Vol. 42, No. 1 / January 1 2017 / Optics Letters 21

Optics Letters

Large-scale silicon nitride nanophotonic phased
arrays at infrared and visible wavelengths

CHRisToPHER V. PouLtoN,"* MATTHEW J. BYRD,' MANAN RAvAL,' ZHAN Su,' Nanxi Li,'?
ErMAN TiMURDOGAN,' DoucLas CooLBAUGH,® DIEDRIK VERMEULEN,' AND MicHAEL R. WATTS'

"Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2John A. Paulson School of Engineering and Applied Science, Harvard University, Cambridge, Massachusetts 02138, USA
3College of Nanoscale Science and Engineering, University at Albany, Albany, New York 12203, USA

*Corresponding author: cpoulton@mit.edu

Received 17 October 2016; revised 25 November 2016; accepted 27 November 2016; posted 28 November 2016 (Doc. ID 275446);

published 20 December 2016

We demonstrate passive large-scale nanophotonic phased
arrays in a CMOS-compatible silicon photonic platform.
Silicon nitride waveguides are used to allow for higher input
power and lower phase variation compared to asilicon-based
distribution network. A phased array at an infrared
wavelength of 1550 nm is demonstrated with an ultra-
large aperture size of 4 mm x 4 mm, achieving a record
small and near diffraction-limited spot size of 0.021° x
0.021° with a side lobe suppression of 10 dB. A main beam
power of 400 mW is observed. Using the same silicon nitride
platform and phased array architecture, we also demon-
strate, to the best of our knowledge, the first large-aperture
visible nanophotonic phased array at 635 nm with an
aperture size of 0.5 mm x 0.5 mm and a spot size of
0.064° x 0.074°.  © 2016 Optical Society of America

OCIS codes: (130.3120) Integrated optics devices; (250.5300)
Photonic integrated circuits; (280.3640) Lidar.
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Nanophotonic optical phased arrays have gained great interest
in the last decade for applications such as LIDAR, free-space
communication [1,2], image projection [3], and holographic
displays [4]. Implementations in a custom silicon photonics
platform [5], monolithically integrated electronics and photon-
ics CMOS platform [6], a III-V hybrid platform [7], and within
InP [8] have all been explored. Long-range power transmission
for LIDAR or data-communication systems require beams from
phased arrays to have a small diffraction angle, i.c., far field spot
size, and high power. The former can be addressed with a larger
aperture size and [9] has demonstrated a spot size of 0.14° x
0.14° at a wavelength of ~1300 nm. The latter can be achieved
with a higher input power on-chip. However, the nonlinearity-
induced phase changes and material loss in silicon further limit
the scalability and power output of silicon-based phased arrays.

Silicon nitride on silicon technology [10] has recently be-
come a useful platform for silicon photonics, incorporating
low-loss and fabrication-tolerant silicon nitride waveguides,
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silicon or germanium-based active components [1112], and
rare-carth-ion-based optical amplifiers and lasers [13,14]. The
low nonlinearity of silicon nitride [15] allows for the propagation
of high guided optical power density [16], making it an
ideal material for on-chip high-power distribution networks.
Furthermore, silicon nitride waveguides have less fabrication-
induced phase variation than silicon waveguides because of their
lower index contrast which is beneficial for further scaling up the
aperture size of a phased array. In addition, silicon nitride is also
transparent at visible wavelengths [17,18], which enables poten-
tial applications of phased arrays in bathymetric LIDAR [19],
optical trapping [20,21], and holography [4,22]. However, to
the best of our knowledge, no large-scale silicon-nitride-based
nanophotonic phased arrays have been demonstrated.

In this Letter, large-scale passive silicon-nitride-based optical
phased arrays at infrared (IR) and visible wavelengths are
demonstrated. Silicon nitride is used instead of silicon for its
capability to handle high optical power and robustness to
fabrication-induced phase variation. The demonstrated IR phased
array operates ata wavelength of 1550 nm and has 1024 antennas,
resulting in a 4 mm x 4 mm aperture size. To the best of our
knowledge, this is the largest aperture nanophotonic phased array
demonstrated to date and is an order of magnitude larger than
prior demonstrated phased arrays [9]. This array is shown to
be near diffraction-limited with a full width at half-maximum
(FWHM) spot size 0of 0.021° x 0.021°. Due to the low nonlinear-
ities of silicon nitride, we were able to transmit a 400 mW
main beam with no noticeable nonlinearity-induced beam aber-
rations. In addition, with the transparency of silicon nitride at vis-
ible wavelengths, using the same fabrication process and design
architecture, a phased array at a red wavelength of 635 nm was
also demonstrated with an aperture size of 0.5 x 0.5 mm. To
the best of our knowledge, this is the first large-aperture visible
phased array and represents the first large-scale demonstration
of “silicon photonics” within the visible spectrum.

A photograph of the demonstrated IR phased array is shown
in Fig. 1(a). The phased array was fabricated at the CNSE in
the SUNY Polytechnic Institute on a 300 mm silicon wafer
with a 6 pm buried oxide using 193 nm immersion lithography.
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Fig. 1. (a) Photograph of the 4 mm x 4 mm IR phased array after
fabrication. (b) Element factor of the antenna. (c) SEM image of the
last stage of the splitter tree and antennas.

A 200 nm thick silicon nitride layer was deposited using a
plasma-enhanced chemical vapor deposition process. The index
of the silicon nitride film is 1.95. To couple 1550 nm light onto
the chip, an on-chip inverse-taper edge coupler was designed to
be matched with a 6.5 pm diameter mode from a lensed fiber.
The phased array utilizes a binary tree distribution network of
cascaded 1 x 2 multi-mode interference (MMI) splitters in
order to distribute the input light to the antennas. Cascaded
1 x 2 splitters inherently result in a uniform amplitude and
phase distribution to the antennas without any active tuning
or passive delay lines.

Since the 1 x 2 splitter is cascaded for many stages, the
efficiency of the splitter is an important figure of merit. A rel-
atively large, highly efficient MMI splitter was designed for the
beginning stages. However, due to the small pitch of the anten-
nas (~4 pm), a smaller MMI splitter was required for the
last stage of the tree to minimize evanescent crosstalk. Both
MMI splitters were designed rigorously with finite-difference
time-domain (FDTD) simulations. The larger MMI splitter
consists of a 28.7 pmx7 pm multi-mode region with
2.5 pm wide waveguide inputs and outputs. FDTD simulations
of the larger MMI splitter design show a 0.04 dB insertion loss at
the design wavelength of 1550 nm and a 0.1 dB bandwidth of
over 100 nm showing the capability for a broadband distribution
network. Utilizing an unbalanced tree, the insertion loss at
1550 nm is measured to be less than 0.1 dB. The smaller
MMI splitter in the last stage of the tree is a 16 pm x 5 pm
multi-mode region with 1.5 pm wide waveguide inputs and out-
puts. The simulated and measured insertion losses of this device
are 0.27 and 0.35 dB, respectively.

The binary tree distribution network of the device pictured
in Fig. 1(a) has 10 MMI splitter tree stages, giving a total count
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of 1024 antennas. The pitch of the antennas after the tree was
4 pm in order to minimize coupling between elements while
maintaining a tight spacing. The uniform 4 pm pitch produces
grating lobes at £23° and £51°. The reduction of this pitch is
limited by evanescent coupling between antenna elements. The
antenna was created by fabricating uniform inward symmetric
70 nm perturbations in the 1.5 pm wide waveguide. The an-
tenna was designed to emit near 0° (perpendicular to the chip)
in the antenna dimension at an input wavelength of 1550 nm.
Antennas with a length of 4 mm were designed, giving a total
phased array aperture of 4 mm x 4 mm. Figure 1(b) shows the
element factor of the antenna. A scanning electron microscope
(SEM) image of a portion of the last stage of the splitter tree
and the antennas in a similar device is shown in Fig. 1(c).
Light at 1550 nm was input into the device with a 6.5 pm
spot diameter lensed fiber. Figure 2(a) shows the resulting main
beam on an IR card, and Fig. 2(b) shows an InGaAs IR camera
image when the camera is directly placed in the path of the
main beam at 0.05 m from the phased array. The main beam
is clean with no noticeable light on the side which indicates that
the binary tree distribution network has minimal phase varia-
tion. Here, the beam is relatively square because it has only
propagated a short distance. The Fraunhofer distance of this
array is 20 m so a sinc distribution is not expected at this dis-
tance. After a propagation distance of 10 m, the beam closer
represents a sinc function [Fig. 2(c)]. Even after a propagation
of 10 m, the beam has not increased greatly in size due to the
large aperture of the phased array. The physical FWHM beam
size after 10 m is 3.4 mm. This is similar to a Fresnel propa-
gation simulation of a 4 mm x 4 mm uniform electric field
propagating 10 m, which results in a 3.2 mm FWHM beam

size. Fresnel propagation simulations are provided in the insets
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Fig. 2. (a) Photograph of the main beam of the array on an IR card.
Main beam intensity measurement after approximately (b) 0.05 m
and (c) 10 m of propagation. The insets show Fresnel propagation
simulations in the same domain.
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of Figs. 2(b) and 2(c), showing good agreement with the ex-
perimental measurements.

The far field of the array was measured with an InGaAs IR
camera and a two-lens imaging system [9], and is shown in
Fig. 3(a). A sinc function is observed in both the antenna
and the array dimensions, which is expected for a near diffrac-
tion-limited square aperture. This indicates that little phase
variation was accumulated in the silicon nitride tree and that
the antenna elements were nearly identical. The FWHM spot
size of the array was measured to be 0.021° x 0.021°, whereas
the theoretical diffraction-limited spot size is 0.019° x 0.019°.
This ultra-small spot size is over an order of magnitude smaller
in area than the previous demonstration in [9] and allows for
long-range propagation. For context, after 100 m of propaga-
tion, the diameter of the beam should increase by only 3.7 cm
based on the experimental spot size. The intensity cuts of the
spot along the array, 6, and antenna, ¢, dimensions are shown
in Fig. 3(b). Multiple side lobes are observed at the expected
theoretical angular locations. A side lobe suppression of about
10 dB is measured. The -17 dB background noise level is
caused by ambient radiation to the imaging system and is
present without any input to the phased array.

The optical power of the main beam was measured by placing
an InGaAs-integrating sphere photodiode directly in the path of
the beam. The sphere was placed about 0.5 m away to ensure
that the power within the grating lobes did not interfere with the
measurement. The maximum power measured in the main
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Fig. 3. (a) Far field of the main beam of the IR phased array on a log
scale. (b) Far field intensity cuts of the phased array along the array, 6,
and antenna, ¢, dimensions.
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beam was 400 mW with a power at the input fiber facet of
9.1 W, giving an overall efficiency of -13.6 dB. This efficiency
can be decomposed into the fiber-to-chip coupling loss (2.8 dB),
the MMI splitter tree network loss (1.3 dB MMI loss and 0.5 dB
linear loss), and the antenna emission loss (9 dB). Specifically,
the presence of the grating lobes causes 4 dB of the 9 dB antenna
emission loss.

Since the demonstrated phased array was fabricated in sil-
icon nitride, the same architecture can be utilized for visible
wavelengths. A phased array was designed for a red wavelength
of 635 nm. For the splitter distribution network, 400 nm wide
(200 nm thick) single-mode waveguides were used for routing,.
The MMI splitters consisted of a 7.5 pm x 2.24 pm muld-
mode region with 800 nm wide inputs and outputs. For this
tree, only a single MMI splitter size was needed for a 2 pm
antenna pitch. Using FDTD, the insertion loss of the MMI
splitter was simulated to be 0.03 dB at a wavelength of
635 nm. The antennas were realized similarly to the IR anten-
nas with inward symmetric perturbations in the waveguide.
Light was input into this array with a cleaved SM600 fiber in-
cident on an inverse-taper edge coupler designed to be matched
to the fiber mode.

Figure 4(a) is a visible camera image of 2 0.5 mm x 0.5 mm
visible phased array when 635 nm light is input into the chip.
The input laser power was increased intentionally in order to
see the effect of wave guiding and MMI splitter scattering,
clearly showing the MMI splitter tree architecture. However,
this input power level saturated the camera, causing the array
region to appear white. Figure 4(b) shows the output of the
array on a white card. Five red spots are clearly seen. Two addi-
tional spots emitting at £73° due to the 2 pm antenna pitch are
not shown on the card. A small amount of light is observed
between the spots, showing that the binary tree distribution
network has a noticeable amount of phase variation.

Fig. 4. (a) Saturated visible image of the 635 nm 0.5 mm x
0.5 mm phased array. (b) Photograph of the visible phased array out-
put on a white card.
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Fig. 5. (a) Far field of the visible array. (b) Far field intensity cuts
of the visible phased array along the array, 6, and (c) antenna, ¢,
dimensions.

Using a similar two-lens imaging system as that of the IR
array, the measured far field of the main beam of the visible
array is shown in Fig. 5(a). A clear spot is observed with strong
side lobes shown in the array dimension. The measured
FWHM spot size was 0.064° x 0.074°, whereas 0.063° x
0.063° is the theoretical diffraction limit of the square aperture.
The increase of the spot size in the antenna dimension com-
pared to the diffraction limit is expected due to the designed
exponential emission pattern of the antennas instead of a uni-
form emission pattern. A side lobe suppression of 8.7 dB is
measured in the array dimension. Multiple strong side lobes
are observed, indicating the presence of phase variation in
the splitter tree. This is most likely due to side-wall roughness
that interacts with the more confined visible waveguide mode.
Designing the array for a TM-polarized input could minimize
the interaction with the side-wall roughness.

In conclusion, large-scale phased arrays based on silicon ni-
tride have been demonstrated at IR and visible wavelengths. The
phased arrays utilize a binary tree distribution network with cas-
caded 1 x 2 MMI splitters. The use of silicon nitride allowed for
a low phase variation distribution network as seen by the dem-
onstrated near diffraction-limited 4 mm x 4 mm phased array.
To the best of our knowledge, this phased array is the largest
aperture to date by over an order of magnitude. A main beam
spot size of 0.021° x 0.021° was measured with a side lobe sup-
pression of 10 dB and a 400 mW main beam output. This dem-
onstration shows the scalability of optical phased arrays, and the
diffraction-limited performance indicates that even larger
apertures are possible. Future work in silicon nitride on silicon
platforms can utilize the demonstrated distribution network
followed by a transition to a silicon layer for element phase
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shifting. The silicon nitride platform also enabled the demon-
stration of a phased array at a visible wavelength of 635 nm.
An aperture size of 0.5 mm x 0.5 mm was shown with a spot
size of 0.064° x 0.074°. To the best of our knowledge, this
phased array is the first of its kind and shows that large-scale
silicon-nitride-based photonics is possible at visible wavelengths.
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