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ABSTRACT: On-chip grating couplers directly connect photonic circuits to free-space light. The commonly used photonic gratings
have been specialized for small areas, specific intensity profiles, and nonvertical beam projection. This falls short of the precise and
flexible wavefront control over large beam areas needed to empower emerging integrated miniaturized optical systems that leverage
volumetric light−matter interactions, including trapping, cooling, and interrogation of atoms, bio- and chemi- sensing, and complex
free-space interconnect. The large coupler size challenges general inverse design techniques, and solutions obtained by them are
often difficult to physically understand and generalize. Here, by posing the problem to a carefully constrained computational inverse-
design algorithm capable of large area structures, we discover a qualitatively new class of grating couplers. The numerically found
solutions can be understood as coupling an incident photonic slab mode to a spatially extended slow-light (near-zero refractive
index) region, backed by a reflector. The structure forms a spectrally broad standing wave resonance at the target wavelength,
radiating vertically into free space. A reflectionless adiabatic transition critically couples the incident photonic mode to the
resonance, and the numerically optimized lower cladding provides 70% overall theoretical conversion efficiency. We have
experimentally validated an efficient surface normal collimated emission of ≈90 μm full width at half-maximum Gaussian at the
thermally tunable operating wavelength of ≈780 nm. The variable-mesh-deformation inverse design approach scales to extra large
photonic devices, while directly implementing the fabrication constraints. The deliberate choice of smooth parametrization resulted
in a novel type of solution, which is both efficient and physically comprehensible.
KEYWORDS: PIC, grating coupler, optimization, vertical coupling

■ INTRODUCTION
The ability to project arbitrarily shaped, wide, collimated
beams directly from a photonic chip to free space is key to
realizing miniaturized chip-scale devices for optical spectros-
copy,1 atom interrogation and trapping,2−6 chemi- and
biosensing,7−12 and optical communications.13 To achieve
the desired free-space light−matter interaction, a photonic
device has to efficiently couple to free-space beams with well-
defined polarization, intensity, and phase profiles propagating
over millimeter-long distances.
Small-scale gratings are widely employed in photonics to

convert submicrometer wide waveguide modes to free-space
radiation,14−21 primarily for fiber coupling. The major
drawback of conventional grating couplers is their limited
ability to match photonics to spatially extended free-space

modes, typically covering only ≈100× in mode field diameter
expansion. The typical narrow photonically emitted free-space
beams have a relatively short Rayleigh range of ≈100 μm, and
their fast divergence due to diffraction makes them unsuitable
for implementing hybrid 3D microsystems, where light−matter
interaction occurs in volume rather than at surfaces.
Exciting recent developments in designing large photonic

platforms such as a 300 μm long extreme mode converter,22
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metasurface-integrated grating couplers,23,24 weakly scattering
gratings in thin SiNx layers,25 and the grating Segmented
Planar Imaging Detector for Electro-optical Reconnaissance
(SPIDER) telescope26 open up large sizes with control over
intensity, phase and polarization state. They include reciprocal
coupling of wide collimated or high-numerical-aperture
focusing free-space beams with well-controlled properties to
photonic modes for trapping and interrogating chip-scale
atomic systems and realizing interferometric imaging systems
based on photonic integrated circuits.
Beams projected normally to the photonic chip surface are

particularly desired for a range of applications to simplify
optical alignment and integration with other planar compo-
nents and to reduce packaging costs. However, vertical
emission of spatially broad free-space beams remains
particularly inefficient due to the intrinsic symmetry of
vertically etched grating structures. This difficulty is apparent
in the reciprocal problem setting, where an incident surface-
normal free-space beam is evenly coupled to the left- and right-
propagating grating modes in the locally left−right symmetric
grating. Our previous approach,22 although allows for
projecting >100 μm wide collimated Gaussian beam, becomes
problematic once constrained to emit vertically. The problem
can be mitigated using optically thick structures capable of
distinguishing up from down at the expense of more
complicated processing that requires high accuracy align-
ment27 or slanted etching.28,29

Dispersion engineering based on slow-light in plasmonic and
photonic systems, which is typically used to realize time

domain processing, ultracompact optical buffers, optical delay
lines, and all-optical signal processors30−32 can help cope with
both a strong chromatic dispersion and significant slab mode
back reflection while maintaining the surface-normal light
projection. Moreover, lowering and controlling a waveguide
group velocity is a practical tool for modulating light intensity.
Plasmonic waveguides, quasi-periodic plasmonic nanostruc-
tures, and their hybrids with photonic waveguides have been
proposed to slow down or even stop light waves.33−35

Unfortunately, plasmonic systems are too intrinsically lossy
to be practically implemented. Near-zero index (NZI)
photonics, another class of structured dielectrics, enabling
the static light due to decoupling of spatial and temporal fields,
exhibit exotic phenomena such as light tunneling, perfect phase
matching, light trapping, highly directed emission, and
enhanced nonlinearities that can also facilitate tailoring of
light properties.36−39

Here, we utilize a deformation-based inverse design method,
a recently introduced qualitatively different approach for
solving the problem, to devise a 300 μm long photonic grating
capable of projecting a 90 μm full width at half-maximum
(fwhm), collimated free-space beam exactly normally to the
surface. Distinct from the inverse-design algorithms relying on
optimizing the material properties in a design region, we make
use of spatially varying induced deformations applied to a
uniform grating, which is essential to handle photonic
structures spanning over 600 waves. The obtained solution
contains a structured slow-light NZI region supporting
spatially broad resonances, including the single-peak funda-

Figure 1. Resonant photonic grating design. (a) 3D Schematic illustrating the principal of operation. The dash box depicts the cross-sectional
cartoon of the resonant grating performance. First, a waveguide single mode expands across the evanescent gap forming a collimated slab wave.
Next, the apodized grating projects a surface-normal wide collimated beam into free-space from a slab mode. Arrows with 1 and 2 point out the
incident and transmitted slab waves, respectively. (b) and (c) show a uniform and an apodized NZI grating, respectively. The latter is optimized by
deforming the uniform grating, spatially varying the period and DC to maximize slab-to-free-space coupling. (d) The optimized DC (blue) and
period (gray) along the grating found using the inverse-design FEM. The inset depicts the optimization evolution: |S13|2, that is, slab-to-free-space
coupling efficiency in dB units relative to unity vs optimization iteration.
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mental half-wave and the higher-order standing waves,
observed by their characteristic free-space radiation patterns.
The input light is critically coupled to the resonances via a
reflection-free adiabatic transition designed by the algorithm,
achieving full impedance matching between the photonic and
the free-space radiation mode. Our photonic device bridges the
105 area mismatch between the photonic waveguide and
surface-normal free-space radiation with 70% theoretical
conversion efficiency. We have experimentally confirmed
efficient, surface-normal collimated emission, where each
mode can be readily selected by tuning either the laser
wavelength or the device temperature. These results
demonstrate the ability of intelligently parametrized inverse
design to find novel classes of solutions that are physically
comprehensible and, therefore, can be generalized and adapted
for different specific application requirements, for example,
different mode shapes and wavelength ranges.

■ RESULTS

Design of the Resonant Grating. We follow the
commonly used approach for coupling of a highly confined
waveguide mode to a surface-normal wide collimated radiation
by first converting the waveguide mode into a wide, collimated,
vertically confined slab mode, followed by outcoupling of the
slab mode to free space. The choice of Si3N4 as a waveguide
core material both provides high refractive index contrast and
covers a broad spectral range, including visible wavelengths, at
low losses. As illustrated in Figure 1a, for the first stage we use
a photonic evanescent wave expander with a precisely designed
gap between a single-mode waveguide and a slab, as reported
previously.22,23,40 The focus of this manuscript is the second
stage, which uses the numerically optimized grating supporting
a spatially broad standing wave resonance for coupling the slab
mode to free space.

Figure 2. Simulated resonant grating performance. (a), (b), and (c) depict electric field, intensity profiles, and phase of the first three spatially
broad resonant modes supported in the optimized grating and projected in free space at λ = 780, 779.7, and 779.2 nm. The grating extends from 0
to 300 μm. The complex electric field is sampled 3 μm above the grating surface. (d) Outcoupled free-space power from the grating vs laser
wavelength. (e) Far-field distribution of the fundamental mode vs outcoupling angle (solid curve). The dotted curve depicts the Fourier
transformed Gaussian fit of the fundamental mode assuming a perfectly collimated surface normal beam projection.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.2c00422
ACS Photonics 2023, 10, 945−952

947

https://pubs.acs.org/doi/10.1021/acsphotonics.2c00422?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00422?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00422?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00422?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Our solution strategy relies on an automated inverse
design−a fast and general approach of searching for optical
structures that optimize functional performance, which has
recently revolutionized the computational photonic meth-
ods.41,42 To obtain the grating structure, we use a gradient-
based adjoint optimization algorithm combined with the finite
element method (FEM). We set a cost function to maximize
the coupling efficiency from a transverse electric (TE)-
polarized photonic wave to a surface-normal, 100 μm waist,
collimated free-space Gaussian beam. Instead of spatially
varying material properties, we induce smooth deformations of
an initially uniform period grating.33 The deformation is
implemented by a continuous motion of mesh elements,
resulting in the continuous positioning of the grating groove
walls with arbitrary resolution independently of the mesh size
and without remeshing. Owing to the wide and collimated
input (slab) and output (free-space) modes, the grating
modeling is reduced from a 3D to a computationally simpler
2D TE wave scattering problem. Another advantage of the
deformation-based method is a binary materials choice
throughout the optimization, which does not require forcing
intermediate solutions of the continuously varying materials
properties to satisfy the binary material constraint.
Any arbitrary grating geometry can be achieved, topologi-

cally, by continuously deforming an initially uniform periodic
grating. Given the slowly varying Gaussian function as the
desired free-space beam profile, we further restrict the
deformations to the grating period and duty cycle (DC)
expressed by independent third and fourth order polynomials
with coefficients that serve as the control parameters. Here the
grating is deformed globally according to the varying period,
and then each period is further deformed locally to achieve the
desired spatially varying duty cycle. This parametrization
restricts the solutions to smoothly varying duty cycles and
periods. While this solution space effectively excludes more
exotic situations, such as having more than a single groove in
any given period, this is a deliberate choice aimed at obtaining
optimized solutions that are easier to physically understand.
During inverse-design optimization, we allow both the groove
depth and bottom SiO2 cladding thickness to vary via vertical
deformation, while keeping each of them uniform across the
device. The substrate is the only object breaking the up−down
symmetry in the problem. It is known that efficiency can be
improved further by using more complex up−down asym-
metric designs, such as a double-side grating.27 However, such
designs are more complex to fabricate and, while within the
scope of our inverse-design approach, they are not considered
in this work. Due to practical nanofabrication limits, we
constrain the minimal DC to 0.1.
Our method of optimization of geometry by deformation for

specific single-frequency wave scattering objectives is not
specific for two dimensions and can be used with 3D scattering
problems, provided sufficient computational resources (mem-
ory, processing speed) are utilized for the, typically, larger
problem size. Regardless of dimensionality, the class of
solutions that can be found is limited to those achieved by
smooth deformations of the initial device geometry without
strongly distorting the original mesh that is being deformed.
This rules out using this technique where changes in the device
topology, such as adding through-holes, are contemplated.
Starting from the uniform duty cycle and period (Figure 1b),

the inverse design algorithm explores the space of parametrized
gradual deformations without further human intervention and

finds an optimized grating geometry (Figure 1c) that emanates
an ≈118 μm fwhm surface-normal collimated beam (the red
curves in Figure 2a,b). The resulting DC and period profiles
can be qualitatively understood from the band diagrams (BDs)
corresponding to three locations on the grating, beginning,
middle and end, with their respective periods and duty cycles.
At the grating coordinate x ≈ 100 μm the grating’s stop-band
edge approaches the frequency of the incident light (Figure
S7(ii)). First, to minimize reflection and maximize coupling of
the slab wave into the photonic structure, the grating
parameters vary smoothly on the input to provide full
impedance matching between the slab mode and the grating
(Figure 1d). The period adiabatically changes within the
subnanometer range from the x = 0 μm, where a slab wave
enters the grating to the middle of the device, decelerating the
leaky grating mode (Figure S7(i)) due to the bandgap edge
proximity and hence increasing the light intensity due to the
group index growth (Figure S8). Next, both the DC and the
period ramp at the opposite end to reflect the remaining
grating power backward (Figure S7(iii)). This forms a slow-
light standing wave with a single half-period of ≈200 μm at the
optimization wavelength. The grating mode at the top branch
of the band diagram is a leaky mode (Figures S7 and S8),
efficiently coupling to free-space, and the standing wave nature
ensures surface-normal radiation. This is very distinct from the
standing wave regime formed by two conservative grating
modes propagating in opposite directions due to the Bragg
reflection or photonic crystal localized resonances. While the
phase is maintained constant for a loss-less medium, adding a
lossy radiative channel moves the eigenvalues of photonic
modes from real-value to complex-value domain. In this case,
the radiation fails to keep the uniform phase across the free-
space beam, and the emission becomes significantly off-normal.
Overall, the optimized photonic structure provides the

critical coupling of the slab wave to the radiating resonant
grating, resulting in only ≈0.01% power slab wave reflection
from the grating, ≈ 0.4% power slab wave transmission, and
≈70% conversion to the upward-pointing free-space beam
(Figure 1a) numerically modeled at the optimization wave-
length. Because the slab mode in a thin, partially etched grating
layer radiates almost equal powers up and down and given only
partial reflectivity of the underlying oxide-silicon interface,
optical losses into the Si substrate cannot be fully eliminated by
only optimizing the lower oxide cladding thickness.
By numerically examining the device transmission spectrum

to free space, we see the bandgap, the fundamental resonance
(quality factor of ≈3000), and other standing-wave resonances
at blue detuned wavelengths, separated by regions of reduced
emission, as shown in Figure 2. Although the photonic emitter
is inverse designed to maximize only the conversion efficiency
at a single wavelength of the fundamental mode (780 nm), the
other resonances demonstrate peak outcoupling power values
that are lower but comparable to that of the fundamental
(Figure 2d). The resonances’ field and intensity profiles show
the integer numbers of half-periods along the grating (Figure
2a,b), while their standing wave nature is confirmed by the
nearly flat phase profile for the fundamental and the piece-wise
flat phase profiles for the higher order resonances in Figure 2c.
Hence, the apodized grating operates in a NZI regime, where
fields’ spatial distribution decouples from the temporal field
variation and acquires a static-like character.38 All the modes
are collimated and outcoupled close to the chip’s surface-
normal, demonstrating near-zero angle refraction typical for
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NZI systems37 (Figures 2c and S1). The similar NZI mode has
been demonstrated earlier,36 but manifesting a zero-phase
index and a finite group index, that is, a Dirac cone rather than
the apodized bandgap in our resonant grating. Figure 2e
depicts the angular dependence of the far-field free-space
electric field (solid curve) and the Fourier transformed
Gaussian fit of the fundamental mode (dotted curve) assuming
a perfectly collimated surface-normal beam projection. From
the far-field analysis, we infer that the free-space beam coupled
out from the fundamental grating standing wave is diffraction
limited and emanating very close to a surface normal.
Resonant Grating Performance. The experimental far-

field intensity profiles of the projected free-space beam depict
the single-peak (fundamental) mode at 780.15 ± 0.03 nm
wavelength (Figure 3c,g) and other blue-shifted multiple-peak
patterns (Figure 3a,b,e,f). As expected, red-wavelength
detuning falls into a band gap (Figure 3d,h). The discrepancy
between experimental and simulated data is attributed to
fabrication imperfections. Since the experimental grating
parameters, such as slab thickness, grating DC, depth, and
period, define the accuracy of a resonant mode by adjusting the
fabrication process we can tune the device operating
wavelength.
The experimental free-space intensity profiles shown in

Figure 3e−h correspond to the integrated fundamental, second
and third resonant modes, and the intensity profile in the band
gap (Figure 3a−d) projected from the resonant grating at
780.15 ± 0.03 nm, 779.85 ± 0.03 nm, 779.35 ± 0.03 nm, and
780.35 ± 0.03 nm wavelengths, respectively. The experimental
data qualitatively agree with simulated intensities plotted in
Figure 2b. The measured wavelength dependence of the total
power transmitted to free space confirms that the fundamental
mode (Figure 3i) has the maximal transmission as a result of
grating optimization. The Gaussian fit of the fundamental peak
reveals ≈90 μm fwhm (Figure 3g). The deviation from the
designed value (≈118 μm fwhm) is due to fabrication
imperfections, such as possibly slightly deeper or wider grating
grooves. Hence, the mode size conversion ratio between the
single-mode waveguide with cross-sectional dimensions of 250
nm × 300 nm and the projected Gaussian beam of 90 μm ×

172 μm fwhm Gaussian beam is ≈2.1 × 105. The measured
conversion efficiency of the fundamental resonance, defined as
the total power from the grating measured in free-space relative
to the waveguide power at the device, is ≈4.5 dB.
To quantify the free-space beam propagation, we acquire

images of the outcoupled radiation (Figure 4a) in focal planes
located at known distances within a few millimeters above and
below the chip surface (Figure 4b). The beam’s waist analysis
based on the Gaussian fit for each image indicates that the
radiation profile maintains its shape across at least 14 mm,
indicating good collimation with minimal wavefront distortion
(Figure 4c). The weak focusing observed above the chip
surface is indicative of a small wavefront curvature, which is
attributed to fabrication imperfections. By quantifying the
lateral beam shift in the direction across the grating lines as a
function of the focal plane height, we find that the beam
emanates close to a surface normal at an average angle of
0.06°−0.07°

+0.22d° . The reported uncertainties correspond to the
minimum and maximum bounds, obtained by fitting the
measured data within different z-coordinate subdomains in
Figure 4c.
Thermo-Optical Tuning. Finally, we demonstrate how we

leverage the thermo-optical effect to precisely tune the device
to a desired operating wavelength. Due to its resonant nature,
the optimal emission wavelength of this device is sensitive to
fabrication imperfections and may deviate from the desired
value. Thermo-optical tuning provides means to compensate
for fabrication deficiencies. Figure 5 illustrates how the free-
space intensity profiles at a single wavelength vary with
increasing device temperature within the range of ≈80 K from
the room temperature. Initially tuned into the fundamental
mode at the room temperature, the free-space beam intensity
pattern transitions to high-order modes upon heating. The
conducted experiments confirm that the device tunability is
fully reversible and repeatable. By comparing the intensity
profiles, the temperature variation can be equated to an
equivalent wavelength change, as shown in Figure 5; for
example, heating the resonant grating by ≈80 K results in the
same intensity profile change as tuning the wavelength by Δλ

Figure 3. Experimental spectroscopic characterization of the resonant gratings. (a−d) Top-view optical images of the free-space beam projected
from the photonic grating at 779.35 ± 0.03 nm, 779.85 ± 0.03 nm, 780.15 ± 0.03 nm, and 780.35 ± 0.03 nm wavelength depicting the third,
second, and fundamental resonant modes, and the intensity profile detuned into the band gap, respectively. Wavelength uncertainties are one
standard deviation of the multiple calibrated lasing wavelength measurements across the range from 778.3 to 781.3 nm. (e−h) Intensity profiles
corresponding to images depicted in panels (a)−(d). Dotted line in panel (g) is a Gaussian fit of the fundamental mode. (i) Outcoupled free-space
power from the grating, normalized to its maximum vs laser wavelength. Error bars are single standard deviations of the data obtained by equally
dividing the images into five subdomains along the grating width.
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≈ 1 nm. Linear fit to the data in Figure 5 indicates the
wavelength tuning slope of 0.012 ± 0.001 nm/K, with the one
standard deviation uncertainty obtained from the fit parameter
estimated variance.

■ DISCUSSION
To summarize, we have demonstrated the deformation-based
inverse design algorithm to optimize large photonic structures.
The 300 μm long grating projects a surface-normal 90 μm
fwhm collimated free-space beam from a photonic waveguide
with high conversion efficiency. The unique performance of
the novel photonic configuration is enabled due to spatially
broad standing wave resonances, ensuring the surface-normal
beam coupling due to an NZI operation. The slow-light grating
modes ensure both the full mode matching minimizing
reflection losses and free-space light intensity control. The

experimentally realized photonic device is readily adaptable to
operate at visible, telecom, and ultraviolet wavelengths and will
further matchmake integrated photonics with free-space optics
for novel chip-scale hybrid systems in science and technology
realms with the immense need for planar 2D integration.

■ MATERIALS AND METHODS
Fabrication of the Photonic Chip. The resonant gratings

are realized using the standard nanofabrication techniques (see
SI for details). A nominally 2.9 μm thick SiO2 and 250 nm
SiNx continuous layers are formed using thermal oxidation and
low-pressure chemical vapor deposition (LPCVD), respec-
tively. Then electron-beam lithography and reactive-ion
etching are employed twice to pattern fully etched high-
confinement waveguides and evanescent expanders and 30 nm
deep partially etched grating in the SiNx slab. The top ≈3 μm
thick SiO2 cladding is deposited using LPCVD as well. All
grating dimensions are thoroughly characterized using
scanning electron microscopy.
Characterization of the Device’s Operation. We utilize

a fiber-coupled laser source tunable around 780 nm wavelength
to feed the photonic chip and an optical microscope equipped
with a 0.3 NA objective backed with a complementary metal
oxide semiconductor (CMOS) camera to characterize the free-
space beam profiles, respectively. Before conducting experi-

Figure 4. Characterization of the surface-normal free-space beam
emanated from the grating coupler. (a) Free-space beam images
acquired at focal planes at the chip surface (bottom image) and z = 5
mm above the chip (top image). The grating is tuned into the
fundamental mode (λ = 780.15 ± 0.03 nm). Yellow dashed box points
out the position of the resonant grating. (b) A schematic showing
image acquisition. (c) Evolution of the measured Gaussian waist and
the lateral shift of the free-space Gaussian beam vs z coordinate. The
outcoupling angle is estimated from the beam’s shift as a function of
the z coordinate. Dash-dot line is a linear fit of the beam’s shift. Error
bars correspond to one standard deviation of the data obtained from
five equal image subdomains along the grating width.

Figure 5. Thermo-optical tuning. Flowchart depicts the sequence of
optical images of the projected free-space beam upon heating the
resonant grating about 80 K above room temperature and then
cooling back to room temperature. Δλ represents the estimated
optimum wavelength tuning upon sample heating. Error bars
represent uncertainties in wavelength detuning between two
neighboring images for which the outcoupled free-space beam profile
can be uniquely correlated to a specific temperature pattern.
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ments, we have calibrated the lasing wavelength by coupling to
a commercial rubidium cell as a reference and also using a
wavemeter. The characteristic Rb transitions occur close to the
grating fundamental mode at 780 nm. We then tune the laser
from the calibrated Rb transitions to the wavelength of the
resonant grating fundamental mode using a high-repeatability
scan stepper motor and check the lasing wavelength by a
wavemeter. From calibration data, we estimate the wavelength
uncertainty in our experiments due to mode hopping to be
within ±0.03 nm range, which represents one standard
deviation statistical uncertainty of the calibrated lasing
wavelength across the range from 778.3 to 781.3 nm. The
laser radiation is coupled to a TE0 waveguide single-mode via
an inverted-taper. We use a fiber polarizer and an attenuator to
adjust the polarization and power (≈1 mW) of the input light,
respectively. To characterize the direction of the free-space
beam, we analyze optical images collected at the grating surface
and a few millimeters above the chip.
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