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Ultrawide-angle diffraction-limited 2D beam steering via hybrid
integrated metasurface-photonic circuit

Zhiping He'?', Luigi Ranno?', Padraic Burns?, Fan Yang?, Hung-I Lin'3, Maarten R.A. Peters?, Hanyu Zheng?,
Rui Chen?, Yi Ji Tan*, Chuanyu Lian®, Nathan Dostart®, Hyun Jung Kim?, Carlos Rios®, Tian Gu*** and Juejun Hu®3#*

Abstract: Two-dimensional (2D) wide field-of-view (FOV) beam steering is a key enabling capability for emerging free-
space optical systems, including inter-satellite optical links, airborne LiDAR, point-to-point optical wireless communi-
cations, and collaborative robotic platforms. These applications require rapid acquisition and tracking across both
azimuth and elevation; architectures that offer wide scanning in only one dimension while maintaining limited cover-
age in the orthogonal direction constrain link availability, coverage uniformity, and system agility. Here, we demon-
strate a chip-scale platform for ultrawide-angle, diffraction-limited 2D beam steering based on hybrid integration of a
silicon photonic integrated circuit (PIC) and an optical metasurface. A free-form micro-optical reflector efficiently
transforms the guided waveguide mode into an expanded free-space beam that illuminates an analytically optimized
ultrawide-FOV metasurface. The integrated system achieves a measured FOV exceeding 160° while maintaining
diffraction-limited beam quality over a broad angular range at telecom wavelengths. This hybrid PIC-metasurface
architecture provides a compact and scalable route to high-quality 2D beam steering and establishes a practical path-
way toward integrated optical projectors for space-based optical communications and other applications requiring

agile, wide-angle, high-fidelity beam control.
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1 Introduction

Precise control and agile redirection of optical beams in free
space are foundational requirements for a new generation of
distributed photonic systems. In particular, inter-satellite
optical links (ISLs)! demand rapid acquisition, tracking, and
handover across both azimuth and elevation as satellites
traverse dynamic orbital geometries and continuously
reconfigure network topologies. Terminals must accommo-
date large angular separations and unpredictable relative
motion while maintaining high link availability and tight
pointing tolerances. Architectures that provide wide scan-

ning in only one dimension, with limited coverage in the
orthogonal direction, necessitate additional mechanical
rotation, cascaded steering stages, or frequent reacquisition,
thereby increasing system complexity, latency, and power
consumption while constraining duty cycle and network
throughput. Similar requirements arise in airborne
LiDAR??, high-performance point-to-point optical wireless
communications?, and collaborative robotic platforms?,
where 2D angular coverage is essential for comprehensive
scene mapping, robust multi-user connectivity, and agile
peer-to-peer coordination. These considerations highlight
the need for compact, high-efficiency beam steering
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solutions capable of true 2D wide-FOV operation without
reliance on bulky mechanical assemblies.

Solid-state beam steering technologies have been inten-
sively investigated to address wide-FOV requirements.
Although mechanical scanners can achieve large angular
coverage, their size, weight, power consumption, and limited
reliability under continuous operation render them unsuit-
able for scalable, spaceborne or chip-scale platforms®.
Among solid-state approaches, optical phased arrays (OPAs)
based on PICs have emerged as a leading candidate®”s.
However, most practical OPA implementations inherently
provide wide-angle steering primarily along one dimension,
as they rely on linear emitter arrays that impose a phase
gradient in a single axis. Steering in the orthogonal direc-
tion typically requires wavelength tuning, which offers only
limited angular excursion and introduces spectral
constraints incompatible with fixed-wavelength communi-
cation links’. While 2D wide-FOV OPAs are theoretically
achievable, they require dense 2D antenna lattices with
subwavelength spacing to suppress side lobes!’, leading to
enormous numbers of independently controlled phase
shifters, substantial electrical routing complexity, thermal
crosstalk, and high power consumption. Alternative strate-
gies such as FOV splicing'!, which combine multiple steer-
ing modules or segmented apertures to extend angular
coverage, further increase system complexity and packaging
overhead while introducing stitching artifacts and calibra-
tion challenges. As a result, achieving truly wide-angle, high-
quality 2D beam steering in a compact, scalable, and energy-
efficient platform remains an open challenge for solid-state
photonics.

An alternative route toward true 2D beam steering lever-
ages focal plane array-based, lens-assisted architectures, in
which a set of emitters positioned on the focal surface of a
projection optic generate beams directed to different far-
field angles'2. In this configuration, the angular coverage is
primarily determined by the projection optic rather than by
phase gradients across a densely sampled antenna lattice. As
a result, the number of independently controlled elements
scales only logarithmically with the total number of resolv-
able beam directions through hierarchical switching
networks®, in contrast to fully populated 2D OPAs where
the element count and control complexity scale linearly with
aperture sampling density in both dimensions. These lens-
assisted approaches therefore offer a promising pathway
toward wide-angle 2D steering with substantially reduced
electrical overhead!®. However, prior demonstrations have
generally been constrained by limited FOV, optical aberra-
tions that degrade beam quality at large deflection angles,
and/or modest efficiency due to lossy diffractive emitters or
imperfect mode conversion (Table 1).

Here, we introduce a hybrid PIC-metasurface beam steer-
ing platform that addresses these limitations through two
key innovations see Fig. 1. First, we employ a rationally
designed ultrawide-FOV metasurface, guided by our analyti-

cal framework for wide-angle optical projection®, to opti-
mally suppress off-axis aberrations while enabling record
angular coverage. Importantly, this metasurface is funda-
mentally different from a wide-FOV metalens®*3!. Wide-
FOV metalens designs either rely on a quadratic phase
profile with a virtual aperture*-2-*, which suffers from
severe spherical aberration at large angles, or on a physically
defined aperture that maintains high imaging quality but
increases architectural complexity**~*°. In contrast, the meta-
surface presented here does not rely on a shared optical
aperture through which all rays must pass. Instead, each
emitter is mapped to a specific output direction through a
spatially varying phase transformation, with the effective
beam footprint on the metasurface defined by the upstream
reflector. This configuration suppresses aberrations associ-
ated with peripheral rays in large-aperture systems, enabling
high-quality wavefront control over an ultrawide angular
range using a single metasurface paired with multiple sili-
con waveguide-freeform reflector units, with beam steering
realized by selectively routing light through different waveg-
uides via the thermo-optic switch array”. Second, we inte-
grate freeform micro-optical reflectors with a standard
foundry-fabricated silicon PIC to replace traditional diffrac-
tive surface emitters'*‘!. These reflectors are designed to effi-
ciently transform the guided waveguide mode into a high-
quality free-space Gaussian beam, offering high coupling
efficiency, broad bandwidth, and excellent beam quality.
Critically, achieving diffraction-limited beam quality ensures
that the beam can be effectively collimated and its diver-
gence further reduced through subsequent beam expansion,
which is essential for long-distance applications such as ISLs
where tight beam confinement and minimal spreading are
required. These advances establish a compact and scalable
architecture for high-fidelity, ultrawide-angle 2D beam
steering.

2 Component design and fabrication
2.1 Component design

To experimentally validate the proposed hybrid PIC-meta-
surface architecture, we implemented the configuration
illustrated in Fig. 2(a). The platform consists of three key
components: silicon waveguides integrated with thermo-
optic switch arrays, freeform micro-optical reflectors, and an
ultrawide-FOV metasurface. The PIC is fabricated using a
standard silicon photonic foundry process offered by AIM
Photonics with no customization®, ensuring compatibility
with scalable and reproducible manufacturing. Simulated
normalized electric field distributions within each stage of
the system are presented in Fig. 2(b-d). The silicon waveg-
uides have a thickness of 220 nm and a width of 480 nm,
close to the single-mode cutoff at C-band wavelengths. A
linear taper narrows the waveguide from 480 nm to 190 nm
near the emission facet. This reduced width decreases the
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Table 1 | Comparison of beam steering methods (N/A denotes values not explicitly reported or inferable from the available data).

Technology approach Field-of-view Effective aperture Beam divergence Diffraction-limited beam
9y app (FOV) (D) g divergence*
Si OPA® 180° x 13.5° 49.6 pm (1D) 2.1° x 0.08° (at 0°) 1.34°
SiN on SOI OPA*¢ 160° x 3° 486 pm (1D) 0.16° x 0.04° (at 0°) 0.14°
Aperiodic Si OPAY’ 162° x 13.7° 6 mm x 5 mm 0.13° (at 0°) 0.011°
Liquid crystal OPA + conical 360°x2.1° 9.6 mm diameter N/A (2.83 x 109)°
mirror
MEMS mirror (1D)*° 180° x 15° 2 mm x 4 mm 0.5° (angular resolution) 0.019°
MEMS mirror (2D) + rotation 360° x 8.6° 4.6 mm (1D) 0.07° x 0.027° (angular resolution) (8.45 x 1073)°
platform®
MEMS actuated focal plane switch 70° x 70° N/A 0.05° x 0.049° N/A
array?*
Grating emitters + refractive lens??>  2.07° x 4.12°  1.69 mm x 1.91 mm 0.06° x 0.06° 0.039°
Slow-light vyavegwde grating + 40° x 4.4° 430 um (D) ~015° 0.15°
prism lens?
e A DA 200 um diameter 0.55° 0.33° (1550 nm wavelength)
lens®® only)
VCSEL array + metasurface? 140° x 140° N/A <1° N/A
Plasmonic optical antennas + 100° x 100° 24.6 |1m x 24.6 pm N/A 2710
metasurface?
Optical antenna + broadband 80° x 80° 10.8 um 10° 6.16°
metalens?®
Microring emitters + metalens?’ 12.4° x 26.8° N/A 0.9° N/A
-opti +
Acousto-optic deflectors 150° x 150° N/A 1.4° (at 0°) — 2.0° (at 60°) N/A
metasurface?®
. R o 214 pm (waist ~ (0.27+0.11)° (at 0°) — (0.74+0.15)° R
This paper 161° x 161 diameter) (at 69°) 0.31

*Here taken as the angular full width at half maximum (FWHM) of a diffraction-limited TEMgp Gaussian beam with the waist diameter equal to
the effective aperture. The diffraction limit is calculated in the limit of small deflection angles.

Metasurface

Light
source

Inter-satellite
optical links

Fig. 1 | (a) Conceptual schematic of a hybrid PIC-metasurface ultrawide-angle beam-steering architecture. (b—d) Representative applications

of the system, including (b) inter-satellite optical links, (c) airborne LIDAR, and (d) point-to-point Li-Fi. Panel (b) is adapted from ESA, licensed
under CC BY-SA IGO 3.0 via Wikimedia Commons*?. Panels (c) and (d) are adapted from figures in the public domain.
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Fig. 2 | Component design. (a) Schematic of the hybrid PIC-metasurface beam steering architecture, with dimensions indicated in um unless
otherwise specified. Normalized electric field intensity distributions of the fundamental TE mode obtained from FDTD simulations at (b) the Si
waveguide taper, (c) the freeform reflector, and (d) immediately before the metasurface interface. In (d), the lower right inset shows the
normalized intensity profile along a one-dimensional cross section in the z direction, demonstrating close agreement with a Gaussian beam

profile.

modal divergence angle, enabling efficient coupling into the
subsequent free-space transformation stage while maintain-
ing operation within the total internal reflection regime of
the reflector geometry.

The freeform micro-optical reflectors are designed to
transform the waveguide mode into a vertically propagating
free-space beam directed toward the metasurface. Unlike
conventional diffractive surface emitters, freeform optics
enable on-demand, geometry-driven mode transformation
that precisely matches the desired free-space spatial profile*.
This approach allows efficient conversion from a high-
index, submicron waveguide mode to a low-divergence

Gaussian-like beam with minimal scattering loss. Finite-
difference time-domain (FDTD) simulations indicate a
waveguide-to-free-space coupling efficiency of 83% (-0.8 dB
insertion loss), while maintaining broad spectral bandwidth
due to the absence of resonant or phase-matched diffraction
mechanisms. In addition to enhanced efficiency and band-
width relative to diffractive couplers, the reflectors preserve
high beam quality, providing a near-ideal illumination
source for the subsequent metasurface-based wavefront
transformation.

The resulting field profile immediately before impinging
on the metasurface is shown in Fig. 2(d), which presents the
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normalized x, y, and z components of the electric field inten-
sity, with all color maps normalized to the maximum value
of electric field amplitude |E|. The intensity distribution
along a one-dimensional cross section in the z direction is
provided in the lower right inset. The E, component is
dominant, and the total intensity profile exhibits close agree-
ment with a Gaussian fit. These results confirm that the
reflector performs high-fidelity mode shaping, producing a
beam that closely approximates a fundamental TEMgg trans-
verse Gaussian mode. Such a well-defined spatial profile can
be modeled as a directional point source in the far field,
providing an optimal input for subsequent wide-angle wave-
front manipulation by the metasurface.

The ultrawide-FOV metasurface is designed for opera-
tion at a wavelength of 1550 nm and consists of a single layer
of amorphous silicon (a-Si) meta-atoms patterned on a
fused silica substrate, without any additional optical compo-
nents. The device functions as a planar wavefront transfor-
mation element that directly maps the incident Gaussian
beam to a prescribed angular distribution. When integrated
with the PIC and freeform reflector, the metasurface is engi-
neered to exhibit an effective focal length of 1.63 mm
measured from the top surface of the reflectors at 1550 nm.
Importantly, the metasurface phase profile is derived using a
rational analytical design framework® rather than relying
solely on iterative numerical optimization. Details of the
metasurface design process are elaborated in Supplemental
information. This theory-driven approach enables direct
control over the spatial phase distribution required for wide-
angle projection, allowing systematic suppression of off-axis
aberrations across an ultrawide angular range. By analyti-
cally prescribing the target phase function and discretizing it
into high-transmission a-Si meta-atoms spanning the full 2n
phase range, the design achieves efficient and aberration-
minimized wavefront transformation within a compact,
single-layer architecture.

2.2 Component fabrication

The PIC was fabricated using the AIM Photonics base active

silicon photonic foundry process®. As shown in Fig. 3(a),
optical power was coupled into the chip through a surface
grating coupler and routed through a hierarchical thermo-
optic switch network, with each output branch terminating
at a dedicated emission site. To prepare low-loss optical
facets for free-space coupling, an 80 pum x 80 pum deep
trench was defined at the end of each waveguide taper
during the dicing trench etch step, in accordance with the
standard AIM Photonics process design kit. This trench
provides optical and physical access to the tapered waveg-
uide facet while preserving compatibility with foundry-scale
fabrication.

The freeform reflectors were subsequently fabricated
directly on the PIC using two-photon polymerization, an
additive manufacturing technique that enables precise three-
dimensional structuring of the reflector geometry with
submicron resolution and accurate alignment to the under-
lying waveguide facets. Figure 3(b) presents an optical
microscope image of the fabricated reflector array inte-
grated on the PIC.

The metasurface fabrication began with the deposition of
an amorphous silicon (a-Si) film on a fused silica wafer
using plasma-enhanced chemical vapor deposition (PECVD).
The meta-atom patterns were then defined by electron beam
lithography, followed by anisotropic plasma etching to
transfer the pattern into the a-Si layer. After resist removal,
the structures were encapsulated with an SU-8 epoxy layer
to provide mechanical protection and environmental stabil-
ity. The processed substrate was subsequently diced into
individual rectangular metasurface chips for integration
with the PIC platform. Further fabrication details are
provided in the Supplemental information.

Figure 3(c) presents a scanning electron microscopy
(SEM) image of the metasurface prior to encapsulation,
revealing uniform meta-atom geometries, vertical sidewalls,
and high pattern fidelity across the array. No fabrication
defects such as collapsed or merged nanopillars are
observed, indicating robust process control and structural
integrity.

3ium
B Atk

Fig. 3 | Components of the beam steering module. (a) Optical microscope image of the input waveguide and hierarchical thermo-optic switch
network on the PIC. (b) Optical microscope image of the integrated freeform micro-optical reflectors. (c) Scanning electron microscopy (SEM)

image of the metasurface prior to SU-8 encapsulation.
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3 Results and discussion
3.1 Measurement setup

To characterize the beam steering performance of the inte-
grated system, a home-built optical measurement setup was
constructed, as shown in Fig. 4. Light from an SMF-28 Ultra
fiber is coupled into the PIC using a three-axis fiber align-
ment stage and a surface grating coupler. The PIC is wire-
bonded to a custom-designed printed circuit board, which is
connected to a multi-channel source meter to enable inde-
pendent electrical control of the hierarchical thermo-optic
switch array.

The metasurface is mounted on a customized holder
attached to a five-axis positioning stage (x, y, z, pitch, and
roll) to allow precise spatial and angular alignment relative
to the PIC. An infrared camera (Electrophysics MicroViewer
Model 7290A) is mounted on a metal rail supported by a
3D-printed goniometer with a maximum angular travel
range of approximately 160°. The goniometer provides a
direct readout of the steering angle, while the IR camera
records the beam profile at multiple propagation distances,
enabling extraction of the angular beam divergence.

During alignment, the pitch and roll of the metasurface
are first adjusted to ensure parallelism between the metasur-
face plane and the PIC surface. The separation distance
between the reflector and the metasurface is then finely
tuned by monitoring the output beam profile and selecting
the position that minimizes longitudinal variation of the
beam width, corresponding to optimal beam collimation.
Once the optimal metasurface-PIC alignment is established,
their out-of-plane spacing and relative tilt are fixed and
maintained throughout the entire measurement process to
ensure consistent and repeatable characterization.

3.2 Measurement results

Device characterization begins with measurement of the
beam steering angular range. The steering angle is quanti-

fied by recording the output beam angle as a function of the
in-plane position of the selected emitter on the PIC, corre-
sponding to the image height defined by the metasurface
projection geometry. Figure 5(a) presents the results meas-
ured at a wavelength of 1550 nm. The experimentally
extracted image heights exhibit excellent agreement with the
values predicted by the analytical metasurface design. A
maximum steering angle of 80.5° was measured, limited by
the angular travel range of the goniometer, corresponding to
a full FOV of 161°.

We further performed measurements at 1575 nm using
the same metasurface, with the metasurface-reflector separa-
tion adjusted to approximately 1.60 mm to account for the
chromatic focal shift, as shown in Fig. 5(b). Because the
metasurface locally functions as a grating with an effective
period determined by the Fresnel zone distribution, it
continues to provide wide-angle beam deflection even when
operated away from the design wavelength of 1550 nm.
According to the grating relation, the wavelength shift leads
to a corresponding change in image height while preserving
the underlying wavefront transformation, with negligible
impact on beam quality, as discussed in the following
section.

We next quantified the angular divergence of the steered
beam by measuring the beam size evolution along the prop-
agation direction at different steering angles. For each
selected angle, the beam spot size was recorded at multiple
axial positions, and the angular divergence was extracted by
performing a linear fit to the measured beam spot size, i.e.,
the intensity FWHM in the transverse plane, as a function of
propagation distance (see Supplemental information for
details of the analysis procedure).

The theoretical divergence was calculated from the
diffraction limit of a Gaussian beam using the relation:

2ln2 A 1

Zox— 1
D~ cosf’ M
where A is the wavelength in free space, D is the beam spot
size (defined here as the intensity FWHM of the fitted

Angular FWHM =

hqlder

— Fiber input

010 PIC

|| Designed by
gi Ranno.

[~} Lui

Fig. 4 | Measurement setup. (a) Front view of the optical characterization system. (b) Top view of the metasurface-PIC assembly.
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Fig. 5 | Steering angle and angular FWHM of the output beam. (a, b) Theoretical (solid lines) and experimental (dots) image height, corre-
sponding to the in-plane position of the selected emitter on the PIC, as a function of beam steering angle measured at (a) 1550 nm and
(b) 1575 nm. (c, d) Theoretical (solid lines) and experimental (dots) angular full width at half maximum (FWHM) of the beam divergence as a
function of steering angle measured at (c) 1550 nm and (d) 1575 nm. The angular FWHM is extracted from linear fits to the spatial intensity
FWHM of the beam spots in transverse planes as a function of propagation distance. Error bars in (c) and (d) indicate the 95% confidence
intervals obtained from the linear fits. Panels (e) and (f) show representative measurements at 1550 nm for steering angles of (e) 0° and
(f) 68.9°, respectively. Each panel includes the FWHM fit as a function of distance from the metasurface and the corresponding IR camera

images.

Gaussian beam in the transverse plane), and 6 is the beam
deflection angle. Figures 5(c) and 5(d) compare the experi-
mentally measured angular FWHM with the theoretical
diffraction limit derived from the fitted Gaussian profile.
The close agreement between measurement and theory
confirms diffraction-limited performance across a broad
angular range at both wavelengths. Additional analysis
details are provided in the Supplemental information.

We further characterized the metasurface diffraction effi-
ciency as a function of beam steering angle, as shown in Fig.
6. The experimental diffracted power was obtained by
measuring the optical power steered to each angle. The theo-
retical efficiency was calculated using rigorous coupled-wave
analysis (RCWA) at discrete steering angles. For each effec-
tive grating period corresponding to a specific diffraction

angle, the efficiency was averaged over a set of random
initial phases spanning 0 to 2m, following a grating-average
approach to account for phase variations across different
Fresnel zones®. Figure 6 compares the theoretical diffrac-
tion efficiency and measured optical power output from the
metasurface at different diffraction angles. The results show
that the angular dependence of the measured efficiency
agrees well with theoretical predictions. The efficiency at
large deflection angles can be further improved through
local meta-atom optimization tailored to each diffraction
angle?’.

The total insertion loss of the system excluding the meta-
surface is 22.8 dB, arising from the input grating coupler,
cascaded thermo-optic switches, fiber connectors, waveg-
uide propagation loss, and related coupling interfaces. This
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Fig. 6 | Theoretical diffraction efficiency and measured optical power
of the metasurface as functions of beam steering angle. Error bars
are identical for all experimental data points and are estimated from
the average deviation between instantaneous power readings and
the corresponding maximum values recorded at each angle. The
theoretical diffraction efficiency (left y axis, black line and squares)
and the measured optical power (right y axis, dark red circles) are
aligned at 0° to facilitate comparison of their trends.

relatively high loss does not represent a fundamental limita-
tion of the architecture and can be substantially reduced
through process improvements, such as adoption of lower-
loss foundry platforms, as well as improved alignment stabil-
ity and packaging.

4 Discussion and conclusions

In summary, we have demonstrated a chip-scale platform
for true 2D beam steering based on hybrid integration of a
foundry-fabricated silicon PIC, freeform micro-optical
reflectors, and a rationally designed ultrawide-FOV meta-
surface. This architecture departs from conventional 2D
OPAs by leveraging focal-plane-based angular mapping
rather than densely sampled phase gradients, thereby
enabling scalable 2D steering without the prohibitive control
complexity associated with fully populated antenna lattices.
The freeform reflectors provide high-efficiency, broadband,
and high-fidelity mode transformation from submicron
waveguides to free-space Gaussian beams, while the analyti-
cally derived metasurface phase profile maximally
suppresses off-axis aberrations over an unprecedented angu-
lar range.

Experimentally, the system achieves a measured FOV of
161°, representing a record angular span for 2D beam steer-
ing in a chip-integrated platform. To our knowledge, this
also constitutes the largest FOV reported for metasurface-
based beam steering, while simultaneously maintaining
diffraction-limited beam divergence across the accessible
angular range. The demonstrated performance establishes
that ultrawide-angle projection and high beam quality need
not be mutually exclusive in planar photonic systems. Addi-
tionally, although the finite footprint of the reflectors fixes
the output beam directions to discrete deflection angles, this

constraint could be removed by incorporating a compact
piezo drive for precise in-plane translation of the PIC chip,
thereby enabling fine angular resolution commensurate with
the diffraction-limited beam quality.

To further evaluate the suitability of this technology for
space-based optical communications, the fabricated meta-
surface and PIC samples have been launched to the Interna-
tional Space Station through the HTV-X1 flight to assess the
impact of radiation, thermal cycling, and vacuum exposure
in the space environment on device performance. The
results of these on-orbit studies will provide critical insights
into the robustness and long-term stability of the hybrid
PIC-metasurface architecture, helping to define its viability
for inter-satellite optical links and other demanding free-
space applications requiring agile, wide-angle, high-fidelity
beam control.
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