swept bandwidths of 1.5 and

15 GHz (corresponding range resolution of 100 and 10 mm)

give 0.01° and 0.1°, respectively. The former may be negligible,

but the latter is comparable to one resolution point and must

be suppressed. One idea for this is to use the combination of

linear TO beam steering and sawtooth frequency shift. By setting

their speeds appropriately, the beam shift is compensated and the

step-like beam steering, suitable for LiDAR, is obtained.

VII. CONCLUSION

We demonstrated the nonmechanical solid-state beam scanner

based on the Si LSPCW slow-light waveguides and MZ switch

trees, which were completely facilitated by the TO effect. It

exhibited an angular range of 40° × 8.8°. Neglecting some of

the points, which exhibited disordered spot profiles, the beam

divergence was 0.1°, and the corresponding resolution points

were 400 × 32 = 12,800. The response speed of this device was

70 kHz, for which the onset time was 5.0 µs. If the response

of the driver is fast enough, we could expect a frame-rate of

15 fps. The estimated insertion loss was 13 dB, at the lowest.

Its reduction as well as the improved uniformity for efficient

and high quality beam scanning are crucial issues toward the

practical applications.
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