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Visible wavelengths of light control the quantum matter of atoms and molecules and are foundational for quantum
technologies, including computers, sensors, and clocks. The development of visible integrated photonics opens the
possibility for scalable circuits with complex functionalities, advancing both science and technology frontiers. We
experimentally demonstrate an inverse design approach based on the superposition of guided mode sources, allowing
the generation and complete control of free-space radiation directly from within a single 150 nm layer Ta2O5, showing
low loss across visible and near-infrared spectra. We generate diverging circularly polarized beams at the challenging
461 nm wavelength that can be directly used for magneto-optical traps of strontium atoms, constituting a fundamental
building block for a range of atomic-physics-based quantum technologies. Our generated topological vortex beams
and the potential for spatially varying polarization emitters could open unexplored light–matter interaction pathways,
enabling a broad new photonic–atomic paradigm. Our platform highlights the generalizability of nanoscale devices for
visible-laser emission and will be critical for scaling quantum technologies. © 2023 Optica Publishing Group under the terms

of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.486747

1. INTRODUCTION

Addressing matter with visible lasers enables a wide range of
applications, including facilitating quantum computer tech-
nology [1–3], conveying information to the human brain [4,5],
sensing various biological markers [6,7], realizing exceptional
measurement precision and quantum sensing [8], and facilitating
discoveries at the frontier of physical science [9–13]. Photonic-
integrated circuits (PICs) of extended waveguide structures are
the medium to realize complex systems for myriad applications,
especially in the quest for portability [9,12]. Novel advances in
nanoscale photonics will open scalable opportunities to probe,
manipulate, and address various types of matter with visible laser
light.

To motivate integrated photonics development, we take ensem-
bles of atoms as an essential and widespread system at the frontier
of quantum information [14] and quantum sensing [15,16]. To
control the relative atomic motion of the ensemble and manipulate
the atomic spin to prepare and detect functional quantum states,
current experiments rely on complex, free-space laser beam systems
implemented with bulk optics. In particular, the extraordinarily
long radiative lifetimes of atomic transitions in alkaline-earth
metals such as strontium (Sr) enable ultraprecise laser frequency

stabilization. This, in turn, facilitates the operation of optical-
frequency clocks that potentially exceed the performance of cesium
clocks used to realize the SI definition of the second [17].

Beyond the development of new physical standards, the
extreme measurement precision of Sr clocks [18,19], counted at
approximately one part in 1018, enables the discovery of novel
physics [20], gravitational wave detection [21], relativistic geodesy
[22,23], and dark matter searches [24]. Frequency-comb metrol-
ogy applications, integral in atomic physics, have recently become
enabled by integrated photonics in the near-infrared to the visible
spectra [25–27]. The generation of arbitrarily complex free-space
laser fields through integrated photonics, using scalable manufac-
turing, can unlock unprecedented opportunities with quantum
technologies. These include optical clocks, quantum sensors [28],
higher precision GPS clocks in space [29,30], precision geodesy
[31], precise synchronization of distributed systems [32,33], and
more. Innovation in the control of visible laser beams relies on
expanding our knowledge of nanoscale photonics, towards the
goal of arbitrarily complex and scalable systems [34–36], given the
requirement for deep subwavelength structures for use with blue
and UV wavelengths. Moreover, this application space requires
control of the laser field far outside the near-field range [37],
increasing the demand for on-chip beam emitters.
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Given the importance of generating free-space laser beams,
various approaches have been developed. With the specific
aims and requirements of interfacing lasers to quantum sys-
tems, recent advances with nanoscale patterning have generated
large-area [38,39] and focused [40,41] free-space laser beams,
albeit with the emitted polarization typically constrained to
be parallel to the grating lines with rare exceptions [42]. A
combined approach of PICs with metasurfaces to add func-
tionality has been recently explored [43], based on a non-trivial
cascade of substrate bonding individually fabricated devices.
The closely related polarization-diversity coupling gratings
aim to couple light into PICs regardless of their polarization
[44–53]. However, the design of such elements has consisted
of involved simulation campaigns to optimize a priori selected
structure arrays and tailor them for a given wavelength. Finally,
the inverse-design approach [54], relying on advanced optimiza-
tion algorithms to implement physically intuitive ideas through
the generation of physically unintuitive structures, has recently
transformed the field of photonics [55,56]. This approach offers
general solutions to many problems, including linear [57–61]
and nonlinear [62–64] integrated elements, light-trapping
devices [65], free-space-to-free-space metasurfaces [66–69],
and free-space-to-PIC coupling gratings [70–72]. Nevertheless,
a generalized platform for PIC-to-free-space beam delivery with
complete control over all properties of emitted light has yet to be
realized.

2. RESULTS

In this work, we leverage nanoscale devices to demonstrate a
versatile PIC platform for laser emission across the visible and
near-infrared spectral ranges. We experimentally demonstrate
that leveraging coherent superpositions of waveguide modes [Fig.
1(a)] and utilizing an inverse design [54] approach enables the
generation of arbitrarily shaped, oriented, and polarized laser
beams directly from a single 150 nm thin PIC layer [Figs. 1(c)–
1(f )], limited by Maxwell equations alone. We perform the design
fabrication and characterization experiments at the challenging
461 nm wavelength, which is critical for laser cooling and trapping
of strontium gases, thus laying the foundation for a generalized
atomic–photonic platform. We employ the tantala (Ta2O5)
material system, fully integrated on an oxidized silicon wafer,
supporting record low loss [73,74] down to 3± 1 dB/m across
the telecommunications C-band. Tantala is a CMOS-compatible
material [75] that has recently emerged for integrated nonlin-
ear photonics [74,76–79] and, as such, holds high potential for
becoming a scalable basis for photonic–atomic circuitry. In this
work, we extend the utility of this platform into the visible. We
should note that the Six Ny platform has demonstrated similar low
propagation loss [80], albeit with oxide-clad devices. However,
Six Ny typically exhibits ∼30-fold higher stress and ∼2-fold
annealing temperatures, thus complicating the fabrication proc-
ess with stress-relieving patterns. In addition, tantala possesses
a slightly higher refractive index and ∼3-fold higher nonlinear
coefficients. This, in turn, is conducive to integrated nonlinear
sources, generating colors required for spectroscopy and atomic
applications. We, therefore, believe that these properties render

Fig. 1. Universal interface for free-space beam emission. (a) Concept schematic of a guided mode split into two modes propagating towards an inverse-
designed two-dimensional structure, generating a diverging free-space beam with structurally defined arbitrary polarization. Scanning electron microscope
(SEM, top left inset) image of a sample with inverse-designed beam source structure determining the beam spatial properties in an air-clad, 150 nm thin
tantala-on-oxide platform. The relative phase and amplitude of the two waveguide arms are defined by an inverse-designed phase splitter (SEM, bottom
right inset) and determine the polarization state of the generated beam. (b) Photograph of a blue, free-space, polarized beam with λ= 461 nm wavelength
originating from the fiber-coupled chip. (c)–(f ) Schematic representation of the demonstrated controlled degrees of freedom. The yellow dashed arrow
indicates the propagation direction pointing orientation (θ, φ). The beam cone size and red spot diameter indicate the divergence angle. Polarization: blue
arrow, left circular polarization (c); red arrow, right circular polarization (d); spatially varying polarization (e) in the form of radial polarization generated by
scattering the singularity carried by two perpendicularly propagating first-order modes, and a spatially varying phase in the form of a phase vortex (f ).
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tantala a superior rising alternative to the Six Ny platform. For a
comparison, see Section S8 in Supplement 1.

The generation of highly divergent beams allows for a small
footprint (<10 µm2) structure that facilitates high robustness
to fabrication tolerances and enables tight placement of a large
number of on-demand sources, eliminating bulky optics typi-
cally used in atomic physics setups. Our platform provides a clear
pathway to miniaturize existing quantum technologies and export
them from their laboratory-bound environments. Moreover, the
demonstrated generation of topological sources such as vortices
and beams with spatially varying polarization opens new direc-
tions towards unexplored light–matter interaction, opening and
enabling a broad new photonic–atomic paradigm.

The basis behind on-chip polarization control with a nanoscale
dielectric structure considers a spatially uniform elliptical polariza-
tion state ê as a linear superposition of two orthogonal polarization
vectors:

ê = a x̂ + b · exp iφ ŷ . (1)

In a typical free-space laser emission outcoupling structure, a
fundamental waveguide mode is guided towards a grating. The
mode is scattered into free space, with the resulting polarization
typically lying parallel to the grating lines. The spatial-field distri-
bution is achieved using grating apodization since the amplitude
and phase of the guided mode change with propagation and partial
scattering along the grating. The apodization is typically achieved
via maximizing a field distribution target by selecting teeth from
a pre-simulated grating library, assuming periodic structures and
exponential propagation decay inside the gratings.

To achieve full beam control including polarization, divergence,
and both azimuthal and polar angles of the direction of propaga-
tion, it is, in principle, possible to add an orthogonally oriented
waveguide arriving at the outcoupling grating. Superimposing the
outcoupling port with an orthogonally oriented grating would
combine the orthogonally polarized guided modes as they scatter
into free-space beams. Then, by controlling the relative amplitude
and phase of the guided modes, one could control the polarization
in the output according to Eq. (1). This scenario, conceptually
reversing the polarization-diversity insertion couplers, is achiev-
able by apodized gratings (see Supplement 1). However, the
generation of highly divergent beams propagating at steep angles
in two dimensions, necessary to support the broadest range of
technologies, by apodization of orthogonal gratings is a non-trivial
grating-design task. Moreover, achieving optimal coupling effi-
ciencies is challenging with such approaches, and generalizing
to more involved functionalities is strongly limited by the initial
model and the employed assumptions.

The alternative strategy we take here is a direct optimization of
the structure to maximize a chosen output beam target via inverse
design. Inverse design is an optimization approach that achieves
local optimal values for a given objective function over vast param-
eter spaces. Once a physical framework is set to provide enough
degrees of freedom, including, specifically, nanoscale feature con-
trol in photonics platforms, the operation of inverse design can
result in devices with optimal performance [56]. We show here
that the generalizability of inverse design is ideal for matching the
requirements of quantum technologies. A general electromagnetic
optimization problem can be expressed [54] in the form

max
p

fobj
(
E (ε( p))

)
Subject to : p ∈ Sfab, (2)

where fobj is an objective function to be maximized, E is the
electric field distribution, ε is the distribution of the electric
permittivity, and p is some parametrization of the permittivity
containing the fabrication constraints Sfab [54]. We specify the
desired beam with its target electric and magnetic vector fields
E target, H target, respectively, which can be defined analytically, and
by setting the orthogonal source input configuration [Figs. 1(a)
and 1(b)], we maximize the overlap objective given by

fobj = 0.25 ·

∣∣∣∣∣
∫

E (ε)× H∗target · dS

N
+

∫
E ∗target × H(ε) · dS

N∗

∣∣∣∣∣
2

,

(3)
where E (∈) and H(∈) are the permittivity-dependent electric
and magnetic vector fields, respectively, N = 0.5 ·

∫
E target ×

H∗target · dS, and the integral is calculated over the region of interest
of sufficiently non-vanishing fields.

Circular polarization states are central to preparing optimized
ensemble spin states in quantum applications. Therefore, as the
first example, we explore the generation of circularly polarized
beams propagating at φ = 210◦ azimuthal and θ = 20◦ polar
angles with a high divergence diameter of 20◦. We explicitly for-
mulate this objective beam configuration as an overlap with a
circularly polarized Gaussian beam with the above properties. We
set two orthogonally propagating guided fundamental TE modes
with a π/2 relative phase as simultaneous inputs. To demonstrate
low footprint devices, we define a beam having a 1.5 µm waist
located 300 nm above the top surface of the device layer, where
we evaluate the overlap integral. In addition, this allows us to
minimize optimization and simulation times and generate devices
with a tiny footprint of 6 µm2. To characterize the properties
of the beams generated by the structures, we first conduct finite
difference time domain (FDTD) simulations. Then, we calculate
the far-field intensity distribution and show the beam’s angular
propagation and divergence properties [Fig. 2(b)]. We compute
the Stokes parameters of the resulting fields and plot them as a
point cloud on the Poincaré sphere to obtain the polarization
distribution information. Figure 2(d) shows the point cloud lying
at the bottom of the Poincaré sphere with the intensity-weighted
average represented by the red dot. To characterize the polarization
distribution within the beam, we calculate the pointwise third
Stokes parameter, S3 =−2 · Im(E x E ∗y ), representing the circular
polarization purity, and verify [Fig. 2(c)] that the beam is circularly
polarized. We show that the obtained structures [Fig. 1(b)] have
the desired performance (Fig. 2), exhibiting simulated outcoupling
efficiencies of up to 50% (see Supplement 1).

To experimentally characterize our nanophotonic design
principle for visible laser emission, we fabricate devices using
electron-beam lithography with tantala films [74], which are
deposited by ion-beam sputtering onto an oxidized silicon wafer
(see Supplement 1). To control the phase between the two guided
sources, we inverse-design phase beam splitters that receive a sin-
gle input and can assign desired phase and amplitude to the two
outputs [Figs. 1(a) and 4(b)]. For the optical-field analysis, we
construct a polarization microscope [Fig. 2(e)] starting with a high
numerical aperture (NA= 0.9) objective, allowing the collection
of highly divergent beams propagating at steep angles. The light
from the infinity-corrected objective passes through a rotating
quarter-wave plate and a linear polarizer, followed by a tube lens
and a transforming lens projecting the far field onto a detector. The

https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
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Fig. 2. Experimental demonstration. (a) schematic of the diverging left-circularly-polarized (blue circular arrow) beam. (b) Far-field intensity angular
distribution modeling of a structure generating a diverging beam at λ= 461 nm propagating at (θ = 20◦, φ = 30◦) with 10◦ divergence radius (white
dashed line encircling the beam); the model includes the silicon substrate of the device. The (c) circular purity spatial distribution (S3 Stokes parameter)
and (d) Poincaré sphere both show that the beam is circularly polarized. (c) Polarization distribution within the divergence radius of the beam concentrated
around S3 =−1, (d) at the south pole of the Poincaré sphere. The point cloud on the Poincaré sphere contains points within the beam with normalized
intensity values greater than 0.1. The red dot represents the intensity-averaged polarization located at the south pole with the exact value for this device of
S3 =−0.993. (e) Spatial polarimeter setup schematic. Light at λ= 461 nm is coupled to a tantala-on-oxide photonic chip. The highly divergent beams
are collected by an infinity-corrected objective (numerical aperture 0.9). The light from the objective passes through a rotating quarter-wave plate (red)
followed by a linear polarizer (orange). Following a tube lens, the light is split into a near-field image (left camera) and into a lens that projects the far field
of the illumination onto the top camera. (f ) Experimental measurement of the far-field intensity distribution and (g) circular polarization purity as well
as the Poincaré sphere (h) showing the polarization distribution within the beam having a good agreement with the modeled results. Intensity-averaged
polarization marked by the red dot for this device of S3 =−0.974. The scale in both (f ) and (g) is linear; for a discussion of the noise mechanisms in the
experimental setup see Supplement 1.

system provides the angular far-field intensity distribution and
pixel-wise polarization information [Figs. 2(f )–2(h)], providing a
detailed characterization of the beams (see Supplement 1).

As shown above, the direct optimization design approach can
utilize the degrees of freedom made available by a proper physical
system to result in functioning devices. However, the convergence
to local maxima can hinder their performance and polarization
quality and severely increase simulation time. To obtain post-
optimization experimental control over the emitted polarization
with a single grating device, we show that it is possible to re-cast our
optimization problem by aggregation of several objectives:

fobj( p)=
∑

i

fi ( p)2, (4)

where fi (p) are the individual optimization objectives. We
demonstrate the approach by designing a grating structure allow-
ing for a controllable polarization state. Our objective function
now becomes

f ( p)= fhoriz( p)2 + fvert( p)2, (5)

where fhoriz( p) and fvert( p) are two overlap integrals with two
different orthogonally polarized Gaussian beams sharing the
same spatial properties (divergence, propagation orientation).
The objectives are maximized jointly, where each objective is now

achieved by a single guided mode source. This is contrary to the
previous case where both sources are simultaneously active to maxi-
mize the single objective. As depicted in Fig. 3(c), a 20◦ diameter
diverging beam propagating at (θ = 20◦, φ = 30◦) is obtained,
and by changing the phase and amplitude of the two guided input
sources, we achieve different polarization states while maintain-
ing the spatial beam properties using the same jointly optimized
grating structure.

A critical tool in atomic physics is the magneto-optical trap
(MOT) [81]. The optical part of the MOT consists of three pairs
of counterpropagating, circularly polarized beams that are sent at a
θ = 45◦ inclination, evenly distributed along the azimuthal angle.
These six beams all meet at a common center where the atoms are
eventually trapped. We show that our platform enables a photonic-
based MOT by generating a circularly polarized beam [Fig. 3(b)]
propagating at (θ = 45◦, φ = 45◦). The experimentally obtained
beam shows a slight distortion due to interfering reflections from
the Si substrate as well as other experimental setup limitations
(see Supplement 1), which can be readily resolved in the future by
etching windows in the substrate or as described in Supplement
1. This key demonstration at the strontium MOT wavelength
of 461 nm unlocks the possibility of generating a fully integrated
photonic–atomic trap for ultracold strontium atoms or various
other atomic or molecular species.

https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
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Fig. 3. Demonstrating degrees of freedom of beam source control. (a), (b) Controlling beam propagation properties while maintaining circular polari-
zation. Simulated (top) and experimental (bottom S3 =−0.974) angular far-field beam intensity profiles of a structure generating for a λ= 461 nm beam
propagating at (θ = 20◦, φ = 30◦) with 10◦ divergence radius (a) and (θ = 45◦, φ = 45◦) with 15◦ divergence radius (b); insets are SEM images of the
generating structures. Simulated and experimental Poincaré spheres of the generated beams. Each point cloud on the sphere depicts the points within
the beam with normalized intensity greater than 0.1. The red circles represent the intensity-weighted mean polarization of the whole beam, simulated
S3 = (−0.993, −0.961) and experimental S3 = (−0.974, −0.942) for (a), (b), respectively. The polar beam orientation and divergence angle are con-
trolled while maintaining a constant azimuthal orientation and a left circular polarization located practically on the south pole of the Poincaré sphere.
(c) Controlling polarization while maintaining the normalized beam profile. Far-field beam intensity profile simulation of a structure generating for a
λ= 461 nm beam propagating at (θ = 20◦, φ = 30◦) with 10◦ divergence radius with the same generating structure as in (a) fed with varying phase and
amplitude splitters resulting in the same spatial profile but different polarizations. The Poincaré sphere shows the polarization within each beam; each
point-cloud color corresponds to a different beam with a practically unaltered spatial profile but altered polarization state. The control is achieved by
altering the relative phase and amplitudes of the source waveguided modes using integrated phase-shifting splitters using the same grating structure as in (a).
(d) Spatially varying polarization generation. Angular far-field intensity beam profile simulation of a structure generating a λ= 461 nm radially polarized
beam propagating at (θ = 20◦, φ = 45◦). The field distribution clearly shows the doughnut-shaped beam representing the polarization singularity at the
center. The polarization content of the beam covers a band around the equator of the Poincaré sphere spanning all linear polarization states with a slight
ellipticity manifested in the widening of the band. For a full generation schematic, see Supplement 1. (e) Controlling the spatial phase distribution of a
beam. Simulated (left S1 =−0.98) and experimental (right S1 =−0.991) far-field intensity distribution and Poincaré sphere of a beam having a phase
singularity with a doughnut intensity distribution, while the polarization remains linear and constant within the beam, concentrated around a single point
on the equator of the Poincaré sphere exhibiting a phase accumulation of 2π radians around the dark singularity (insets, bottom left). All modeled devices
include the silicon substrate of the device except (b); see Supplement 1 for details of substrate reflection.

To further demonstrate the versatility of our approach, we show
that we are not restricted by spatially uniform polarizations and
allow the generation of spatially varying vector fields [82], having
a nonuniform polarization distribution across the profile of the
beam. For example, we show how to generate a radially polarized

diverging beam [Fig. 3(d)], having a donut-shaped spatial distribu-
tion with a polarization singularity at its dark center. The beam’s
electric field points radially outward away from the central singu-
larity. Such a polarization state manifests as a belt along the equator
of the Poincaré sphere [Fig. 3(d)]. We achieve the polarization state

https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
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Fig. 4. Tantala losses and light routing elements. (a) Loss characterization of tantala waveguides: (left) photo of a fiber exciting a length-scan chip at 510
nm propagating ∼ 5 cm inside the chip, (middle) single length scan spiral element, and (right) length scan at three different wavelengths. (b) 1× 2 461
nm phase-shift splitter, assigning a π/2 phase difference between its arms: (left) FDTD modeling, (middle) SEM image, and (right) experimental scatter-
ing image of the splitter used to determine the free space beam polarization. (c) 1× 3 461 nm splitter designed for routing light towards three blue MOT
sources: (left) modeling, (middle) structure schematic (scale bar 500 nm), and (right) experimental scattering image of the device. (d) Blue/red crossing
designed for routing the blue and red MOT beams within a single tantala layer: (left) modeling, (middle) design schematic (scale bar 500 nm), and (right)
experimental scattering image of the device; light is coupled from the left via a lensed fiber into an oxide-clad region, scattering by the air/oxide–clad inter-
face, followed by the crossing showing that no light is coupled to the crossed route with 10−4 cross talk. (e) Wavelength division structure routing 589 nm
and 780 nm light from the common input to different outputs: (left) modeling, (middle) SEM of the device, and (right) scattering images of the device
showing the different wavelength operations. The modeling panels show the normalized absolute value of the field distribution in the devices.

by optimizing for a structure that accepts two first-order guided
modes carrying a polarization singularity and outputs a radially
polarized beam. We implement a mode converter that converts the
fundamental mode into the first-order mode with 95% conversion
efficiency. Two resulting first-order modes are guided towards
the grating in the same manner as the previous geometry (see
Supplement 1). Such beams are useful in microscopy applications
generating the smallest focal spots below the Rayleigh limit [83,84]
and could fuel future optical-tweezer-based atomic applications.

Finally, to demonstrate the control over the spatial phase distri-
bution of the generated beams, we create a beam carrying a phase
singularity [Fig. 3(e)]. In contrast to the radially polarized beam,
the phase vortex has a spatially constant polarization (vertical in
this case) and zero intensity in its center, around which the phase
of the field accumulates 2π phase, forming an optical vortex
[85,86] carrying a unit of optical orbital angular momentum. Such

beams have applications [86] ranging from optical communi-
cations [87] to tweezing [88] and quantum states [89] and have
demonstrated various uses in atomic physics [90,91], including
mechanical manipulations such as rotation, trapping, and routing
[92] as well as generation of macroscopic matter waves [93], and
even transferring angular momentum to electrons [94]. Recent
work [95] demonstrated the generation of vortex beams in the
telecom wavelengths; nevertheless, our results at more than the
three-fold shorter wavelength (461 nm) open the door for vortex-
beam atomic–photonic applications. Our platform facilitates the
integration of many such topological sources at short visible wave-
lengths suitable for interactions with atoms, opening and enabling
a broad new photonic–atomic paradigm.

A platform providing the versatility to support diverse laser-
beam emission objectives and the overall application space for
visible integrated photonics requires a full palette of devices to

https://doi.org/10.6084/m9.figshare.23261018
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control waveguide propagation. We introduce the desired func-
tionalities and implement them using inverse design, fabricating
the devices on the tantala-on-oxide platform. We created wave-
guides of varying lengths to characterize the propagation losses
exhibited by the tantala waveguides [Fig. 4(a)]. We demonstrate
that our platform exhibits <1 dB/cm propagation losses for
780 nm (0.29± 0.03 dB/cm) and 510 nm (0.57± 0.07 dB/cm)
wavelengths and 1.45± 0.06 dB/cm for the challenging 450 nm
wavelength. We design a set of passive elements to guide, manage,
and deliver the light within the optical chip [Figs. 4(b)–4(e) and
Supplement 1]. These elements allow us to split the light while
controlling both amplitude and phase between two [Fig. 4(b)]
or more [Fig. 4(c)] outputs; generate multiple on-chip sources
required in most quantum applications such as MOTs; allow the
routing of different colors within a single layer [Figs. 4(d) and 4(e)];
convert to high order guided modes; and filter undesired polari-
zation components (see Supplement 1). The designed passive
elements exhibit compact footprints and over 90% efficiencies,
allowing the generation of complex circuit schemes with many
accurately controlled sources in the visible, demonstrating that
tantala provides a versatile platform for visible photonics. We note
that we did not aim to obtain the absolute best performing devices
but rather emphasize the versatility of the approach. Therefore,
it is possible that by fine tuning the optimization procedure and
allowing for a larger footprint, one could obtain better performing
devices.

To summarize, we have demonstrated and experimentally
investigated an inverse design approach based on the superposition
of guided mode sources, allowing the generation and complete
control of free-space beams directly from within a single layer of
a photonic chip. We implemented our approach by using a single
150 nm thin Ta2O5 layer on oxide at a challenging wavelength
of 461 nm, suitable for the blue MOT of strontium atoms. The
containment of all elements within a single fabrication layer means
that our platform is readily scalable to enable the shaping and
delivery of a large number of closely spaced, on-demand sources at
various visible colors, thus opening new avenues for quantum tech-
nologies. We believe that our platform would serve as an enabling
technology in many areas requiring truly functional and scalable
integration of photonic systems and would be instrumental in
commodifying fieldable quantum technologies.
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“Near-unitary spin squeezing in 171Yb,” Phys. Rev. Lett. 122, 223203
(2019).

9. J. A. Rushton, M. Aldous, and M. D. Himsworth, “Contributed review: the
feasibility of a fully miniaturized magneto-optical trap for portable ultra-
cold quantum technology,” Rev. Sci. Instrum. 85, 121501 (2014).

10. W. Bowden, R. Hobson, I. R. Hill, A. Vianello, M. Schioppo, A. Silva, H. S.
Margolis, P. E. Baird, and P. Gill, “A pyramid MOT with integrated optical
cavities as a cold atom platform for an optical lattice clock,” Sci. Rep. 9,
11704 (2019).

11. Z. L. Newman, V. Maurice, T. Drake, et al., “Architecture for the photonic
integration of an optical atomic clock,” Optica 6, 680–685 (2019).

12. J. Kitching, “Chip-scale atomic devices,” Appl. Phys. Rev. 5, 031302
(2018).

13. K. K. Mehta, C. D. Bruzewicz, R. McConnell, R. J. Ram, J. M. Sage,
and J. Chiaverini, “Integrated optical addressing of an ion qubit,” Nat.
Nanotechnol. 11, 1066–1070 (2016).

14. M. Saffman, T. G. Walker, and K. Mølmer, “Quantum information with
Rydberg atoms,” Rev. Mod. Phys. 82, 2313–2363 (2010).

15. A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. Schmidt, “Optical
atomic clocks,” Rev. Mod. Phys. 87, 637–701 (2015).

16. A. M. Kaufman and K. K. Ni, “Quantum science with optical tweezer
arrays of ultracold atoms and molecules,” Nat. Phys. 17, 1324–1333
(2021).

17. M. M. Boyd, “High precision spectroscopy of strontium in an optical
lattice: towards a new standard for frequency and time,” Ph.D. thesis
(University of Colorado Boulder, 2007).

18. B. J. Bloom, T. L. Nicholson, J. R. Williams, S. L. Campbell, M. Bishof, X.
Zhang, W. Zhang, S. L. Bromley, and J. Ye, “An optical lattice clock with
accuracy and stability at the 10−18 level,” Nature 506, 71–75 (2014).

19. T. L. Nicholson, S. L. Campbell, R. B. Hutson, G. E. Marti, B. J. Bloom, R.
L. McNally, W. Zhang, M. D. Barrett, M. S. Safronova, G. F. Strouse, and
W. L. Tew, “Systematic evaluation of an atomic clock at 2 × 10−18 total
uncertainty,” Nat. Commun. 61, 6896 (2015).

20. M. S. Safronova, D. Budker, D. DeMille, D. F. J. Kimball, A. Derevianko,
and C. W. Clark, “Search for new physics with atoms and molecules,”
Rev. Mod. Phys. 90, 025008 (2018).

21. S. Kolkowitz, I. Pikovski, N. Langellier, M. D. Lukin, R. L. Walsworth, and
J. Ye, “Gravitational wave detection with optical lattice atomic clocks,”
Phys. Rev. D 94, 124043 (2016).

22. C. W. Chou, D. B. Hume, T. Rosenband, and D. J. Wineland, “Optical
clocks and relativity,” Science 329, 1630–1633 (2010).

23. T. Bothwell, C. J. Kennedy, A. Aeppli, D. Kedar, J. M. Robinson, E.
Oelker, A. Staron, and J. Ye, “Resolving the gravitational redshift across
a millimetre-scale atomic sample,” Nature 602, 420–424 (2022).

24. A. Derevianko and M. Pospelov, “Hunting for topological dark matter
with atomic clocks,” Nat. Phys. 10, 933–936 (2014).

25. D. R. Carlson, D. D. Hickstein, A. Lind, J. B. Olson, R. W. Fox, R. C.
Brown, A. D. Ludlow, Q. Li, D. Westly, H. Leopardi, and T. M. Fortier,
“Photonic-chip supercontinuum with tailored spectra for counting
optical frequencies,” Phys. Rev. Appl. 8, 014027 (2017).

26. D. R. Carlson, P. Hutchison, D. D. Hickstein, and S. B. Papp, “Generating
few-cycle pulses with integrated nonlinear photonics,” Opt. Express 27,
37374–37382 (2019).

27. D. D. Hickstein, H. Jung, D. R. Carlson, A. Lind, I. Coddington, K.
Srinivasan, G. G. Ycas, D. C. Cole, A. Kowligy, C. Fredrick, and S.

https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.22661554
https://doi.org/10.6084/m9.figshare.23261018
https://doi.org/10.6084/m9.figshare.22661554
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1038/s41586-020-2823-6
https://doi.org/10.1038/s41586-020-2811-x
https://doi.org/10.1038/s41565-021-00967-4
https://doi.org/10.1038/ncomms4152
https://doi.org/10.3390/s121115558
https://doi.org/10.1038/s41565-021-01045-5
https://doi.org/10.1103/PhysRevLett.122.223203
https://doi.org/10.1063/1.4904066
https://doi.org/10.1038/s41598-018-37186-2
https://doi.org/10.1364/OPTICA.6.000680
https://doi.org/10.1063/1.5026238
https://doi.org/10.1038/nnano.2016.139
https://doi.org/10.1038/nnano.2016.139
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/ncomms7896
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/PhysRevD.94.124043
https://doi.org/10.1126/science.1192720
https://doi.org/10.1038/s41586-021-04349-7
https://doi.org/10.1038/nphys3137
https://doi.org/10.1103/PhysRevApplied.8.014027
https://doi.org/10.1364/OE.27.037374


Research Article Vol. 10, No. 7 / July 2023 / Optica 878

Droste, “Ultrabroadband supercontinuum generation and frequency-
comb stabilization using on-chip waveguides with both cubic and
quadratic nonlinearities,” Phys. Rev. Appl. 8, 014025 (2017).

28. F. Sorrentino, G. Ferrari, N. Poli, R. Drullinger, and G. M. Tino, “Laser
cooling and trapping of atomic strontium for ultracold atoms physics,
high-precision spectroscopy and quantum sensors,” Mod. Phys. Lett. B
20, 1287–1320 (2011).

29. E. A. Burt, J. D. Prestage, R. L. Tjoelker, D. G. Enzer, D. Kuang, D.
W. Murphy, D. E. Robison, J. M. Seubert, R. T. Wang, and T. A. Ely,
“Demonstration of a trapped-ion atomic clock in space,” Nature 595,
43–47 (2021).

30. T. A. Ely, E. A. Burt, J. D. Prestage, J. M. Seubert, and R. L. Tjoelker,
“Using the deep space atomic clock for navigation and science,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 65, 950–961 (2018).

31. J. Grotti, S. Koller, S. Vogt, S. Häfner, U. Sterr, C. Lisdat, H. Denker, C.
Voigt, L. Timmen, A. Rolland, and F. N. Baynes, “Geodesy and metrology
with a transportable optical clock,” Nat. Phys. 14, 437–441 (2018).

32. J. Sheehy, “Problems with simultaneity in distributed systems,” Queue
13, 20–27 (2015).

33. J. C. Corbett, J. Dean, M. Epstein, A. Fikes, C. Frost, J. J. Furman,
S. Ghemawat, A. Gubarev, C. Heiser, P. Hochschild, and W. Hsieh,
“Spanner: Google’s globally distributed database,” ACM Trans.
Comput. Syst. 31, 1–22 (2013).

34. A. S. Solntsev, G. S. Agarwal, and Y. Y. Kivshar, “Metasurfaces for quan-
tum photonics,” Nat. Photonics 15, 327–336 (2021).

35. T.-W. Hsu, W. Zhu, T. Thiele, M. O. Brown, S. B. Papp, A. Agrawal, and C.
A. Regal, “Single atom trapping in a metasurface lens optical tweezer,”
PRX Quantum 3, 030316 (2021).

36. P. Ruchka, S. Hammer, M. Rockenhäuser, R. Albrecht, J. Drozella, S.
Thiele, H. Giessen, and T. Langen, “Microscopic 3D printed optical
tweezers for atomic quantum technology,” Quantum Sci. Technol. 7,
045011 (2022).

37. L. Stern, B. Desiatov, I. Goykhman, and U. Levy, “Nanoscale light-
matter interactions in atomic cladding waveguides,” Nat. Commun. 4,
1548 (2013).

38. S. Kim, D. A. Westly, B. J. Roxworthy, et al., “Photonic waveguide to
free-space Gaussian beam extreme mode converter,” Light Sci. Appl. 7,
72 (2018).

39. C. Ropp, A. Yulaev, D. Westly, G. Simelgor, and V. Aksyuk, “Meta-grating
outcouplers for optimized beam shaping in the visible,” Opt. Express 29,
14789–14798 (2021).

40. K. K. Mehta and R. J. Ram, “Precise and diffraction-limited waveguide-
to-free-space focusing gratings,” Sci. Rep. 7, 2019 (2017).

41. Z. Zhao and S. Fan, “Design principles of apodized grating couplers,” J.
Lightwave Technol. 38, 4435–4446 (2020).

42. L. He and M. Li, “On-chip synthesis of circularly polarized light with
a 2D grating emitter,” in Conference on Lasers and Electro-Optics
(CLEO)–Laser Science to Photonic Applications (2014), Vol. 39, pp.
2553–2556.

43. A. Yulaev, W. Zhu, C. Zhang, D. A. Westly, H. J. Lezec, A. Agrawal, and
V. Aksyuk, “Metasurface-integrated photonic platform for versatile free-
space beam projection with polarization control,” ACS Photon. 6, 2902–
2909 (2019).

44. D. Taillaert, H. Chong, P. I. Borel, L. H. Frandsen, R. M. De La Rue, and R.
Baets, “A compact two-dimensional grating coupler used as a polariza-
tion splitter,” IEEE Photon. Technol. Lett. 15, 1249–1251 (2003).

45. F. LaereVan, W. Bogaerts, P. Dumon, G. Roelkens, D. ThourhoutVan,
and R. Baets, “Focusing polarization diversity gratings for Silicon-on-
Insulator integrated circuits,” in IEEE International Conference on Group
IV Photonics (2008), Vol. 1, pp. 203–205.

46. L. Carroll, D. Gerace, I. Cristiani, and L. C. Andreani, “Optimizing
polarization-diversity couplers for Si-photonics: reaching the −1 dB
coupling efficiency threshold,” Opt. Express 22, 14769–14781 (2014).

47. L. Carroll, D. Gerace, I. Cristiani, S. Menezo, and L. C. Andreani, “Broad
parameter optimization of polarization-diversity 2D grating couplers for
silicon photonics,” Opt. Express 21, 21556–21568 (2013).

48. M. F. Rosa, P. de la Torre Castro, N. Hoppe, L. Rathgeber, W. Vogel, and
M. Berroth, “Novel design of two-dimensional grating couplers with
backside metal mirror in 250 nm silicon-on-insulator,” in International
Conference on Numerical Simulation of Optoelectronic Devices
(NUSOD) (IEEE, 2017), pp. 81–82.

49. A. Mekis, S. Gloeckner, G. Masini, A. Narasimha, T. Pinguet, S. Sahni,
and P. De Dobbelaere, “A grating-coupler-enabled CMOS photonics
platform,” IEEE J. Sel. Top. Quantum Electron. 17, 597–608 (2011).

50. T. Watanabe, Y. Fedoryshyn, and J. Leuthold, “2-D grating couplers for
vertical fiber coupling in two polarizations,” IEEE Photon. J. 11, 7904709
(2019).

51. Y. Xue, H. Chen, Y. Bao, J. Dong, and X. Zhang, “Two-dimensional silicon
photonic grating coupler with low polarization-dependent loss and high
tolerance,” Opt. Express 27, 22268–22274 (2019).

52. J. Zou, Y. Yu, and X. Zhang, “Two-dimensional grating coupler with a low
polarization dependent loss of 025 dB covering the C-band,” Opt. Lett.
41, 4206–4209 (2016).

53. J. Zou, Y. Yu, and X. Zhang, “Single step etched two dimensional grat-
ing coupler based on the SOI platform,” Opt. Express 23, 32490–32495
(2015).

54. L. Su, D. Vercruysse, J. Skarda, N. V. Sapra, J. A. Petykiewicz, and J.
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