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Abstract: Densely integrated photonic circuits enable scalable, complex processing of optical
signals, including modulation, multiplexing, wavelength conversion, and detection. Directly
interfacing such integrated circuits to free-space optical modes will enable novel optical
functions, such as chip-scale sensing, interchip free-space interconnect and cooling, trapping,
and interrogation of atoms. However, doing this within the limits of planar batch fabrication
requires new approaches for bridging the large mode scale mismatch. Here, by integrating
a dielectric metasurface with an extreme photonic mode converter, we create a versatile
nanophotonic platform for efficient coupling to arbitrary-defined free-space radiation of
780 nm wavelength with well-controlled spatially-dependent polarization, phase, and
intensity. Without leaving the chip, the high index photonic mode is converted first to a ~ 200
pum wide, precisely collimated, linearly-polarized Gaussian beam, which is then modified by
a planar, integrated, low-loss metasurface. We demonstrate high numerical aperture,
diffraction limited focusing to an = 473 nm spot at an » 75 pm working distance, and combine
it with simultaneous conversion from linear to elliptical polarization. All device components
are lithographically defined and can be batch fabricated, facilitating future chip-scale low-
cost hybrid photonic systems for bio-sensing, nonlinear signal processing and atomic

quantum sensing, frequency references and memory.



Enabling integrated photonics circuits to send and receive arbitrary free-space optical beams and
couple to objects in three-dimensional (3D) volumes brings compact, low-power, low-cost,
versatile, and highly-scalable optical signals processing to applications traditionally done with
bulky and costly free-space optics. Vice versa, this adds qualitatively new abilities to the photonics
toolbox, such as free-space communication and optical measurement or integrated atomic quantum
references!* and sensors.>1% Particularly, atomic and molecular physics applications require
millimeter and sub-millimeter scale optical fields for efficient optical cooling, or for suppression
of room temperature transit time broadening, yet interaction strengths and detection quantum
efficiency from individual trapped atoms and ions are maximized by diffraction-limited focusing
with high numerical aperture. Often the atoms and ions must be kept far away from any walls and
surfaces to minimize parasitic interactions. Due to the polarization-specific nature of light-matter
interactions, constructing optical beams with an arbitrary-defined polarization is also key for
engineering the desired interactions.2

However, such spatially-compact and efficient mode conversion between high-index photonic
waveguides and wide free-space beams capable of long working distance propagation or high-
numerical aperture (NA) focusing remains a challenge due to a large mode mismatch (> 10° times
in modal area). Small-scale grating couplers efficiently bridge the mode mismatch between a sub-
micrometer wide waveguide and typical optical fiber mode field diameters of 5 pm to 10 pm,*23!
However, when scaled to larger sizes, such couplers fail to control light phase and intensity
distribution sufficiently for accurate coupling directly to free-space modes that are hundreds of
micrometers wide. Therefore, additional beam expansion volume is required and discrete optical
components, such as micro-lenses, must be either accurately attached or 3D printed onto the

photonic substrates, which adds significant fabrication costs, increases device size and restricts the



application space. We have recently developed an entirely planar, microfabricated photonic
extreme mode converter (EMC) capable of projecting a ~ 200 um wide collimated free-space
Gaussian beam directly from a photonic circuit surface.®> *® While this development has bridged
the mode mismatch gap and achieved accurate free-space intensity distribution and phase control,
it was limited to creating linearly-polarized collimated Gaussian beams, lacking in spatial control
of intensity, wavefront or polarization.

Planar optical metasurfaces (MS) made of judiciously arrayed, nanoscale elements have
been recently developed to replace bulk optics such as optical lenses, waveplates, and prisms,
providing a new versatile approach for arbitrary phase, amplitude, and polarization control.34" A
transmissive dielectric MS can convert a well-defined incident free-space beam into another free-
space radiation mode enjoying engineered polarization, direction of propagation, and/or phase
profile. Therefore, direct integration of such MS on the photonic EMC results in a compact,
efficient and batch fabricated solution for versatile coupling between photonic circuitry and free-
space. Here, we report a chip-scale planar nanophotonic platform made by integrating a photonic
EMC with an optical metasurface for efficient coupling between a single-mode nanophotonic
waveguide and free-space radiation with specified and well-controlled spatially-varying phase,
intensity and polarization profiles, including high NA focusing, polarization state conversion, and
grayscale intensity apodization and collimation. Using 780 nm light, we have demonstrated light

focusing to a ~ 473 nm full-width-at-half-maximum (FWHM) focal spot (NA ~ 0.8) located ~ 75

um above the chip surface and polarization conversion to linear and elliptical states.

RESULTS AND DISCUSSION
Overall device structure and principle of operation, along with scanning electron microscope

(SEM) images of the key components, are illustrated in Fig. 1. The waveguide to free-space mode



conversion is based on three successive stages (Fig. 1a): (i) expansion of the waveguide mode into
a wide collimated slab mode using spatially-variable evanescent coupling (Fig. 1b), (ii) free-space
beam projection from the slab mode by a grating with spatially-variable period and duty cycle, and
(iii) phase and polarization processing of the out-coupling light by a planar optical metasurface
located directly above the chip grating (Fig. 1c). A red-color overlay in Fig. 1b depicts light
propagation during the first two stages of expansion. SisN4 is chosen as a broadband, low loss
waveguide core material, clad in SiO2 from top and bottom. The details of the first two stages of
the photonic mode expansion have been previously reported.*® 4’ Briefly, the TEo waveguide mode
is converted into an ~ 200 um FWHM collimated slab mode via evanescent coupling across the
spatially-variable gap formed between the waveguide and the slab (Fig. 1b). The higher-effective-
index slab wave propagates at an angle relative to the waveguide defined by phase-matching
between the modes. By varying the gap size, the desired slab mode intensity distribution, such as
a Gaussian beam, is obtained. The second stage of light expansion is realized by scattering the slab
mode on an apodized grating, with dimensions optimized using a finite element method based
inverse design procedure, projecting an ~ 200 um FWHM collimated 2D Gaussian beam
propagating almost orthogonally to the chip surface (Fig. 1d). The beam polar angle and azimuthal
direction are controlled by the grating period design, as well as by rotating the grating slightly
relative to the incident slab mode. The slab mode is transverse-electric (TE) polarized, and the
free-space beam remains linearly polarized with electric-field projection parallel to the grating
lines. In the final stage, the collimated two-dimensional (2D) Gaussian beam interacts with a
metasurface made of an array of Si nanopillars. Here, a low-loss dielectric metasurface, operating
in transmission, flexibly processes light phase and polarization to obtain very general spatially-

dependent wavefront and polarization transformations. Such MS designs can be implemented in



our platform without limitation, as required by specific applications. We have tested two different
devices with metasurfaces designed to perform the two key functions: (1) shaping the wavefront,
demonstrated by high-NA focusing and tilt correction to surface-normal (as illustrated in Fig. 1d)
and (2) polarization transformation demonstrated by implementing a wave-plate converting
polarization from linear to elliptical.

In the first device, the tilting and focusing metasurface is built using polarization-
independent square-cross-section elements, with the local element width and pitch defining the

phase added to the transmitted light according to:

Q= mod{(ko(f —Jx2+y?+ fz) — kox sin Bcomp),Zn}, Q)

Here, k, and f stand for the free-space wave number and the MS focal distance, respectively, and
Bcomyp 1S the polar angle of the collimated beam emanated from the photonic grating into free space
when the MS is not present. In this case, we specify that the focused beam be axially symmetric
around the surface normal, therefore a tilt-angle-compensating linear phase is subtracted, akin to
a bulk optical wedge.

In the second device, the metasurface consists of an array of rectangular cross-section
elements, each oriented at 45° relative to the linear polarization of the incident wide collimated
beam projected by the EMC. The incident radiation couples to both orthogonally-polarized modes
of the rectangular MS element, propagating with different effective indexes through the MS,
resulting in a phase shift between the two polarizations after propagation. Choosing specific
dimensions of MS elements, we can spatially vary both the common and the relative phase shifts

of polarization components, shaping the output wavefront and polarization state simultaneously.
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Figure 1. Metasurface-integrated photonic platform is illustrated using high-NA focusing as an
example. (a) A schematic illustrating the device structure and operation: stage 1 — an expansion of
the waveguide mode to a collimated 1D Gaussian slab mode, stage 2 — slab mode scattering by an
apodized grating into free space forming a collimated 2D Gaussian beam, stage 3 — light focusing
using a planar MS located directly above the grating. (b) An SEM image showing parts of the
evanescent expander (stage 1) and apodized grating (stage 2). Red color overlay depicts a
waveguide mode expanding into a collimated slab mode followed by scattering into free space by
an apodized grating (stage 2). (c) An SEM image of a portion of the MS showing an array of Si
pillars fabricated on a SiO; substrate. (d) A cross-sectional schematic, depicting a wide collimated
beam emanated at a slight angle from the chip normal and subsequently tilted to normal and
focused by the MS with NA ~ 0.8.



While monolithic wafer-scale nanofabrication of the metasurface directly on the EMC is
straightforward, here for expediency and flexibility, a photonic EMC and MS are fabricated
separately and then assembled into a single photonic platform as illustrated in the flow chart in
Fig. 2. The details of device fabrication are specified in the Method section. Briefly, the EMC
device is made via depositing continuous layers of SiO> bottom layer and SiN followed by
photonic structure patterning using electron beam lithography (EBL) and reactive ion etching
(RIE). The chip is then clad into SiO>. The MS part is fabricated on a fused silica substrate by
depositing Si layer followed by patterning using EBL and inductively-coupled plasma RIE. The
MS chip is brought in contact with the converter chip and manually aligned relative to it under a

microscope by in-plane rotation and translation.
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Figure 2. Device fabrication sequence. For convenience, planar EMC and MS are fabricated

separately and then assembled into the single photonic platform. Cross-sectional SEM and optical



images show the fine structures of SisN4 grating and evanescent expander clad in SiO, from top
and bottom, respectively.

Our photonic platform function is reciprocal and can be used to couple free-space light into
a single-mode waveguide, as well as producing a desired free-space mode from the waveguide
mode. In the experimental apparatus, shown in Fig. 3a, we use a fiber-coupled laser source to feed
the photonic platform and an optical microscope to characterize the free-space output radiation.
780 nm wavelength laser radiation is coupled from a regular single-mode optical fiber to the TEo
waveguide mode via inverted-taper waveguide couplers fabricated on a photonic chip’s edge. The
input polarization and power (typically ~ 1 mW) are adjusted by a manual fiber polarization
controller and an attenuator, respectively. Characterization of free-space radiation is performed
using an optical microscope equipped with 10x and 100x objectives and a charge coupled device
(CCD) camera mounted above the chip surface. The experimental procedures follow the three
successive steps illustrated in dashed boxes in Fig. 3a: (i) free-space beam characterization using
10x objective (NA = 0.3) to confirm collimation and quantify the beam tilt, (ii) MS alignment on

an EMC, and (iii) MS focal spot characterization using 100x objective (NA = 0.9).

To analyze the free-space beam projected from the EMC photonic chip, optical images of
the output light have been acquired at 0 mm, 1.85 mm, 3 mm, and 5.7 mm above the chip surface.
Images captured at 0 mm (left) and 5.7 mm (right) are shown in Fig. 3b. The shape of the beam is
Gaussian with an average FWHM equal to 195 um + 20 um, and no statistically significant width
change is observed, indicating good collimation (Fig. S1). The reported uncertainty of FWHM is
the standard deviation value obtained from five independently measured beam images, which are

fit with two-dimensional Gaussian profiles. The shift in the beam center yields a polar angle 8=



5.2° £ 0.1°, consistent with the EMC design and used to select the proper tilt angle compensation
for the MS pattern to focus without optical aberrations and emanate the output light beam
orthogonally to the surface (Fig. S2). The reported polar angle uncertainty corresponds to one
standard deviation statistical uncertainty obtained from analyzing Gaussian-fit beam shifts as a

function of height z.
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Figure 3. Experimental characterization of device operation. (a) An experimental set-up: A is a
fiber attenuator, PC is a manual fiber polarization controller, DUT is a device under test, P is a
polarizer. Dashed boxes illustrate three assemblies to (i) characterize a free-space beam projected
by an EMC, (ii) align MS on top of the EMC, and (iii) analyze overall device operation including
focal spot characterization. (b) Free-space beam characterization: two optical images of the light

beam projected from the photonic EMC into free space acquired at 0 mm (left) and 5.7 mm (right)



above the chip surface. The dashed box indicates the position of the EMC beam at the MS surface,
i.e. z=0 mm. (c) MS alignment: a phase-compensated MS is mounted and aligned on the EMC
chip. The image is captured using a 10x objective. The dashed box indicates the position of the
light beam. The red arrow in panels (b) and (c) indicate the in-plane projection of the collimated
free-space beam, which is aligned to be collinear with the phase compensation direction
incorporated into the MS design. (d) MS focal spot characterization: two optical images obtained
at 0 um (left) and 75 pm (right) above the device surface using NA=0.9, 100x objective depict
the MS surface structure under white light illumination and the device-generated focal spot with
780 nm light, respectively. The aberration-free focal spot with the FWHM = 473 nm appears = 75

um above the chip surface.

After EMC characterization, a nominally 4.3°-tilt-compensating MS and the EMC chip are
brought into a direct mechanical contact, and MS is manually shifted and rotated to align to the
EMC under the low NA 10x microscope (Fig. 3c). The compensation direction of the MS, along
one of its edges, is rotationally aligned along the azimuthal direction of the beam tilt (red arrows),
while the MS is centered on the EMC output beam. We first characterize the device performance
with a MS focusing light with a high NA. Once the MS is aligned on a chip, 100x objective with
NA = 0.9 is employed to characterize light focusing. Two optical micrographs, with image planes
at 0 um and 75 um above the device surface (Fig. 3d), show the MS fine structure under white
light illumination, and the 780 nm wavelength focal spot, respectively. Within a couple degrees of
rotational misalignment between the MS and EMC estimated, the focal spot image appears axially
symmetric, with no apparent aberrations or additional features (Fig. 3d, right and Fig. S3). The
measured 75 um + 2.5 um focal distance from MS surface is in agreement with the simulated value
of 72.7 um (Fig. S4). The uncertainty of the focal distance is half of the smallest scale division of

the z-stage manual positioner. The details of the focal spot analysis are shown in Fig. S5.
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The coupling efficiency of a TE waveguide mode to a collimated beam is ~ 4.5 dB, and the
focusing efficiency of the MS results in =~ 1.9 dB, yielding 6.4 dB overall efficiency of the photonic
platform. The device’s bandwidth is limited by 780 nm + 4 nm, ensuring an aberration-free
diffraction limited focal spot. The bandwidth of the EMC spans tens of nanometers, however the
beam steering effect leads to a variation of the incident angle at the tilt-compensated MS, and
beyond the specified range, comma aberrations are observed.

Fitting the CCD image data by an axially symmetric 2D Gaussian function, yields FWHM
=473 nm + 71 nm. Here we estimate the uncertainty due to the mismatch between the data and
the Gaussian model by separately fitting a 2D Gaussian with unequal width along the principal
axes and reporting the width difference as the uncertainty. The statistical uncertainty of the width
from the fit is negligible compared to this width mismatch along orthogonal axes. Changing the
MS rotation angle by an estimated ~ 4° gives a similar tight focal spot with Gaussian intensity
FWHM = 480 nm + 35 nm. Note that these values describe the focal spot image size on the CCD
without any attempt to remove the effects of potentially imperfect imaging by the 100x, NA =0.9
objective. The measured value is consistent with an Airy FWHM =~ 0.5 A/NA = 487.5 nm for
NA = 0.8 and the numerically simulated value of ~ 478 nm.

Finally, we demonstrate the capability of our platform to arbitrarily control light
polarization, when the EMC is integrated with a MS operating as both a wave plate and a metalens.
As a demonstration, we obtain an elliptically polarized light focused in free-space using the MS
made of rectangular cross-section elements. To characterize the MS effect on polarization, we
insert a linear polarizer in the imaging optical path after the microscope objective and capture and
analyze series of images with different polarizer orientations. We first capture a series of low

magnification images containing both the polarization-modified light beam processed by the MS
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and a pristine linear polarized reference light beam coming from an adjacent identical EMC using
the 10x objective (NA = 0.3) (Fig. 4a). The reference EMC 2 is located close to the initial EMC
1 but rotated 180° relative to it. Fabricating and using two identical EMCs close to each other
makes it possible to observe both beams simultaneously, spatially separated but within the same
field of view and use one of them as a reference device. The dependence of the spatially-integrated
light intensity of both beams on polarizer orientation (Fig. 4b) reveals the elliptical polarization
state of the MS-processed radiation indicated by the reduction of the polarization contrast visibility
from ~ 1 (linearly polarized reference) to 0.46 + 0.02 (elliptically polarized after the MS). The
small ~ 8° relative shift between the two curves confirms rotational misalignment of less than 5°

between the MS and the EMC.
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Figure 4. Characterizing the polarization state of the output beam projected from the photonic

platform. (a) An experiment schematic and an optical image (10x, NA = 0.3) simultaneously
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capturing the elliptically-polarized focused light beam after the MS illuminated by the EMC 1 and
a linearly-polarized, collimated reference beam coming from an identical, 180° rotated EMC 2
without a MS. The focal plane is detuned from best focus to avoid camera saturation. (b) The
dependence of integrated light intensity of both linearly-polarized reference (red curve) and
elliptically-polarized MS (black curve) beams on polarizer orientation. The analysis is based on a
series of images, as in panel (a), captured with different polarizer orientations. (c) The dependence
of integrated light intensity of the elliptically-polarized focal spot captured by 100x objective (NA
=0.9) on polarizer orientation. Here, similar visibility is obtained with light captured over the full

numerical aperture of the device.

While the 10x objective only captures light from the center portion of the lens due to the
objective’s limited NA, switching to a 100x objective (NA = 0.9) allows us to fully capture the
light passing through the MS focus (however without the ability to simultaneously image the
reference, which falls outside of the objective’s field of view). Performing the same analysis —
intensity vs. polarizer orientation — results in the similar visibility 0.40 + 0.01 (Fig. 4c) as the one
obtained using a low-NA objective, indicating that the polarization transformation is performed
uniformly across the MS. The uncertainty in both cases is one standard deviation statistical

uncertainty of the visibility, i.e. sinusoidal fit amplitude normalized by the offset.

Precise lithographic definition and the ability to scale photonics to thousands of individual
signals provides an unprecedented opportunity for future scalable and low-cost free-space optical
applications using multiple precisely-aligned collimated beams, focused spots, Bessel beams and
light sheets, and other free-space optical modes at multiple wavelengths, all created by batch-
fabricated photonic chips. For example, resilient to local perturbations, Bessel beams allow tight
focusing at long working distances, useful for structured illumination in fluorescence
microscopy.*®° The presented efficient photonic to free-space coupling is reciprocal, enabling

highly-selective radiation collection, filtering, processing and detection on chip. EMC has been

13



experimentally demonstrated for both free-space illumination and single-mode collection into a
waveguide,? and combining it with MS permits selective high-NA collection of radiation with the
desired polarization, such as circular,3* 3 required for some atom applications. Advances in robust,
efficient and manufacturable integration of photonics with free-space matter, such as atoms and
their ensembles in a vacuum or in a solid-state matrix, can add electric®® and magnetic® field
sensing, accurate wavelengths references,? as well as, potentially, strong photon-photon
interactions and optical memory, to the photonics technology. Other applications that stand to
benefit from this technology are high density interconnect for fiber-optic communication,
miniaturized systems for light detection and ranging (LIDAR) as well as on-chip chemical and
biological detection. Finally, the capabilities of the proposed platform can be readily extended by
integrating the EMC with reconfigurable/tunable MSs, where the tuning mechanism is realized

using mechanical, chemical, optical or thermal switching.

CONCLUSION

To conclude, we have realized a compact metasurface-integrated photonic platform enabling
conversion between a sub-micrometer photonic guided mode and the desired free-space radiation
field profiles including well-controlled light focusing, polarization, and lateral intensity
distribution. Functionality is demonstrated by diffraction-limited aberration-free focusing in the
far field ~ 75 um (= 100 A) above the chip surface with high numerical aperture (NA = 0.8)
producing a focal spot with ~ 473 nm FWHM. Conversion of the polarization state from linear to
elliptical is shown simultaneously with focusing. While the hybrid integration approach permits
flexible mix-and-match between known good MS and photonic mode converter components, the

microfabrication materials and processes are conventional and mutually-compatible, permitting
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straightforward wafer-scale monolithic batch fabrication of such integrated planar photonic
devices. Multiple identical or different optical devices can be simultaneously fabricated and
accurately arranged on the same chip and interconnected by custom nanophotonic circuitry for
specific applications. This approach in principle allows creation of wide beams with arbitrary
spatially-varying wavefronts and polarizations directly from the planar photonic device surface,
and can be easily adapted for infrared, ultraviolet, and visible ranges. Both the metasurface and
the mode converter are non-resonant, wide-bandwidth devices, and the dispersion of the mode
converter grating can be used for active beam steering based on optical frequency tuning. The
developed photonic platform paves the way for integrated chip-scale quantum atomic-photonic
devices, novel integrated nonlinear photonics, and chip-scale optical sensors for chemical and

biological detection.

METHODS

Fabrication of the photonic chip: Fabrication of the EMC starts from 100 mm diameter Si wafer,
which undergoes thermal oxidation resulting in ~ 2.9 um thick oxide. Then a continuous ~ 250 nm
thick layer of SisN4 is deposited using low pressure chemical vapor deposition (LPCVD) followed
by a two-stage patterning. Electron beam lithography (EBL) and reactive ion etching (RIE) are
employed to define nominally 300 nm wide waveguides, expander region with an adiabatically
varying gap, and inverse tapers served to couple light from fiber array to the photonic device.
During the second run of EBL and RIE, ~ 85 nm deep groves are made, forming an apodized
grating. To complete the first component of the platform, ~ 2.8 um thick SiO- is clad conformally
using plasma-enhanced chemical vapor deposition (PECVD). The wafer then is diced into separate

chips, and facets with input couplers are polished. The shape and dimensions of critical photonic
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elements such as an evanescent coupler and an apodized grating (see inset images in Fig. 2) are

checked using SEM imaging before SiO> cladding deposition.

Fabrication of the MS: To fabricate the MS part of the device, a layer of nominally 660 nm thick
polycrystalline silicon is deposited onto a fused silica wafer via LPCVD. Then the MS fine
structure is patterned using EBL and inductively-coupled-plasma reactive ion etching (ICP-RIE)
through an Al hard mask to form standing Si nanowires with a high aspect ratio. Finally, the Al

hard mask is removed using a wet etchant.
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Metasurface-Integrated Photonic Platform for Versatile Free-

Space Beam Projection with Polarization Control

Alexander Yulaev,** Wengi Zhu,*? Cheng Zhang,? Daron A. Westly,* Henri J. Lezec,® Amit Agrawal,*?
and Vladimir Aksyuk

473 nm FWHM

By integrating a dielectric metasurface with an extreme photonic mode converter, we create a
versatile nanophotonic platform for efficient coupling to arbitrary-defined free-space radiation of
780 nm wavelength with well-controlled spatially-dependent polarization, phase, and intensity.
The TOC depicts the schematic of our device and an optical micrograph of a diffraction limited

focal spot.
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Characterization of a free-space beam emanated from an extreme mode converter (EMC):
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Fig. S1. Characterization of a free-space beam generated by an extreme mode converter. (a) A
microscope micrograph of a free-space Gaussian beam projected by a 300 um x 300 um grating
of an extreme mode converter. (b)-(c) Mode profiles along x and y axes obtained by integrating
light intensity along y and x directions, respectively. Fitting the experimental profiles with a 1D
Gaussian function reveals 208 um and 199 pm full-width at half-maximum (FWHM) along the x
and y axes, respectively.
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Effect of metasurface (MS) phase compensation on a focal spot:

To analyze how the incorporated phase compensation affects the focal image, we fabricate and
analyze an array of MS samples with a variety of angle correction values ranging from 0° to 6.5°
in free space using Eq. (1) (Fig. S2). The left image in top row panel (a) shows the simulated Ex-
field distribution after passing the 5° phase-compensated MS. The other images in Fig. S2 depict
the experimental focal spots projected from several phase-compensated MSs assembled and
precisely aligned on top of the EMC. The in-plane projection x* of the light beam direction is
marked with a dashed white arrow in Fig. S2. When the phase compensation of the MS is not
properly tuned for the incident beam angle, the focal spot distorts, appearing as a coma
aberration. For a given photonic chip, only 4.3° phase-compensated MS results in an aberration-
free focal spot image, which agrees well with the value of the beam tilt quantified from Fig. 3 b.

39 3.6°
-
.
52 5.8% 6.5
’ - .

Fig. S2. Effect of phase compensation on focal spot aberration. The left image in top row is the
longitudinal cross-section through a focused beam showing the simulated Ex-field distribution
after passing 5° phase-compensated metalens along the Xcomp direction. The other images
acquired using 100x objective depict the experimental focal spots projected from 0° to 6.5°
phase-compensated metalenses assembled and precisely aligned on top of the mode converter.
The in-plane projection x’ of the tilted incident light beam is marked with a dashed white arrow.
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Effect of rotational misalignment on a focal spot:

An adjustable mechanical contact between the MS and the EMC allows for facile and precise
alignment resulting in an aberration-free image of the focal spot. However, integrating photonic
chips with other systems may require the monolithic fabrication or assembling of the MS and the
mode expander into a single unit. Because the exact EMC beam direction may be affected by
fabrication process variation, quantifying the engineering tolerance to rotational misalignments is
of high importance. Fig. S3 illustrates how focal spots distort when the rotational misalignment
between the MS and the photonic chip is introduced. The misalignment angle A@ is defined
between the in-plane projection x” of the collimated free-space beam and the direction of the 4.3°
phase compensation Xcomp (Fig. S2 a). Optical images of the focal spots with Ag = -2.8°, 1.3°
result in an axially symmetric non-distorted focal spot (Fig.S3 b and c). However, once the A6
grows to ~10°, the focal spot undergoes deformation with a clearly defined coma-shaped tail
(Fig. S3 d). The orientation of coma aberration qualitatively coincides with an in-plane
projection of the mismatch between the k-vectors related to a free-space beam and a phase-
compensated direction. To sum up, the MS design is required for a specific incident k-vector to
achieve clean and aberration-free focusing, however the focusing quality is tolerant to >3°
azimuthal angle variation.

Tail of coma-aberration

Fig. S3. Effect of rotational misalignment on focal spot aberration. (a) An optical image of the
4.3° angle compensated metalens stacked with the mode converter captured using a 10x
objective. A8 defines the rotational misalignment angle between the in-plane projection x’ of the
collimated free-space beam and the direction of the 4.3° phase compensation Xcomp incorporated
into the metalens design. (b)-(d) Optical images of the focal spots obtained using 100x objective
from a 4.3° angle compensated metalens (NA = 0.8) for A6 =-2.8° 1.3°, and 10.7°.

25



FDTD simulations of high-NA focusing performed by a MS:
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Fig. S4. Simulation of the metasurface that achieves focusing and tilt correction at the same time.
(a) Schematic diagram of the metasurface functionality for an oblique angle of incidence @ = 3°
in a silica substrate. The incident beam has a Gaussian profile with a 195 um FWHM. (b) The
xz-plane cross section of the FDTD simulated E, intensity at the vicinity of the focal spot. (c)
Intensity profile of a focal spot along the x-axis. The simulated FWHM is 478 nm.

We use three-dimensional finite-difference time-domain (FDTD) simulations to validate the
designing concept of the metasurface that achieves focusing and tilt correction at the same time.
The nanopillar array that constitutes the metasurface spans 20 um along the x-axis, where the in-
plane dimensions are set to implement the phase function of a cylindrical lens:

p(x) = i—n(f —Jx%2+f?) —i—”nxsin@ :
0 0

where 4, = 780 nm is the wavelength of incident light in free space, f is the targeted focal length of the
metalens, n is the refractive index of the fused silica substrate, and 6 is the angle of the obliquely incident
light in the substrate. We have designed and simulated metalenses with targeted f = 7.8 um
(corresponding to NA = 0.8) for 8 = 3° (Fig. S4 a-c). A diffraction-limited focal spot corresponding
to the targeted numerical aperture and the desired tilt-correction is achieved (Fig. S4 c).
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Characterization of a focal spot size:

(@) Dbiffraction-limited focal spot

FWHM simulation

Fig. S5. Characterization of high-NA focusing of the photonic platform. (a) A focal spot pattern
formed by 4.3° angle-compensated MS mounted on the EMC projecting ~ 195 um wide
collimated Gaussian beam. The dashed circle indicates the FWHM of the diffraction-limited
focal spot obtained using FDTD simulations. (b-c) Normalized intensity plot profiles (red

2 um
]

FWHM, = 489 nm

T

[FWHM, = 448 nm

circles) across the focal spot in panel (a) drawn along the x” and y’ directions. The X' direction is

collinear with the in-plane projection of the collimated free-space beam. Blue curves are

Gaussian fittings.
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FDTD simulations of the polarization conversion performed by a MS:
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Fig. S6. Simulation of the polarization-conversion metasurface. (a) Schematic diagram of the
metasurface functionality. (b) An SEM image of the fabricated metasurface characterized in Fig.
4. The in-plane dimensions, L, = 85 nm and L,, = 160 nm, are measured for FDTD
simulations. A scale bar represents 200 nm. (c) FDTD simulated E, and E,, waveforms showing
a time-delay of 0.91 fs.

The polarization conversion achieved in Fig. 4 is also confirmed by FDTD simulation. Here, the
in-plane dimensions (L, = 85 nm, L, = 160 nm) and height (H = 660 nm) of the nanopillars
are measured using scanning electron microscope (SEM) images. A linearly polarized light
(electric field is 45° from the x-axis) is incident from the substrate side of the metasurface (Fig.
S6 a). The simulated polarization state of the beam exiting the metasurface is shown in Fig. S6 c,
with E, delayed by At = 0.91 fs (corresponding to a phase delay of § = 2mcAt/A, = 0.71) with
respect to E,,, indicating an elliptically polarized light. The expected polarization contrast
visibility is e = 0.51, closely matching the experimentally measured value of e = 0.46 + 0.02
in Fig. 4.
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