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Abstract: The optical power handling of an OPA scanning beam determines its targeted
detection distance. So far, a limited number of investigations have been conducted on the
restriction of the beam power. To the best of our knowledge, we for the first time in this paper
explore the ability of the silicon photonics based OPA circuit for the high power application. A
64-channel SiN-Si based one-dimensional (1D) OPA chip has been designed to handle high beam
power to achieve large scanning range. The chip was fabricated on the standard silicon photonics
platform. The main lobe power of our chip can reach 720 mW and its peak side-lobe level (PSLL)
is -10.33 dB. We obtain a wide scanning range of 110° in the horizontal direction at 1550 nm
wavelength, with a compressed longitudinal divergence angle of each scanning beam of 0.02°.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Light Detection and Ranging (LiDAR) is widely applied in ranging, imaging, atmospheric
environment detection, three-dimensional vision, autonomous vehicles and more. Integrated
optical phased array (OPA) [1-8] is a promising solution of solid-state LiDAR because of its
high integration, compact footprint, low cost and compatibility with CMOS technology [9].
It has successfully achieved chip-level target detection [10-12], imaging [13—17] and optical
communication [12,18,19].

Most OPAs are silicon-based [2,5,20-23], for which the major concern has been on the
scanning features but without much attention to their detection ranging performance. When OPA
is applied to target detection, its performance is often affected by the power of the light beam.
Higher optical power means higher signal-to-noise ratio, stronger robustness against noise factors,
and longer maximum range [24,25]. However, silicon suffers from two photon absorption and
free carrier absorption, which makes it unable to handle very high power, as shown by Poulton et
al., which measured only ImW beam power using silicon-based OPA chip [18]. Compared with
Si, SiN does not have the nonlinear absorption and it can also be integrated onto SOI platforms.
Therefore, it has been considered as a promising alternative to silicon. Some demonstration of
SiN OPAs have been shown recently [7,26—-29]. However, so far, other than [29] reported the
observation of 400 mW main beam power of the SiN OPA, there is no others reported the power
performance.
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In this work, a high-power and large-range SiN-Si-based OPA is demonstrated. Silicon nitride
is used instead of silicon to transmit light owning to its high-power handling capability. We
also conduct a detailed investigation of the laser damage threshold of Si and plasma-enhanced
chemical vapor deposition (PECVD) SiN waveguides of our chip. We explore the OPA’s ability
to withstand high power and the key factor that determines the main lobe power for the first
time. The maximum peak power reaches 720 mW, which is, to the best of our knowledge, the
maximum power of OPA main lobe ever reported. We show the demonstration of a 64-channel
OPA with sub-wavelength spacing. The demonstration shows a wide scanning range of 110°
(= 55°) and the peak side-lobe level (PSLL) of -10.33 dB at operation wavelength of 1550 nm.
Additionally, by using an oft-chip lens, we compress the longitudinal divergence angle of the 1D
OPA chip from 32° to 0.02°.

2. Investigation of laser damage of optical waveguides
2.1.  Si Waveguide

In order to investigate the laser damage threshold of the Si waveguides, we input pulsed laser light
with the 10 ns pulse width and the 100 kHz repetition rate. The coupling loss and transmission
loss of silicon waveguide under pulse light are measured by using cutback method. In general,
the propagation of photons in waveguides can be simply described by:

Py = Pyl exp(—La) (1)

where P;, is the input laser power and P,,; is the output power, I'= I'sy [ou, 'in and oy are
respectively the input and output coupling efficiency between the lensed fiber and the on-chip
spot-size converter (SSC). The SSC used in our experiment is an adiabatic waveguide of 200 um
in length with the width tapering from 0.2 pm to 0.5 um. L is the length of the waveguide. In this
experiment, the waveguide is 500 nm in width and 220 nm in thickness. @ = 2kon; is the average
absorption coefficient of the waveguide, kg is the wave vector, n; = % fOL ni(z)dz is the imaginary
part of the average effective index of the waveguide. Taking logarithm of Eq. (1), we obtained:

P()u —
L = 10(1gT) - 101g(e)La )
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& P

We measure five Si waveguides with lengths of 0.30 cm, 0.38 cm, 0.46 cm, 0.54 cm and 0.62
cm, respectively. The laser wavelength is 1550 nm, and the peak power of the pulsed laser is in the
range of 0 ~ 2.2 W. The output pulse peak power of five waveguides is shown in Fig. 1(a). When
the peak power is small, the output power is linear with the input. When the pulse peak power
increases, the output power first increases, and reaches the maximum at the input peak power of
~390 mW and then drops. In the case of the same input pulse power, the output peak power of the
five waveguides shows a strong linear relationship with the waveguide length. Figure 1(b) shows
the total insertion loss in the cases indicated by the five black arrows in Fig. 1(a). It is consistent
with the linear relationship described in Eq. (2). Figures 1(c) and 1(d) show the coupling loss
and propagation loss obtained by linear fitting, respectively. They are strongly dependent on the
peak power of the pulse laser. Coupling loss is the corresponding value when L=0 in Eq. (2),
the propagation loss is 101g(e)a in Eq. (2). When the pulse peak power is very small, the total
coupling loss is ~5dB, which is equivalent to about 2.5 dB/facet, and the propagation loss is about
1.7 dB/cm. The result is close to the 1.9 dB/cm and 1.7 dB/cm measured by a DC low power laser.
After that, the coupling loss and propagation loss increase with the increase of pulse peak power,
which is due to two-photon absorption and the carrier absorption. Figure 1(d) shows that when
the peak power is less than 0.5 W, the transmission loss increases quickly, which is dominated by
the two photon absorption in silicon. However, when the power continues to increase, the carriers
play a leading role. On the one hand, the carriers have a certain inhibition on the two-photon
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absorption. On the other hand, the carriers have an absorption effect on photons. In this case, as
the laser power increases, the propagation loss shows saturation. In the coupling loss in Fig. 1(c),
a 200 um tapered waveguide is considered, so there is also a two-photon absorption component.
However, we believe that the mode field distribution of lensed fiber emission becomes wider
under high laser power, which leads to serious mode mismatch.
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Fig. 1. Before the Si waveguide is damaged by high power, its power transfer situation. (a)
The change trend of the output power with input peak power. (b) The relationship between
the total insertion loss and the length of the Si waveguide under different input power. (c)
Coupling loss between the lensed fiber and waveguide under different pulse peak power. (d)
The average propagation loss of Si waveguide under different pulse peak power.

We keep on increasing the peak power, observe the Si waveguide until it is damaged. Record
the tipping point at this time, which is the damage threshold of the waveguide. We totally
tested 22 Si waveguides, the survival rate of the waveguides under different peak powers (The
proportion of waveguides survived under the condition of less than the input peak power, the
coupling loss has not been considered) is shown in Fig. 2, the inset illustrates a typical picture of
the damaged waveguide. We can conclude that the damage threshold range of Si waveguide is
very small, ranging from 2.08 to 2.83 W. According to the fitting curve, when the input peak
power Si waveguide is less than 2.15 W, upon which the survival rate of the waveguides can
reach 90%. We define this peak power as the damage threshold of the Si waveguide. It can be
concluded from Fig. 2 and Fig. 1(a) that the peak power that Si can withstand is relatively small,
and the nonlinearity restricts the maximum power which the Si waveguide can transmit, therefore,
it also prohibits it from being applicable when dealing with the high optical power.

2.2. PECVD SiN waveguide

Compared with Si, SiN has no nonlinear absorption and can withstand higher power. We use
the above-mentioned method to investigate its laser damage threshold. We have tested total 48
PECVD SiN waveguides with the width of 1.5 pm and thickness of 400 nm. The pulse width of
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Fig. 2. Survival rate of Si under different input peak power.

the laser is also set at 10 ns with the repetition rate of 100 kHz. The measured result and the fitted
are shown in Fig. 3, in which the inset shows the typical damaged waveguide. According to the
fitted, we can derive that when the input peak power of SiN is kept less than 35 W, the survival
rate of SiN waveguides can be as high as 90%. Therefore, we can define laser damage threshold
of SiN waveguide is 35 W. It is worth noting that, the damage power SiN exhibits a wide range
from 11.6 to 285 W compared with the previous silicon waveguide. When the peak power in SiN
is less than 88 W, 80% of the SiN waveguide is still stable without damage. This demonstrates
that most of SiN waveguide can withstand higher power even beyond its defined threshold.
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Fig. 3. Survival rate of PECVD SiN under different input peak power.

We have investigated the damage threshold of Si and PECVD SiN waveguides. It can be
seen that Si waveguides not only have the lower damage threshold of 2.15 W, but also limit the
transmitted power due to the nonlinearity. For SiN waveguides fabricated by PECVD, they have
higher damage threshold (as high as 35 W or even higher). Therefore arguably, PECVD SiN
waveguides are more suitable for transmitting higher optical power in OPA chips. Considering
the steering of OPA, phase-shifting can be implemented in Si using TO effects, whereas in SiN
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the TO efficiency has about one order of magnitude lower power efficiency than in Si [30,31], so
we still use Si waveguides in the phase modulation part to achieve optimized beam steering.

3. Fabrication and Experimentation
3.1. Design and fabrication of OPA

The principle of the optical phased array is similar to the multi-slit interference. For the equidistant
optical phased array, its scanning range can be obtained by:

Orange = 2 arcsin(0.51/d) 3)

It can be seen that the scanning range is determined by the waveguide spacing. Figure 4 shows
the far-field and the extracted intensity distribution of a 64-channel OPA with the waveguide
spacing of 5 um. The grating lobes appear at +18°, which causes the OPA scanning range to be
+9°, when the OPA steers to 10°, another grating lobe with a little higher intensity appears on the
left side and they will become indistinguishable. Obviously, the scanning range of uniform OPA
with large spacing is limited by grating lobes. To achieve 180° degree omnidirectional beam
steering, the distance between emitters should be half of the wavelength. However, when the
distance between waveguides is close, the crosstalk between waveguides must be considered [32].
Simulate the power transmission in equidistant waveguides using FDTD algorithm, as shown in
Fig. 5(a), the 12 waveguides have same width of 400 nm and the spacing of 775 nm. Light is
incident from the seventh waveguide. The simulation result indicates strong crosstalk between
these waveguides, which will eventually lead to non-ideal scanning beam. Many OPAs adopt
aperiodic waveguide arrangement with large spacing, which can redistribute the grating lobe
power to different positions. Although decreasing the grating lobe power, the signal-to-noise
ratio of the scanning beam is sacrificed [23,33,34]. In view of the above disadvantages of large
spacing and aperiodic OPA, in this paper, we adopt phase mismatched unequal width waveguide
distribution [35]. The waveguide widths are 325 nm, 400 nm, 350 nm, 300 nm and 375 nm
respectively, and repeated in this order. We simulated 12 waveguides, light is incident from the
300 nm waveguide, as shown in Fig. 5(b). It can be clearly concluded that when the spacing
is also 775 nm, its power can propagate in its own waveguide avoiding crosstalk with other
waveguides. This structure not only meets the requirement of large scanning range OPA, but also
avoids the crosstalk between waveguides.
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Fig. 4. (a) Far-field of the large spacing OPA. (b) Gray distribution of the steering beams.

Based on the above simulation results, we design and fabricate a 64-channel OPA chip with
half wavelength waveguide spacing using standard silicon photonics integration process in AMF,
Singapore [36]. The schematic of SiN-Si optical phased array is shown in Fig. 6(a). Due to the
high damage threshold of the SiN waveguide, both the incident optical waveguide and Y splitting
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Fig. 5. In the case of sub-wavelength spacing, the power coupling of 12 waveguides. (a)

The widths of the waveguide are all 400 nm. (b) The widths of the waveguide are 325 nm,
400 nm, 350 nm, 300 nm and 375 nm respectively.

are performed by SiN waveguides. The Si waveguides are used for thermo-optical modulation
and output array. Figure 6(b) shows the optical microscope image of the chip. Figure 6(e) shows
the SiN to Si coupling area. The distance between the Si waveguides in this area is 5 um, the high
resistivity heating metal TiN is placed above each Si waveguide to achieve individual control of
the phase, as shown in Fig. 6(c). The middle section is the common GND. Figure 6(d) shows
the OPA light emitting array. The Si waveguide spacing at the area is reduced to 775 nm, and
the waveguide widths are designed according to the above simulation results. In all designs, the
width of the waveguide at the final end is reduced to 200 nm.
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Fig. 6. (a) Schematic diagram of SiN-Si optical phased array chip. (b) Optical microscope
picture of SiN-Si optical phased array chip. (c) Phase modulation area. (d) Silicon waveguide
light emitting array. (e) SiN-Si coupling area.
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3.2. Experimentation

Figure 7(a) shows the block diagram of the experimental system. Figure 7(b) is the actual
characterization setup, using a 1550 nm laser with the electric field transversely polarized as
the incident light. The OPA chip is electric-wire bonded to a PCB board which connects to a
64-channel voltage source. The far-field observation screen is positioned Scm away from the chip.
The scale is labelled on the observation screen to calibrate the steering angle, and the infrared
camera is used to collect the far-field image and send it to the upper computer. The working
process of the upper computer, infrared camera and voltage source is: the upper computer extracts
the far-field distribution of the infrared camera under one voltage state, compares it with the
ideal distribution pre-defined in the computer, and calculates the similarity between them. After
scanning the voltage value for one round, select the voltage value corresponding to the most ideal
far-field condition and keep it. Each waveguide repeats the same process until the scanning beam
that is closest to the ideal distribution is observed.
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Fig. 7. (a) The block diagram of the experimental system. (b) The actual characterization
setup.

In order to obtain the clear far-field beams at all angles, we took the chip as the center and
rotated the chip by +10, 20, 30, 40, 50 and 55 degrees respectively. At this time, the scanning
beams corresponding to the above angles point to the center of the screen, which is equivalent
to taking the chip as the center and rotating the screen and camera to collect the far-field beam.
Figure 8(a) shows the initial far-field and the scanning beams calibrated by the experimental
system of the OPA. In the initial state, there are many obvious side lobes and the far-field main
lobe is not prominent. This is due to that the phase of the light in the 64 waveguides are not
aligned after passing through the respective waveguides. After the phase calibration of upper
computer and 64-channel voltage source, clear scanning beams can be obtained. Figure 8(b)
shows the extracted intensity distribution of different scanning beams. The intensity is normalized
based on the 0° beam. We experimentally achieve a +£55° field of view less than the theoretical
+90°, which is due to the narrow-angle emission from the individual waveguide with the width
of 200 nm. As plotted in Fig. 8(c), the peak side lobe level (PSLL) of the 0° scanning beam can
reach -10.33 dB. The divergence of 0° and 55° scanning beams are 1.69° and 2.9° separately.
They can be compressed by increasing the number of waveguides. When the above 11 angle
positions are calibrated, the averaged electric power required for each steering is 1.23W. The
main lobe power is measured by focusing the main lobe beam with a Plano-Convex Cylindrical
Lens LJ1328L.2-C from Thorlabs, when the incident power is 0.89 mW, we can get main lobe
with 37 uW optical power, and the total loss is about 13.8 dB of our OPA chip. This total loss
includes the fiber-to-chip coupling loss of 1.8 dB, the Y splitter network loss of approximately 2
dB, SiN-Si loss of about 0.2 dB, the loss induced by the lens of about 0.5 dB, and the loss from
the side lobe of 9.3 dB.
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Fig. 8. (a) Far-field of the OPA. (b) Gray distribution of scanning beams. (c) PSLL of 0°
beam. (d) The variation trend of main lobe power with the input.

We measure the main lobe power by replacing the light source with a pulsed laser with pulse
width of 10 ns, repetition rate of 100 kHz and its peak power increases from 3.8 W to 43 W.
As plotted in the Fig. 8(d), when the input peak power of pulse is 24 W, the main lobe peak
power reaches the maximum of about 720 mW. This ultra-high power is nearly twice higher
in power than the existing demonstration in [29]. The results show that because of the SiN
waveguide at the incident end, our SiN-Si-based OPA can withstand high power of 43 W, and the
maximum power of the main lobe does not increase linearly with the input power as it is limited
by the nonlinearity of the Si waveguide. When the light transmitted to Si waveguide reaches its
threshold, it will suffer from the nonlinear effect, while the OPA main lobe power reaches the
peak value. If we continue to increase the input power, the main lobe power will decrease.

4. Compression of longitudinal beam

For 1D scanning OPA, the divergence angle of the beam in the horizontal direction is determined
by the OPA’s aperture size; in the longitudinal direction, it is determined by the thickness of the
waveguide. In this end-fire OPA, the waveguide thickness we used is 0.22 um, and the measured
far-field emission angle is 32 degree. In order to compress the longitudinal divergence angle of
the far-field beam and increase the laser power to increase the measurement distance, we use the
converging characteristics of the convex lens to compress the longitudinal divergence of our OPA
chip. We use the Plano-Convex Cylindrical Lens LJ1328L.2-C from Thorlabs. When the laser
wavelength is 1550 nm, the simulated back focal length is 17.2 mm, by ZEMAX. Figure 9(a)
shows the schematic of the experimental system for compressing longitudinal beams. The chip is
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placed above the rotation stage, and the rotation angle of the stage is controlled by the controller.
Initially, the chip is at O degree, and the Plano-Convex Cylindrical Lens is placed 17 mm in
front of the chip, which is fixed by the Kinematic Mount. We put the observation screen at 3
meters away. Figure 9(b) shows the original beam and compressed beam, Fig. 9(c) extracts
the longitudinal beam intensity distribution from the position of the red line, it shows that the
longitudinal divergence of the 0° beam of the chip is compressed from 32° (the original beam is
observed at 10 cm away) to only 0.02°, indicating the longitudinal size of the beam is greatly
reduced. In order to measure the compression of the lens for scanning beams at other angles,
the chip is rotated by 10°, 20°, 30°, 40°, 50°, 55°, so that the scanning beams at these angles
are incident forward to the lens. Figure 9(d) shows the top view of the experimental system and
Fig. 9(e) demonstrates the compressed scanning beams of different angles, and their longitudinal
intensity distribution is plotted in Fig. 9(f), it shows that the longitudinal divergence of the
other beams are also successfully reduced to 0.02°. In a practical application, a laterally curved
cylindrical lens can be used, so that all beams are at the focal position, so as to avoid rotating the
lens when compressing beams of different angles.
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Fig. 9. (a) The characterization setup. (b) The original beam and compressed beam. (c)
The longitudinal intensity distribution at the position of the red line of 0° beam. (d) The
characterization setup for other scanning beams. (e) The longitudinal compression of other
steering beams. (f) The longitudinal beam intensity distribution of other compressed steering
beams.

5. Conclusion

In this paper, we investigated the laser power damage threshold of Si and PECVD SiN waveguide.
We explored the power of our 64-channel SiN-Si-OPA chip’s main lobe, whose peak power
can reach as high as 720 mW when the input pulsed laser peak power of 24 W with 10 ns and
100 kHz, which allows for long-range propagation. We conclude that the power of the OPA is
limited by the nonlinearity of the Si waveguide at the emitting end, so the main lobe power can
be optimized by expanding the number of OPA channels. The phase mismatched waveguide
distribution makes the scanning range of the chip up to 110°. For further improvement of the
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scanning range, we can optimize the waveguide width at end for example to 400 nm. At the same
time, the longitudinal divergence of the 1D scanning beam is compressed to 0.02° by using the
off-chip convex lens, which verifies the feasibility of compressing the longitudinal beam of the
1D OPA, and lays an experimental foundation for the future on-chip integrated lens in 1D chip.
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