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Abstract—We present a gradient-based optimization strategy
to design broadband grating couplers.Using this method, we are
able to reach, and often surpass,a user-specified target bandwidth
during optimization. The designs produced for 220 nm silicon-
on-insulator are capable of achieving 3 dB bandwidths exceeding
100 nm while maintaining central coupling efficiencies ranging
from —3.0 to —5.4 dB, depending on partial-etch fraction. We fab-
ricate a subset of these structures and experimentally demonstrate
gratings with 3 dB bandwidths exceeding 120 nm. This inverse
design approach provides a flexible design paradigm, allowing
for the creation of broadband grating couplers without requiring
constraints on grating geometry.

Index Terms—Grating couplers, inverse design, optimization,
broadband, fiber-packaging.

1. INTRODUCTION

EVERAGING well-established CMOS technology, sil-
L icon photonics promises a low-cost and scalable
solution to integrate photonic and electronic systems [1]. The
reduced barrier to introduce photonic elements to a variety of
technology areas is projected to revolutionize telecommunica-
tions, high-performance computing, and sensing. However, an
outstanding challenge for this field is to effectively package
single-mode fibers to these photonic circuits. The large index
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contrast between silicon and silicon dioxide, which allows for
dense integration of these circuits, also comes with a modal area
mismatch of almost a factor of 600 between the waveguides and
the interfacing fibers [2].

Two common solutions to this fiber packaging problem in
silicon photonics are edge couplers and grating couplers. Edge
coupling involves tapering waveguides that terminate at open
facets. This process results in an expanded waveguide mode
that better overlaps with the large fiber mode. Edge couplers
can reach large coupling efficiency and bandwidth, with recent
demonstration showcasing coupling efficiencies greater than
—0.5 dB (90%) over more than 100 nm of bandwidth [3]. How-
ever, edge coupling restricts the location of input and output
ports to the edge of the chip and requires additional fabrication
post-processing and careful optical alignment [2]. On the other
hand, grating couplers provide a chip-surface solution and can
be placed anywhere on wafer, enabling automated characteriza-
tion. Grating couplers are also advantageous in that they require
lower fabrication costs and are easier to align. Nonetheless, grat-
ing couplers tend to have lower coupling efficiencies and smaller
bandwidths than edge couplers [4]. Having the ability to pro-
duce both broadband and high efficiency grating couplers would
provide an on-chip coupling solution for wideband applications
such as on-chip supercontinuum generation [5]—[8], the ultra-
fast pulses necessary for dielectric laser accelerators [9]-[11],
and spectroscopy-on-chip applications [12]—[14]. Furthermore,
broadband grating couplers provide robustness against spectral
shift caused by temperature or fabrication variation.

Much work has gone into improving grating coupler effi-
ciencies, including apodization schemes [15]-[17] and back-
reflecting layers [18]-[20]. While these methods improve the
peak efficiency of the devices, they do not typically improve
the bandwidth. Improvements to the broadband properties of
grating couplers have been made through rigorous grating
diffraction analysis [21], [22] and extension of optimization
methods to include bandwidth in the figure-of-merit. [23], [24].
However, these methods tend to add additional constraints on
the fabrication and grating parameters, such as requiring mul-
tiple device layers or large angle of incidence. In addition, due
to their derivative-free nature, these methods limit the num-
ber of optimizable degrees-of-freedom to only a handful of
parameters.
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Owing to its ability to scale independently of the number of
degrees-of-freedom, adjoint-based optimization has emerged as
an alternative photonic element design method [25]-[29]. Re-
cently, we introduced a fully-automated method for optimization
of grating couplers utilizing this adjoint approach [30]. Here we
demonstrate this technique to design and experimentally demon-
strate broadband grating couplers.

In this article, we present and apply the design approach
to grating couplers on 220 nm silicon-on-insulator for a va-
riety of target bandwidths. We fabricate and experimentally
characterize a subset of the gratings. The experimental results
demonstrate the desired large broadband behavior and follow
similar trends to simulated performance. Verification of this
inverse design approach to photonics design underscores the
flexibility of this method toward fiber packaging and wideband
applications.

II. DESIGN

The grating couplers were designed using the gradient-based
inverse design approach introduced in [30]. Gradient-based
methodologies tend to require fewer simulations than genetic
or particle swarm optimization as they do not rely on parameter
sweeps or random perturbations to find their minima. Further-
more, gradient-based methods in electromagnetic design prob-
lems can take advantage of efficient computation of the sensitiv-
ity through the adjoint method [31]. This allows these methods
to optimize over a far larger number of degrees of freedom
than gradient-free optimization schemes. The large parameter
space afforded by this approach enables the ability to design
gratings with combined functionalities, such as wavelength de-
multiplexing or mode-sorting, without the need for any specific
initial condition or analytic theory.

In our approach, the optimization is divided into two stages
wherein the same optimization problem is solved but with dif-
ferent constraints on the permittivity distribution in a specified
design region (i.e. the grating region). During the continuous
stage, the permittivity distribution is allowed to vary continu-
ously between air and silicon. The resulting structure is then
converted into a binary grating by solving a combinatorial op-
timization problem. This binary grating is further optimized in
the discrete stage in which the permittivity is restricted to either
that of air or silicon. A minimum feature size is also enforced
at this time to ensure fabricability.

During optimization, the grating couplers are simulated in two
dimensions (2D) using the finite-difference frequency-domain
(FDFD) method [32] with 20 nm discretization, and the efficien-
cies of the final structures are verified using a finer discretiza-
tion with the finite-difference time-domain (FDTD) method in
Lumerical FDTD [33], [34].

To optimize for broadband gratings, the coupling efficiencies
of a given structure are evaluated at equally spaced wavelengths.
The efficiencies are then averaged together to form an objec-
tive function that is minimized during the optimization process.
Therefore, a target bandwidth can be achieved by the range of
wavelengths simulated. Formally, the optimization problem is
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Fig. 1. (Top) Schematic showing material stack (220 nm silicon-on-insulator)
with a 12 zm design region and air cladding. Device shown is a fully-etched
grating coupler with target bandwidth of 120 nm. (Bottom) Electric fields in
structure, simulated at 1550 nm with a Gaussian beam source angled at 5°.

given by:
, Jigimize, (1= £i(5)
. 1 9 , (1)
subjectto  V x —V x E; —w;e(p)E; = —iw; J;,
Ho
i=1,2,...,m

where m is the number of frequencies at which the structure
is evaluated, F; is the electric field at w;, J; is a total-field
scattered-field (TFSF) Gaussian beam source, p is a vector that
parametrizes the structure, €(p) is the permittivity, and f; is
equal to the coupling efficiency from the Gaussian beam into
the fundamental waveguide mode. Multi-goal problems, such
as optimizing for low back reflections, wavelength demultiplex-
ing, or polarization insensitivity, can be achieved by adding
additional terms to the objective function [30].

A series of grating couplers were designed for target 3 dB
bandwidths ranging from 40 nm to 120 nm centered at 1550 nm,
with 40%, 60%, and 80% partially-etched gratings as well as
fully-etched gratings. To achieve a target bandwidth B (in nm),
the grating was simulated at 10 nm spaced intervals between
1550 nm +B/2. The gratings were designed for 220 nm sil-
icon device layer with a 2 pum buried oxide layer and no
back-reflector. The grating length was 12 pm, and the mini-
mum feature size was set to 100 nm to simplify fabrication. To
model an SMF-28 fiber, the incident mode is assumed to be a
Gaussian beam, with a 10.4 ym mode field diameter, incident
on the grating at a 5° angle. Fig. 1 shows a schematic of an
optimized grating.

Each optimization took roughly 300 iterations, where each
iteration requires approximately two function evaluations. The
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Fig. 2. Simulated device coupling efficiency spectra of optimized gratings
with 40%, 60%, 80% and 100% (full) etch for target bandwidths of 40 nm
(blue), 100 nm (red), and 120 nm (purple). Back reflections into the waveguide
shown in dashed lines.

continuous stage was run until convergence or up to 100 itera-
tions, whichever came first, and the discrete stage was run until
convergence or up to 300 iterations, whichever came first. The
discretization step takes under a minute and is therefore neg-
ligible with respect to the optimization time of the continuous
and discrete stages. We empirically find that the last 50 itera-
tions of each phase increases efficiency for every wavelength by
less than 1%, and therefore the optimization could be stopped
much earlier (i.e. use a less stringent convergence condition) to
achieve a 50% reduction in iterations.

Fig. 2 shows some of the simulated spectra of the grating
for each of the etch depths and target bandwidths; spectra for
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Target vs Optimized Bandwidth
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Fig. 3. The target bandwidth vs. 3 dB bandwidth of the optimized gratings

for each of the different etch profiles. The 3 dB bandwidths are defined relative
to the efficiency at 1550 nm. Each line corresponds to a different etch depth as
indicated by the legend.

target 60 nm and 80 nm bandwidths were left out for visual
clarity. As expected, partially-etched gratings significantly out-
perform fully-etched gratings as a result of vertical symmetry
breaking [2], but differences in efficiencies between different
partial-etch depths are minor. At each etch profile, larger target
bandwidths lead to gratings that perform over a wider range of
wavelengths, particularly for coupling efficiencies below half
(3 dB) of the peak efficiency. The spectra for larger bandwidth
gratings (>60 nm), particularly for fully-etched gratings, ex-
hibit multiple peaks. This suggests that, for large bandwidths,
the optimization process favors gratings with multiple reso-
nances that overlap to span a larger range. Additionally, the
resonant nature of these gratings may provide an explanation
for the larger back reflections in the fully-etched devices, espe-
cially for large-bandwidth gratings. Considering these couplers
as cavity-waveguide systems, we can understand the back reflec-
tions as reflections originating from the behavior of frequencies
away from the resonant critical coupling frequencies. As the
etch-depth increases, the resonances that build-up the coupling
spectrum become more sharply pronounced - indicating higher
quality factors of the devices, and consequently increased back
reflections. This effect could be mitigated by adding additional
constraints to the figure of merit in optimization, where the dis-
crepancy between the transmission values within the bandwidth
are minimized or by explicitly penalizing back reflections.

The relationship between the target bandwidth and bandwidth
of the optimized gratings is shown in Fig. 3. Because the spectra
are not unimodal, the 3 dB bandwidth is defined to be the range
of wavelengths that have coupling efficiencies exceeding 50%
(3 dB) of the coupling efficiency at 1550 nm. This choice reflects
the fact that the center wavelength was intended to be 1550 nm.
Fig. 3 shows that the optimization usually achieves or exceeds
the target 3 dB bandwidth, regardless of etch depth. For smaller
target bandwidths, the optimization actually surpasses the spec-
ification by over 20 nm primarily because it is relatively easy to
achieve without substantial sacrifice in the overall efficiency.

The trade-off between bandwidth and efficiency is depicted in
Fig. 4. Since we define 3 dB bandwidth relative to the efficiency
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Fig.4. Bandwidth vs. coupling efficiency (CE) at 1550 nm, the nominal center
wavelength of the grating coupler. Each line corresponds to a different etch depth
as indicated by the legend.

at 1550 nm, the bandwidth is plotted against the efficiency at
1550 nm. The efficiency-bandwidth trade-off curve is relatively
linear (in dB) across all etch depths, suggesting that it is practi-
cally feasible to increase the bandwidth even more if coupling
efficiency can be further sacrificed. Again, it is observed that
partially-etched gratings perform significantly better than fully-
etched gratings.

III. EXPERIMENT

We fabricated and characterized the fully-etched gratings of
target bandwidths 40 nm, 100 nm, and 120 nm. While higher
efficiencies can be realized with the partially etched structures,
we elected to demonstrate the high-bandwidth capabilities of
our design algorithm with fully-etched gratings because of ease
of fabrication. To enable characterization, each device consisted
of two grating couplers, where one was used as an input coupler
and the other as an output coupler. These 12 ym wide grating
couplers were tapered to 500 nm waveguides over 215 ym. The
tapered gratings were connected with a region of single-mode
waveguide ranging in length from 10 pm to 2.3 mm in order
to characterize waveguide losses. An SEM micrograph of the
target 120 nm bandwidth grating is shown in Fig. 5.

The devices were fabricated on 220 nm silicon-on-insulator
(SOI) with a 2 ym buried oxide layer. ZEP-520A was spun at
5000 RPM for 50 s, followed by 2 min of curing on a 180 °C hot-
plate. A JEOL JBX-6300FS electron-beam lithography system
and a transformer-coupled plasma etcher were used to transfer
the pattern to the device layer of the SOI sample. The plasma
etch used a C, Fg breakthrough step and a HBr/O,/He main sil-
icon etch. The resist was stripped in an overnight solvent bath,
followed by a HF dip. The devices were left air-cladded.

Characterization of the devices was done in a fiber-in/fiber-out
measurement setup as depicted in Fig. 6. A tunable continuous-
wave (CW) source with a fixed polarization was used for align-
ment (Agilent 81989A), and a supercontinuum (SC) source
(Fianium SC400-4) was used for the coupling efficiency mea-
surement. Input and output fibers were stripped and cleaved
from SMF-28 patch fibers and positioned at 5° incidence angle
on both the input and output couplers.
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Fig.5. (Top) SEM micrograph of an inverse designed grating coupler with tar-
get bandwidth of 120 nm. (Bottom) SEM micrograph of complete input/output
coupler device with 12 ym wide waveguides tapering down to a single-mode
waveguide of 500 nm, over 215 pm. This device has a single-mode waveguide
length of 10 pm.
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Fig. 6. Schematic of measurement setup. Three configurations of the setup
are used, where S; = 0,.S; = 1 indicates the state of a switch. The first config-
uration, S1 .S535, was used to align to the grating with the continuous-wave
(CW) tunable laser source at 1550 nm. The positions of the fibers were opti-
mized on a 3-axis closed-loop piezo stage (PZ), using an automated line-search
scheme to maximize the power on a photodetector (PD), followed by adjustment
of the polarization controller (PC). Next, a reference spectra of the supercontin-
uum (SC) source was taken by bypassing the sample with a single-mode path
fiber (REF) in configuration S1 S S3.5;. The spectra are recorded on an optical
spectrum analyzer (OSA). Lastly, measurement of the coupling efficiency was
obtained by using the setup S7 S2 535, where light collected from the output
grating was sent to the OSA for measurement. The polarization of the SC source
is set through a linear polarizer (LP). The axes of both the CW and SC source
are co-aligned to allow for identical setting of the PC.

In order to ensure robust and repeatable alignment of the
fibers, we implemented an automated scheme to determine the
optimal fiber position. First the setup was set to S} 95,555, con-
figuration (S, =0,S; =1), using the CW laser as the source.
After hand-tuning the fiber placement, power measurements
were fed back to a 3-axis closed-loop piezo controller and a line-
search algorithm was used to maximize power reading through
the input/output system. After the optimization, the fiber po-
larization controller was adjusted to maximize the signal. This
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Fig. 7. Measured grating coupler spectra for fully-etched optimized gratings
with target bandwidths 40 nm (solid blue), 100 nm (solid red), and 120 nm (solid
purple). Simulated results also plotted in dashed lines, in the respective colors.
Note the distinct horizontal axes for measured (bottom axis) and simulated (top
axis) spectra.

also sets the optimal polarization for the SC, as the axes of
both the CW laser and SC polarization-maintaining fibers are
co-aligned.

Next, in order to take a reference spectrum of the SC source,
the setup is set to S51.585555,. Finally, the configuration is set to
51585555, and the fiber-to-fiber measurement is obtained. Mea-
sured coupling efficiencies are obtained by subtracting the refer-
ence spectrum from the measured spectrum (in dB). Assuming
input and output coupling efficiencies are equal, we divided
the difference spectra by two. Waveguide losses were obtained
through characterization of devices with varying single-mode
waveguide lengths; measured waveguide losses were found to
be 3.4 dB/mm. The measured coupling efficiency spectra from
the devices with the shortest length of single-mode waveguide
(10 pm) are shown in Fig. 7.

IV. DISCUSSION

Fig. 7 shows that the measured spectra follow a similar trend
to the simulated results: Gratings optimized for larger target
bandwidths exhibit larger measured bandwidths. In addition,
the devices follow a linear trend between the bandwidth and
efficiency, suggesting that greater bandwidth regimes could be
experimentally reached. Comparing the measured spectra to the
simulated, we find that the measured coupling efficiencies, at
the respective distribution centers, match well to the simulated
values, with less than a 0.5 dB discrepancy. In addition, the
3 dB bandwidth, with respect to this center frequency coupling
efficiency, is close to the simulated values, with a difference of
7-19 nm 3 dB bandwidth in the fabricated devices.

Two features to note between the simulated and experimen-
tal spectra are the observation of spectral shift (roughly 40 nm
blue-shift) and the lack of multiple peaks in the measured spec-
tra. From SEM micrographs, we observed a consistent overetch
in our devices. We investigated the effect of this overetching by
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Fig. 8.  Effect of overetch: simulated device spectra of fully-etched, target
120 nm bandwidth grating with trench size enlarged O nm, 4 nm, 8 nm, and
12 nm.

simulating the target 120 nm bandwidth grating with enlarge-
ment of the trench widths by 0, 4, 8, and 12 nm. The results of
this study are shown in Fig. 8. As the trench widths are enlarged,
the spectrum blue-shifts and loses the multiple peaks, consistent
with the experimentally observed spectral behavior. Similarly,
the back reflections into the waveguide shift spectrally; however,
the peak reflection magnitude remains the same. SEM imaging
of the measured devices also revealed that sub-field stitching er-
rors were present during the electron beam write. This resulted
in a slight periodic 2 pum modulation of features, potentially
contributing to additional discrepancies, as well as providing
explanation for the relatively large waveguide losses reported
here.

Lastly, we compared our method against another state-of-the-
art method in broadband grating coupler design. While there
exists a large literature on grating design, differences in mate-
rial stack, operating conditions, or fabrication constraints make
it difficult to make a fair comparison between one work and
another. Here, we compare against the optimization method
introduced in [23] due to the similar emphasis on broadband
couplers in single-layer SOI; however, a more general compar-
ison of our method to the literature can be found in [30]. We
apply our inverse design approach to the layer stack used in [23]
(air-cladded, 220 nm SOI, 3 pm buried oxide (BOX) layer), op-
erating conditions (1550 nm source), and feature size (40 nm, vs
the 36.725 nm used by Wang et al. [23]). Using a combination of
effective medium theory and particle swarm optimization, Wang
et al. reported a peak simulated coupling efficiency of —3.6 dB
and 1 dB bandwidth of 84 nm for a source incident at 25°.
Applying our approach to this geometry, we are able to achieve
higher simulated efficiencies with a peak efficiency of —2.29 dB
and 1 dB bandwidths of 64 nm. Both methods produced grat-
ings with back reflections of roughly —15 dB. Much higher
coupling efficiencies were achieved in our approach at the cost
of bandwidth; however, given the bandwidth-efficiency trade-
off reported earlier, additional tuning of optimization weights
suggests the ability to gain additional bandwidth at the cost of
peak coupling efficiency. Additionally, we extended our method
beyond the range of operating parameters in [23] by showing
the ability to produce large bandwidth grating couplers at varied
incident source angles (Fig. 9).
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Fig. 9. Simulated peak coupling efficiency vs 3 dB bandwidth for gratings
designed using our inverse design approach, with varying incident source angle.
The material stack (air-cladded, 220 nm SOI, 3 pm BOX layer), operating
conditions (1550 nm source), and feature size (40 nm) are chosen to directly
compare against the large bandwidth design method of [23].

V. CONCLUSION

In this paper, we demonstrated our fully-automated optimiza-
tion method for the design of broadband grating couplers. These
couplers designed for 220 nm SOI achieved 3 dB bandwidths
exceeding 100 nm while maintaining central coupling efficien-
cies ranging from —3 dB to —5.4 dB, depending on partial-etch
fraction. Fabricated devices demonstrate greater than 120 nm
3 dB bandwidths and agree with simulated coupling efficien-
cies, at the respective spectral centers, within 0.5 dB. This work
provides support for the use of adjoint methods in the design of
grating couplers, specifically for wideband applications.

ACKNOWLEDGMENT

The authors thank R. Trivedi for fruitful discussions and
Google for providing computational resources on the Google
Cloud Platform. Additionally, they thank H. Siemann for her
gift, which was used to build the measurement setup, in honor
of R. Siemann.

REFERENCES

[1] D.Thomson et al., “Roadmap on silicon photonics,” J. Opt., vol. 18, no. 7,
2016, Art. no. 073003.

[2] L. Chrostowski and M. Hochberg, Silicon Photonics Design: From De-
vices to Systems. Cambridge, U.K.: Cambridge Univ. Press, 2015.

[3] M. Papes et al., “Fiber-chip edge coupler with large mode size for silicon
photonic wire waveguides,” Opt. Express, vol. 24, no. 5, pp. 5026-5038,
2016.

[4] P.Cheben et al., “Broadband polarization independent nanophotonic cou-
pler for silicon waveguides with ultra-high efficiency,” Opt. Express,
vol. 23, no. 17, pp. 22 553-22 563, 2015.

[5] H.Hu et al., “Single-source chip-based frequency comb enabling extreme
parallel data transmission,” Nature Photon., vol. 1, pp. 469-473, 2018.

[6] H.Guo et al., “Mid-infrared frequency comb via coherent dispersive wave
generation in silicon nitride nanophotonic waveguides,” Nature Photon.,
vol. 12, no. 6, pp. 330-335, 2018.

[7]1 B.Kuyken et al., “An octave-spanning mid-infrared frequency comb gen-
erated in a silicon nanophotonic wire waveguide,” Nature Commun., vol. 6,
2015, Art. no. 6310.

[8] D. Y. Oh et al., “Supercontinuum generation in an on-chip silica wave-
guide,” Opt. Lett., vol. 39, no. 4, pp. 1046-1048, 2014.

[9] T. W. Hughes et al., “On-chip laser-power delivery system for dielectric

laser accelerators,” Phys. Rev. Appl., vol. 9, no. 5, 2018, Art. no. 054017.

J. McNeur et al., “Elements of a dielectric laser accelerator,” Optica,

vol. 5, no. 6, pp. 687-690, 2018.

[10]

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 3, MAY/JUNE 2019

[11] K.J.Leedle et al., “Phase-dependent dielectric laser acceleration of 99kev
electrons with symmetrically driven silicon dual pillar gratings,” in Proc.
CLEO: QELS_Fundam. Sci., 2018, Paper FM3M-7.

A.S. Solntsev, P. Kumar, T. Pertsch, A. A. Sukhorukov, and F. Setzpfandt,
“LiNbO3 waveguides for integrated SPDC spectroscopy,” APL Photon.,
vol. 3, no. 2, 2018, Art. no. 021301.

G. Ycas et al., “High-coherence mid-infrared dual-comb spectroscopy
spanning 2.6 to 5.2 um,” Nature Photon., vol. 12, no. 4, pp. 202-208,
2018.

M. Yu et al., “Silicon-chip-based mid-infrared dual-comb spectroscopy,”
Nature Commun., vol. 9, no. 1, 2018, Art. no. 1869.

R. Marchetti et al., “High-efficiency grating-couplers: demonstration of a
new design strategy,” Scientific Rep., vol. 7, no. 1, 2017, Art. no. 16670.

A. Bozzola, L. Carroll, D. Gerace, I. Cristiani, and L. C. Andreani, “Op-
timising apodized grating couplers in a pure SOI platform to —0.5 db
coupling efficiency,” Opt. Express, vol. 23, no. 12, pp. 16 289-16 304,
2015.

M. Antelius, K. B. Gylfason, and H. Sohlstrom, “An apodized SOI
waveguide-to-fiber surface grating coupler for single lithography silicon
photonics,” Opt. Express, vol. 19, no. 4, pp. 3592-3598, 2011.

Y. Ding, C. Peucheret, H. Ou, and K. Yvind, “Fully etched apodized
grating coupler on the SOI platform with -0.58 db coupling efficiency,”
Opt. Lett., vol. 39, no. 18, pp. 5348-5350, 2014.

F. Van Laere et al., “Compact and highly efficient grating couplers between
optical fiber and nanophotonic waveguides,” J. Lightw. Technol., vol. 25,
no. 1, pp. 151-156, Jan. 2007.

D. Taillaert, P. Bienstman, and R. Baets, “Compact efficient broadband
grating coupler for silicon-on-insulator waveguides,” Opt. Lett., vol. 29,
no. 23, pp. 2749-2751, 2004.

Z.Xiao, F.Luan, T.-Y. Liow, J. Zhang, and P. Shum, “Design for broadband
high-efficiency grating couplers,” Opt. Lett., vol. 37, no. 4, pp. 530-532,
2012.

Z. Xiao, T.-Y. Liow, J. Zhang, P. Shum, and F. Luan, “Bandwidth analysis
of waveguide grating coupler,” Opt. Express, vol. 21, no. 5, pp. 5688-5700,
2013.

Y. Wang et al., “Design of broadband subwavelength grating couplers with
low back reflection,” Opt. Lett., vol. 40, no. 20, pp. 4647-4650, 2015.

J. C. Mak, Q. Wilmart, S. Olivier, S. Menezo, and J. K. Poon, “Silicon
nitride-on-silicon bi-layer grating couplers designed by a global optimiza-
tion method,” Opt. Express, vol. 26, no. 10, pp. 13 656-13 665, 2018.

L. Su, A.Y. Piggott, N. V. Sapra, J. Petykiewicz, and J. Vuckovic, “Inverse
design and demonstration of a compact on-chip narrowband three-channel
wavelength demultiplexer,” ACS Photon., vol. 5, no. 2, pp. 301-305, 2017.
A. Michaels and E. Yablonovitch, “Inverse design of near unity efficiency
perfectly vertical grating couplers,” Opt. Express, vol. 26, no. 4, pp. 4766—
4779, 2018.

J. Wang, Y. Shi, T. Hughes, Z. Zhao, and S. Fan, “Adjoint-based opti-
mization of active nanophotonic devices,” Opt. Express, vol. 26, no. 3,
pp. 3236-3248, 2018.

D. Sell, J. Yang, S. Doshay, R. Yang, and J. A. Fan, “Large-angle, multi-
functional metagratings based on freeform multimode geometries,” Nano
Lett., vol. 17, no. 6, pp. 3752-3757, 2017.

[29] C. Sitawarin, W. Jin, Z. Lin, and A. W. Rodriguez, “Inverse-designed
photonic fibers and metasurfaces for nonlinear frequency conversion,”
Photon. Res., vol. 6, no. 5, pp. B82-B89, 2018.

L. Su, et al., “Fully-automated optimization of grating couplers,” Opt.
Express, vol. 26, no. 4, pp. 4023-4034, 2018.

A. Y. Piggott, J. Petykiewicz, L. Su, and J. Vuckovié, “Fabrication-
constrained nanophotonic inverse design,” Scientific Rep., vol. 7, no. 1,
2017, Art. no. 1786.

W. Shin and S. Fan, “Choice of the perfectly matched layer boundary
condition for frequency-domain Maxwells equations solvers,” J. Comput.
Phys., vol. 231, no. 8, pp. 3406-3431, 2012.

A. Taflove and S. C. Hagness, Computational Electrodynamics: The
Finite-Difference Time-Domain Method. Norwood, MA, USA: Artech
House, 2005.

Lumerical, Inc. [Online]. Available: https://www.lumerical.com/tcad-
products/fdtd/

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[30]

[31]

[32]

[33]

[34]

Neil V. Sapra received the B.S. degree in computational physics and theoretical
computer science from the University of California San Diego, San Diego, CA,
USA, in 2015. He is currently working toward the Doctoral degree with the
Department of Physics, Stanford University, Stanford, CA, USA.

His research focuses on developing laser coupling strategies for dielectric
laser accelerators and demonstrating waveguide-integrated approaches to these
accelerators. Both of these aims rely heavily on inverse design methodologies.


https://www.lumerical.com/tcad-products/fdtd/
https://www.lumerical.com/tcad-products/fdtd/

SAPRA et al.: INVERSE DESIGN AND DEMONSTRATION OF BROADBAND GRATING COUPLERS

Dries Vercruysse received the B.S. and M.S. degrees in engineering and the
Ph.D. degree in physics from the KU Leuven, Leuven, Belgium, in 2007, 2009,
and 2015, respectively. After his Ph.D. he joined IMEC, Leuven, Belgium, as a
Researcher. He was the recipient of the FWO Pegasus Marie Curie Fellowships
for Postdoctoral Research at Stanford University.

Logan Su received the B.S.E degree in electrical engineering and physics from
Duke University, Durham, NC, USA, in 2015. He is currently working toward
the Ph.D. degree with the Department of Applied Physics, Stanford University,
Stanford, CA, USA.

Ki Youl Yang received the Ph.D. degree in electrical engineering from
Caltech, Pasadena, CA, USA, in 2018, for his work on integrated nonlinear
photonic devices. He is currently a Nano- and Quantum Science and Engineer-
ing Postdoctoral Fellow with the Nanoscale and Quantum Photonics Group,
Stanford University, Stanford, CA, USA.

Jinhie Skarda received the B.S. degree in engineering physics in 2017 from
Stanford University, Stanford, CA, USA, where she is currently working toward
the Ph.D. degree with the Department of Electrical Engineering.

6100207

Alexander Y. Piggott received the B.A.Sc. degree in engineering science from
the University of Toronto, Toronto, ON, Canada, in 2012, and the Ph.D. degree
in electrical engineering with Stanford University, Stanford, CA, USA, in 2018,
for his work on the automated design of photonic devices.

Jelena Vuckovi¢ (F’18) received the Ph.D. degree in electrical engineering
from the California Institute of Technology (Caltech), Pasadena, CA, USA, in
2002. Upon receiving the Ph.D. degree she worked as a Postdoctoral Scholar at
Stanford. She is currently a Professor of electrical engineering and by courtesy
of applied physics at Stanford, CA, USA, where she leads the Nanoscale and
Quantum Photonics Lab. She is also a Faculty Member of the Ginzton Lab,
PULSE Institute, Simes Institute, and Bio-X at Stanford. In 2003, she joined
the Stanford Electrical Engineering Faculty, first as an Assistant Professor (until
2008), then an Associate Professor with tenure (2008-2013), and finally as a
Professor of electrical engineering (since 2013). As a Humboldt Prize recipient,
she has also held a Visiting Position with the Institute for Physics, Humboldt
University, Berlin, Germany (since 2011). In 2013, she was appointed as a
Hans Fischer Senior Fellow with the Institute for Advanced Studies, Technical
University of Munich, Munich, Germany.

Prof. Vuckovic¢ is a member of the scientific advisory board of the Max Planck
Institute for Quantum Optics—MPQ (in Munich, Germany) and of the scientific
advisory board of the Ferdinand Braun Institute (in Berlin, Germany). She is
also an Associate Editor of ACS Photonics, a member of the editorial advisory
board of Nature Quantum Information, and was on the editorial board of the
New Journal of Physics. She is a Fellow of the American Physical Society
and of the Optical Society of America. In addition to the Humboldt Prize
(2010) and the Hans Fischer Senior Fellowship (2013), she was the recipient of
many awards including the Marko V. Jaric award for outstanding achievements
in physics (2012), the DARPA Young Faculty Award (2008), the Chambers
Faculty Scholarship at Stanford (2008), the Presidential Early Career Award for
Scientists and Engineers (PECASE in 2007), the Office of Naval Research Young
Investigator Award (2006), the Okawa Foundation Research Grant (2006), and
the Frederic E. Terman Fellowship at Stanford (2003).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


