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Large-scale nanophotonic phased array
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Electromagnetic phased arrays at radio frequencies are well known
and have enabled applications ranging from communications to
radar, broadcasting and astronomy’. The ability to generate arbi-
trary radiation patterns with large-scale phased arrays has long
been pursued. Although it is extremely expensive and cumbersome
to deploy large-scale radiofrequency phased arrays?, optical phased
arrays have a unique advantage in that the much shorter optical
wavelength holds promise for large-scale integration®. However,
the short optical wavelength also imposes stringent requirements
on fabrication. As a consequence, although optical phased arrays
have been studied with various platforms*® and recently with chip-
scale nanophotonics®'?, all of the demonstrations so far are restricted
to one-dimensional or small-scale two-dimensional arrays. Here we
report the demonstration of a large-scale two-dimensional nano-
photonic phased array (NPA), in which 64 X 64 (4,096) optical
nanoantennas are densely integrated on a silicon chip within a
footprint of 576 pm X 576 pm with all of the nanoantennas pre-
cisely balanced in power and aligned in phase to generate a
designed, sophisticated radiation pattern in the far field. We also
show that active phase tunability can be realized in the proposed
NPA by demonstrating dynamic beam steering and shaping with an
8 X 8 array. This work demonstrates that a robust design, together
with state-of-the-art complementary metal-oxide-semiconductor
technology, allows large-scale NPAs to be implemented on com-
pact and inexpensive nanophotonic chips. In turn, this enables
arbitrary radiation pattern generation using NPAs and therefore
extends the functionalities of phased arrays beyond conventional
beam focusing and steering, opening up possibilities for large-scale
deployment in applications such as communication, laser detec-
tion and ranging, three-dimensional holography and biomedical
sciences, to name just a few.

An NPA, resembling its radiofrequency counterpart, consists of
several typically identical optical antennas. Each antenna emits light
of a specific amplitude and phase to form a desired far-field radiation
pattern through interference of these emissions. The short wavelength
of light offers potential for NPAs to greatly exceed the number of
elements found in their radiofrequency counterparts, with thousands
or even millions of elements in a compact, low-cost chip. By incorpo-
rating a large number of antennas, high-resolution far-field patterns
can be achieved and therefore arbitrary radiation patterns can be
generated by an NPA, extending the functionalities of phased arrays
well beyond the conventional beam focusing and steering. However,
the short optical wavelength also presents challenges in realizing
coherent outputs from such large-scale NPAs because even nanoscale
dimensional fluctuations affect the optical emission from the thousands
of nanoantennas that need to be balanced in power and aligned in
phase to form a specific far-field radiation pattern. As a consequence,
all chip-based two-dimensional NPAs demonstrated so far are limited
to small-scale implementations with no more than 16 antennas, and
their functionalities are thereby constrained to conventional single-
beam focusing and steering.

Here we report the demonstration of a large-scale, compact NPA sys-
tem that is compatible with a complementary metal-oxide-semiconductor

(CMOS) process, consisting of 64 X 64 optical nanoantennas on a
silicon chip with all 4,096 optical nanoantennas balanced in power
and aligned in phase to produce a sophisticated radiation pattern, the
MIT logo, in the far field. To our knowledge, this demonstration
represents the largest coherent combination of nanophotonic ele-
ments so far. It also shows that despite the short optical wavelength
and corresponding length of the phase elements, the phase of the
elements can be maintained, highlighting the ability to make arbitrary
manipulations of the phase of an optical field within a nanophotonic
chip. In addition, we demonstrate that active phase tunability can be
successfully implemented in the proposed NPA structure to generate
dynamic far-field patterns.

The structure of the 64 X 64 NPA is illustrated schematically in
Fig. 1a, and Fig. 1b shows a scanning electron micrograph (SEM) of
the fabricated NPA. A laser input is coupled into the main silicon bus
waveguide through an optical fibre, and then evanescently coupled
into 64 row waveguides. The coupling to the row waveguides is con-
trolled in such a way that each row waveguide obtains the same
amount of power by varying the length of the directional coupler
(Supplementary Fig. 1). The optical power in each row waveguide is
then similarly divided into 64 optical antenna units so that all 4,096
optical nanoantennas are uniformly excited.

Each of the 4,096 optical antenna units, or ‘pixels’, consists of two
major functional parts (Fig. la, inset): a nanoantenna to efficiently
deliver optical power to free space, and two optical phase delay lines
to accurately adjust the phase of the light arriving at the nanoantenna
(Supplementary Fig. 1). Figure 1c shows the SEM of the fabricated
pixel. Ideally, the pixel size should be less than half of the free-space
wavelength /, of the optical emission in both the x and y directions for
the radiation to have a unique interference pattern in the far field
without high-order radiation lobes'>™. It is therefore crucial to make
the pixel as small as possible, so as to decrease the number of high-
order interference patterns in the far field. A compact and efficient
optical nanoantenna is thus demanding for the NPA system. Optical
nanoantennas down to subwavelength size have previously been
demonstrated>™"* with metal; however, to make the material systems
compatible with the CMOS process, silicon-based dielectric nano-
antennas are used (Fig. 1c). The compact grating-based optical nano-
antenna measures 3.0 um in length, 2.8 pm in width, and 0.22 pm in
thickness, consisting of only five grating teeth. A partial etch 0.11 pm in
depth is applied to the first grating groove, to break the up-down
symmetry of the nanoantenna for more upward emission®. Figure 2a
shows the simulated near-field emission pattern from a three-
dimensional finite-difference time-domain simulation, in which 51%
of the optical power emits upwards while only 30% emits downwards
at 4o = 1.55 um. Figure 2b illustrates the calculated far-field pattern of
the optical nanoantenna, using the near-to-far-field transformation®'.
The emission is not vertical because the grating period is slightly
detuned from that of a second-order grating that would emit vertically,
to suppress the resonant back-reflections; otherwise, significant reflec-
tion would interfere with the light propagation in the phased array. The
emission from the nanoantenna is also broadband, with a bandwidth
extending across hundreds of nanometres in wavelength, an inherent
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Figure 1| The NPA system. a, Schematic illustration of a 64 X 64 NPA
system. Laser input from an optical fibre is delivered equally to each of the 4,096
nanoantennas through silicon waveguides. The inset shows a diagram of a
close-up view of one antenna unit cell (1, n), or ‘pixel’. The coupling efficiency
is varied by the length of the directional coupler L., and the emitting phase is
controlled by two segments of optical delay lines to achieve a desired phase

characteristic of the short length of the grating (see also Supplemen-
tary Fig. 2).

As mentioned above, the ability to integrate a large number of pixels
in the NPA within a small footprint opens up the possibility of using
NPA to generate arbitrary, sophisticated far-field radiation patterns.
The far-field radiation field E(0,¢) of the phased array is calculated as
the far field of an individual nanoantenna S(6,¢) (Fig. 2b), multiplied
by the array factor F,(0,¢)*

E(0,9) = S(0.9) X Fo(0.9) (1)

where the array factor is a system factor that is related to the phase of
optical emission from all the pixels. 0 and ¢ are the far-field azimuth
angle and polar angle, respectively. By assigning the optical phase ¢,,,,
of each pixel (where m and n are the pixel indices) in the NPA, the
desired radiation pattern E(6,9) can be achieved. The phase ¢, of
each pixel can be determined by antenna synthesis through the
Gerchberg-Saxton algorithm*** (Supplementary Fig. 3). The back-
ground pattern in Fig. 2c shows the simulated array factor pattern of
the 64 X 64 NPA at a wavelength of 1.55 um, designed to generate the
MIT logo in the far field. The pixel pitch is chosen to be 9 um in both
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Figure 2 | Device and system simulations. a, Three-dimensional near-field
emission simulation of the designed optical nanoantenna using the finite-
difference time-domain method. b, The corresponding far-field radiation
pattern of the optical nanoantenna, calculated from the near-field emission (in
a), using the near-to-far-field transformation. ¢, The radiation pattern of the
designed 64 X 64 NPA system to generate the MIT logo in the far field, which is
a superposition of the far field of the system’s array factor (as shown in the
background) and that of the nanoantenna (in b). The green circle in the centre
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delay of ¢,,,,,. b, SEM of part of the 64 X 64 NPA system fabricated at a CMOS
foundry. ¢, A close-up SEM of one pixel of the NPA system, indicated by the
green rectangle in b. The pixel size is 9 um X 9 pm, with a compact grating as an
optical nanoantenna, where the first groove of the grating is partly etched to
enhance the upward emission. The emitted phase of each pixel is adjusted by
the length of the optical delay line within the pixel.

the x and y directions, as will be used in fabrication. The pixel pitch is
a multiple of the free-space half-wavelength. The designed pattern
is therefore replicated in the far field, as shown by the background
pattern in Fig. 2c, because the same interference conditions occur
periodically in the far field to produce higher-order patterns. Equa-
tion (1) indicates that the final far-field radiation pattern of the NPA
is a multiplication of the far field of the individual nanoantenna S(6,¢)
(Fig. 2b) and that of the array factor F,(0,9) (background pattern in
Fig. 2¢), as shown in Fig. 2c. It is seen that the designed pattern is
only visible in the vicinity of the zenith, owing to the directional
emission of the optical nanoantenna. Figure 2d shows a close-up view
of the far field radiation pattern around the zenith, where only the
top rows have enough intensity to be observed.

The simulation shows that, in principle, arbitrary radiation patterns
can be produced in the far field with large-scale NPAs, by controlling
the emitted phase of all the pixels correctly. However, observing the
short optical wavelength (1.55 um) and the high refractive index of
silicon (n = 3.48), it is almost impossible to provide every pixel exactly
with the designed phase ¢,,,, because slight fabrication imperfec-
tions will cause significant phase errors. As a consequence, only if
the designed NPA system is highly resistant to phase errors can
this large-scale NPA be fabricated reliably and function properly.

270°

indicates the viewable region in a microscope lens (numerical aperture = 0.4)
used later in the experiment (Fig. 3a). d, A close-up view of the viewable region
of the far field displaying the MIT logo. The inset on the lower right shows the
targeted MIT logo pattern. The radiation fields in b—d are viewed from the
zenith of the far-field hemisphere, as a projection of the far-field hemisphere to
the equatorial plane in the polar coordinate system (0,§). 0 and ¢ are the far-
field azimuth angle and polar angle, respectively.
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Fortunately, the designed large-scale NPA system is indeed highly
tolerant of phase errors (Supplementary Fig. 4). This high phase-error
tolerance of the designed NPA system originates from its nature as a
Fourier system, in which the phase noise of the near-field emission
averages out in the far field through interference of optical emissions
from all the pixels. This high phase-error tolerance therefore becomes
more effective with more pixels and will thus enable NPAs to scale up
beyond 64 X 64, even to millions of pixels.

The robustness of the designed NPA demonstrates such a system
can be fabricated reliably. The designed 64 X 64 NPA was fabricated in
a 300-mm CMOS foundry by 193-nm optical immersion lithography
(Methods). The 4,096 pixels were accurately reproduced, as shown by
the SEMs in Fig. 1b, c. A 1.55-pm laser was coupled into the transverse
electric mode of the main bus waveguide. Then the near field and far
field images were captured with an infrared camera, using a setup
(Fig. 3a) similar to that in ref. 25. Figure 3b shows the near-field image
of the fabricated NPA system when light was coupled in, where uni-
form optical emission was observed across all 4,096 nanoantennas.
Figure 3c shows a close-up view containing 8 X 8 pixels. It is crucial
for an NPA to have all the pixels emit with a desired amplitude pattern,
which is uniform here, to provide an ideal interference condition in
the far field. Figure 3d quantitatively analyses the uniformity of the
optical emission by measuring the near-field emission intensity of
each pixel with the infrared camera. A high degree of uniformity is
observed. The top-left corner of the NPA is noisier, because it is close
to the fibre coupling point where strong scattering occurs, but this

a
== NF imaging
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Figure 3 | Experimental results. a, A diagram of the imaging system used to
observe the near field and far field. Lens 1 alone (numerical aperture = 0.40)
was used to obtain the near-field (NF) image, as shown by the green rays. The
far-field (FF) image, or the Fourier image, was taken by moving lens 1 down so
as to form the far-field image in its back-focal plane (Fourier plane), and
inserting lens 2 to project the far-field image on the infrared charge-coupled
device (CCD), as shown by the blue rays. b, The near-field image shows
uniform emission across all of the 64 X 64 (4,096) nanoantennas. The input bus
waveguide is located on the top left corner, causing some excess scattering
noise. ¢, A close-up view of part of the near field, containing 8 X 8 pixels.

d, Measured intensity distribution of the optical emission from the pixels. The
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does not reflect non-uniformity in the array itself and can readily be
addressed with a larger separation from the fibre input.

Figure 3e shows the measured far-field radiation pattern of the
fabricated 64 X 64 NPA. The image reveals that the designed sophis-
ticated radiation pattern (MIT logo) is generated in the far field. The
far-field image is clamped by the finite numerical aperture (0.4) of
lens 1. This is also predicted by simulations, as shown by the green
circle in Fig. 2¢, d, where only emission with a small divergence angle
from vertical can be captured. The intensity noise in the background
of the far-field image comes from the light scattering caused by fibre-
to-waveguide coupling. The scattered light is also responsible for the
concentric fringes in the background, through the interference of
the scattered light between the top and bottom surfaces of the sil-
icon-on-insulator wafer. This noise can be removed by placing the
fibre-waveguide coupler farther from the NPA system to reduce the
light scattering captured by the imaging column, and a much cleaner
far-field radiation pattern would be expected. Figure 3f shows the
captured radiation pattern of a 32X 32 NPA on the same chip, in
which less noise is observed because it is placed a little farther from
the fibre coupling point; however, the far-field pattern resolution is
reduced because it contains fewer pixels. The measured images agree
perfectly with simulations in Fig. 2¢, d, in terms of the shape of the
pattern (MIT logo) and the relative intensity of all interference orders,
highlighting the robustness of the NPA design and the accuracy of
the fabrication. Comparing Fig. 3b with Fig. 3e, the near-field image
of the NPA contains no information because it shows plain uniform
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statistics show that the standard deviation () of the emission intensity is 13% of
the average intensity (u). e, The far-field radiation pattern of the fabricated
64 X 64 NPA system. The aperture (indicated by the green circle) corresponds
to the numerical aperture (0.4) of lens 1 in a. The measurement accurately
matched simulations in Fig. 2¢, d, except for the higher background noise
introduced by the light scattered from fibre-to-waveguide input coupling.

f, The far-field radiation pattern of a 32 X 32 NPA on the same chip. Less noise
but lower resolution is observed. The concentric ring pattern superimposed in
the image is caused by the interference of the scattered light between the top and
bottom surfaces of the silicon-on-insulator wafer.
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emission everywhere; however, the far field explicitly delivers the
information—an image with the MIT logo. Until now, image informa-
tion has generally been stored and transmitted through the intensity
of the pixels; in contrast, this large-scale NPA technology opens
up another dimension for imaging: the image information is now
encoded in the optical phase of the pixels, much like a hologram,
but generated from a single point. This demonstration, as a static
phased array capable of generating truly arbitrary radiation patterns,
would also find immediate applications in, for example, complex
beam generation®® and mode matching in optical space-division
multiplexing®’.

By comparison with other holographic approaches such as the
metasurface antennas'’, the NPA allows separate control over the
phase and amplitude of light emission and on-chip single-point excita-
tion of the nanophotonic emitters, enabling truly arbitrary holograms
to be generated entirely on-chip for the first time; moreover, benefiting
from the use of guided light in silicon instead of free-space light,
active manipulation of the optical phase can be directly implemented
to achieve dynamic far-field patterns with more flexibility and wider
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applications, by converting the pixel into a thermally phase-tunable
pixel in a CMOS process (Fig. 4a, inset). A portion of the silicon light
path in each pixel is lightly doped with an n-type implant to form a
resistive heater for thermo-optic phase tuning while maintaining a low
loss of light propagation. Two narrow silicon leads with heavy n*-
doping, providing electrical connections to and thermal isolation from
the heater, are connected to the heater on the inner side of the adiabatic
bends to minimize the loss caused by light scattering®*". Figure 4a
illustrates an active 8 X 8 NPA in which each pixel has an indepen-
dently tunable phase shifter; the electrical controls are connected in
rows and in columns to simplify the electrical circuitry. This active
8 X 8 phased array was fabricated with CMOS-processing techniques
(Methods). The measured resistance is 2.5 kQ per heater including the
two copper-silicon contacts, and a high thermal efficiency of about
8.5mW per m-phase shift is achieved, benefiting from the direct
heating of the silicon waveguide. By applying different voltages on
each pixel, different phase combinations can be achieved in the phased
array to generate different radiation patterns dynamically in the far
field, as shown in Fig. 4b-f, in which five different radiation patterns
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Figure 4 | Tunable phased array. a, Schematic illustration of the 8 X 8 active
phased array. Inset, diagram of an active pixel with the same size (9 pm X 9 um)
as the passive pixel in Fig. 1a. The optical phase of each pixel is continuously
tuned by the thermo-optic effect through an integrated heater formed by doped
silicon. b-f, Examples of the dynamic far-field patterns generated by the 8 X 8
active phased array by applying different voltage combinations to the pixels,

showing simulations and measurements. b, The original single-beam pattern
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with no voltage on. ¢, d, The focused beam is steered by 6° to the edge of each
interference order in the vertical (c) and in the horizontal (d). e, The single
beam is split into two beams in the vertical direction. f, The single beam is split
into four beams in the horizontal direction. The green circle indicates the edge
of lens 1 (numerical aperture = 0.4), and the red box specifies the area of one
interference order (see also the Supplementary Movie for the dynamic pattern
generation).

©2013 Macmillan Publishers Limited. All rights reserved



are demonstrated using the same phased array: a standard single-beam
pattern with no voltage on the array; beam-steering for about 6° in
both the vertical direction and the horizontal direction; generation of
two beams in vertical direction; and generation of four beams in the
horizontal direction. Good agreement between simulation and experi-
ment is again observed, which confirms the robustness of the proposed
design as well as the accuracy of the fabrication and active thermo-
optic phase tuning. The proposed active NPA structure can be imme-
diately extended to a larger phased array (for example 64 X 64, as
discussed above) with independent electrical control of each pixel with
the aid of fully CMOS-controlled circuitry to access all of the pixels
electrically, to project dynamic patterns in the far field with applica-
tions ranging from communications, three-dimensional hologra-
phic displays, laser detection and ranging (LADAR) and biomedical
imaging to interferometry.

We have demonstrated a large-scale 64 X 64 nanophotonic phased
array built on a silicon photonic platform. The robustness and CMOS
compatibility of the designed system enabled the successful integration
of 4,096 optical nanoantennas within a chip-size footprint, probably
the largest and densest silicon photonic functional system demon-
strated so far, and certainly the largest coherent demonstration of
silicon photonics. Optical power is uniformly distributed in the nano-
antennas and is phase aligned to produce a sophisticated far-field
radiation pattern, the MIT logo, as designed. The large number of
nanoantennas and the embedded phase tunability enable NPAs to
generate arbitrary far-field radiation patterns dynamically and, in
turn, to affect new fields such as communication, LADAR, three-
dimensional holography and biomedical sciences. The ability to take
advantage of a state-of-the-art CMOS integration process also pro-
mises a bright future for low-cost and compact NPAs that will be
important in many fields with their newly explored functionalities.

METHODS SUMMARY

The NPAs were fabricated in a 300-mm CMOS foundry with a 65-nm technology
node, using silicon-on-insulator wafers with a 0.22-pm top silicon layer and 2 pm
buried oxide. A timed partial silicon etch (0.11 pm) was first performed to make
the partly etched grating groove. A full silicon etch was then applied to form the
waveguides and grating nanoantennas. Subsequent # and n” dopings were
implanted for active arrays, followed by standard silicidation to make copper-
silicon contacts. The contacts were connected to on-chip probing pads by two
metal layers for thermo-optic tuning. SiO, with a total thickness of 3.6 um was
used to cover the devices, with a final polishing step to make the surface planar to
avoid additional phase errors due to surface corrugation.
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