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Highly efficient ultra-broad beam
silicon nanophotonic antenna
based on near-field phase
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Optical antennas are a fundamental element in optical phased arrays (OPA) and free-space optical
interconnects. An outstanding challenge in optical antenna design lies in achieving high radiation
efficiency, ultra-compact footprint and broad radiation angle simultaneously, as required for dense
2D OPAs with a broad steering range. Here, we demonstrate a fundamentally new concept of a
nanophotonic antenna based on near-field phase-engineering. By introducing a specific near-field
phase factor in the Fraunhofer transformation, the far-field beam is widened beyond the diffraction
limit for a given aperture size. We use transversally interleaved subwavelength grating nanostructures
to control the near-field phase. A Bragg reflector is used at the end of the grating to increase both
the efficiency and the far-field beam width. The antenna has a compact footprint of 3.1 pm x1.75 pm
and an ultra-broad far-field beam width of 52° and 62° in the longitudinal and transversal direction,
respectively, while the radiation efficiency reaches 82% after incorporating a bottom reflector to
further improve the directionality. This unprecedented design performance is achieved with a single-
etch grating nanostructure in a 300-nm SOI platform.

Optical beam steering is a fundamental functionality at the core of many technologies, including free-space
optical communications, 3D imaging and mapping, interconnects, and optical memories! . Ideally, a beam
steering system would be small and lightweight to be mounted on a vehicle or a satellite, or integrated on a hand-
held device, such as a smartphone*. However, state-of-the-art optical beam steering systems typically comprise
mechanical assemblies, moving parts and bulk optic components®. Optical phased arrays (OPAs) have gained
significant interest as a static, non-mechanical beam-steering devices®!°. OPAs can be integrated on chip to
achieve beam steering by controlling the phase of the light emitted by the antennas forming the array. Optical
antennas are the fundamental elements of on-chip arrays'*'?, with antenna efficiency, aperture size and far-field
radiation angle being the key parameters determining the OPA performance. Surface grating couplers have been
extensively used in combination with silicon-based planar waveguides for fiber-chip coupling and wafer-scale
testing'*"*'. However, for the maximum overlap with optical fiber mode and high coupling efficiency, grating
couplers are usually 10-15 pum long. Substantially more compact antenna designs are required for dense OPAs
with a wide beam steering range**~?’. An appealing solution to reduce the antenna dimension while maintaining
a high efficiency is to enhance the grating strength by using the 300 nm SOI platform instead of the more com-
mon 220 nm one'>?$-*. We have recently demonstrated an antenna with high diffraction efficiency exceeding
89% and compact footprint of 7.6 um x 4.5 um on a 300 nm SOI*!. While this constitutes an important advance
in terms of antenna footprint and efficiency, a remaining outstanding challenge is the antenna’s limited far-field
radiation angle, which directly contributes to the definition of the OPA’s steering range.

In this work, we demonstrate, for the first time, a novel design of an ultra-compact silicon grating antenna
for off-chip light emission, with an unprecedented performance combining a wide far-field beam width, a very
compact footprint, and a high diffraction efficiency. This is achieved by a single-etch grating structure and a
Bragg reflector designed on a 300-nm-thick SOI platform. The design methodology is described in the antenna
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Figure 1. Schematic of the single-etch, un-chirped antenna with grating period A
[L;, Ly, Ly, L]. A transverse electric (TE) waveguide mode is incident from the left.

o and structural parameters

far-field broadening section. The simulation results are presented in the design and simulation results section,
and the conclusions are summarized in the discussion and conclusion section.

Antenna far-field broadening
The far-field distribution generated by an optical antenna is related to the near field by the Fraunhofer
transformation®*:

k(x/x+y,y>
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where E(x’,y’) is the complex amplitude at the aperture A located at x’y’ plane, and k is the wave vector. For the
Fraunhofer approximation to be valid, it is required that D?/Z\ < <1, where D is the aperture width, Z is the
distance between the aperture and the observation point, and \ is the wavelength®®. This condition is always met
by the operating far field conditions of practical OPAs. As described by Eq. (1), the shape and size of the antenna
aperture directly affects the far-field distribution. While large beam widths in the far-field can be obtained by
using small apertures, reducing the aperture size limits the antenna’s efficiency.

Here, we propose a new strategy to circumvent this fundamental limit leveraging near-field phase
engineering®**. Instead of adjusting the antenna aperture, the key idea is to broaden the far-field by judiciously
controlling the phase of the complex near-field E(x’,y’). By introducing a specific near-field phase factor in the
Fraunhofer transformation, the far-field beam width can be widened without shortening the antenna. This
strategy allows us to decouple the minimum antenna length (required to ensure a given scattering efficiency)
from the far-field beam width.

The near-field phase could be altered by longitudinally chirping the antenna grating period. However, as
we show later in the longitudinally-chirped antenna section, for short antennas with strong radiation strength
the chirping effect is ineffective because the antenna comprises only a small number of periods (e.g., 3-5) and
their respective contributions to the scattered field are rapidly decreasing along the antenna. If a conventional
longitudinal chirp is implemented in such short antennas, the contribution of the last periods to the scattered
field is substantially smaller compared to the first period. This constraint fundamentally limits the effectiveness
of chirping. Instead of chirping the grating longitudinally, here we use, for the first time, transversally-interleaved
chirped nanostructures to control the near-field phase. With transverse chirping, the different chirp periods
equally contribute to the scattered field, enabling effective phase engineering in very short gratings (few period)
and yielding a substantially broadened far-field radiation compared to the conventional antennas.

Design and simulation results

Periodic grating antenna. As a reference case of an antenna with high scattering efficiency’, we consider
a single-etch, periodic grating in a standard SOI platform with a 300-nm-thick silicon waveguide core, 1-pm
buried oxide (BOX) and 2-um oxide cladding. The grating comprises three periods, each including two fully
etched sections with lengths L, and L; and two un-etched sections with length L, and L,, as schematically shown
in Fig. 1.

The four geometrical parameters L,-L, are optimized using a genetic algorithm combined with 2D Finite-
Difference Time-Domain (FDTD) simulations in order to achieve the maximum upward diffraction efficiency
while the diffraction angle is allowed to vary as a free parameter. The detailed optimization procedure can be
found in our previous work’!. The optimized parameters are L; =109 nm, L,=48 nm, L;=189 nm, L,=387 nm,
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Figure 2. (a) The far-field radiation pattern of the reference antenna at a wavelength of 1550 nm. (b) Far-field
intensity distribution along the x and (c) y axis, as marked by the dashed white lines in (a).

and A, =733 nm, while the full antenna length is 2.2 um. Rigorous 3D FDTD simulations are then used to vali-
date the results of the 2D design. The antenna width for this structure is chosen as 1.75 um, to yield a compact
design required for dense antenna arrays. The upward diffraction efficiency at A=1550 nm obtained from 2D
and 3D simulations is 60% and 55%, respectively, while the grating reflectivity (computed as the fraction of
back-reflected power coupled to the counter propagating TE mode of the input waveguide) is — 20 dB (2D)
and - 12 dB (3D). It should be noted that shortening the grating further and using two grating periods instead
of three would significantly reduce the diffraction efficiency by 11%, while adding a fourth period would only
increase efficiency by 2%. Figure 2 shows the far-field radiation pattern for the reference antenna design, where
0 and ¢ represent the polar and azimuthal angles, respectively. The peak diffraction angle is 7° from the vertical,
and the full width at half maximum (FWHM) of the far-field intensity along the longitudinal (x) and transverse
(y) directions is 36° and 50° at 1550 nm, respectively.

Longitudinally-chirped antenna. In order to evaluate the effect of longitudinal chirping on the far-field
beam width, we design an antenna with the structure described in periodic grating antenna section, but consid-
ering different periods for the three unit cells. The goal is to engineer the near-field phase profile of the diffracted
beam in order to increase the divergence and obtain a broader beam width in the far-field. Simulating a range
of grating periods showed that A, <600 nm results in significant reduction in upward diffraction efficiency.
The first cell period was hence designed to provide a large negative diffraction angle of -21°. Cell parameters
were optimized as described in the previous section, resulting in L;=133 nm, L,=61 nm, L;=190 nm, and
L,=216 nm (period A, =600 nm). For the second cell, we use the optimized structural parameters from the ref-
erence design of periodic grating antenna section (A, =733 nm, diffraction angle of 7°). For the last cell period
we choose a positive diffraction angle of 9°, which still avoids second-order diffraction. The optimized param-
eters are L; =109 nm, L, =41 nm, L;=300 nm, and L,=350 nm, i.e., a cell period of A ;=800 nm. The width of
the antenna is 1.75 um, the same as the reference structure.

3D FDTD was used to simulate the behavior of the longitudinally-chirped grating. We obtained a FWHM of
the far-field beam of 38° and 50.2° in the x and y directions, respectively. Diffraction efficiency was reduced to
45% compared to reference design, while maintaining comparable back-reflection (-10 dB). Despite the large
chirping from A, =600 nm to A,; =800 nm, the beam width in the longitudinal direction increased only margin-
ally by 2°, indicating the limited effectiveness of longitudinal chirping to broaden the far-field of short antennas.

Transversally-interleaved chirped antenna. As described in antenna far-field broadening section, we
propose to overcome the ineffectiveness of longitudinal chirping in few-period antennas using transversal chirp-
ing.

Instead of chirping the grating period along the propagation direction, the antenna is implemented by trans-
versally interleaving two gratings with different longitudinal periods, as schematically shown in Fig. 3. Unlike
traditional chirped grating, transverse chirping allows for the different chirp periods to equally contribute to
the scattered field because the scatterers are arranged in parallel rather than sequentially. We used two of the
optimized grating designs described in the longitudinally-chirped antenna section, the first with diffraction
angle of — 21° (longitudinal period 600 nm) and the second with diffraction angle of 7° (longitudinal period
733 nm). The two gratings are transversally interleaved fourteen times with a subwavelength pitch of 125 nm,
resulting in a total antenna width of 1.75 um. Each grating has four periods along the longitudinal direction.
We find that transversal chirping increases the far-field beam width in the longitudinal direction (as estimated
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Bragg reflector

Figure 3. (a) Transversally interleaved antenna schematics. The incident light propagates along the x direction,
being diffracted of-chip by the antenna nanostructure. The residual power propagating in the waveguide plane is
re-injected to the antenna by a terminal Bragg reflector. (b) The antenna top view (x-y plane).

by 3D FDTD simulations) to 43°, an increase of 7° compared to the reference grating described in the periodic
grating antenna section.

At the end of the grating, there is part of the light that is left un-diffracted. Adding a Bragg reflector at the
end of the grating will further improve grating efficiency by re-circulating the remaining power into the antenna.
The reflector comprises two periods of silicon segment with a width of 148 nm separated by 152 nm gaps. The
calculated Bragg mirror reflectivity is 95% at a wavelength of 1550 nm. The distance from the reflector to the
antenna is judiciously optimized to obtain constructive interference between the forward propagating mode
diffracted by the grating and the backward propagating mode diffracted upon reflection. The maximum upward
diffraction efficiency of 51% is obtained for a reflector-grating separation of 300 nm, while only 5% of the power
remains un-diffracted after the first pass through the antenna and the Bragg mirror. The calculated efficiency is
comparable with that of the reference periodic grating, showing that we almost fully compensate the weakening
of the grating strengths due to the chirping effect. Furthermore, the use of the Bragg reflector allows to further
widen the far-field beam width in the longitudinal direction, as the result of the reversal of the diffraction angle.
A gain of an additional 8° is observed in longitudinal beam width, yielding a wide far-field beam of 51°x 47°
centered near —12°. In total, the beam width in the longitudinal direction is about 15° larger than the reference
case while in transversal direction remains approximately unchanged.

It is important to note that the increased beam divergence is obtained despite the aperture of the interleaved
antenna (3 pm x 1.75 pm) being larger than that of the reference design (2.2 pm x 1.75 pum). This confirms that
it is possible to circumvent the limitations on far-field beam size for a given antenna aperture by effectively
engineering the near-field phase profile of the diffracted light.

Since a relatively large fraction of light (~ 30%) is diffracted downward, this light can be re-directed upward
to further enhance the efficiency of the antenna. This is achieved by using a bottom reflector based on a double-
SOI substrate, similar to that presented in*”. The bottom Bragg reflector is designed by optimizing the thickness
of the different layers in the double SOI structure. With a silicon thickness of 110 nm sandwiched between two
silicon dioxide layers with thicknesses of 500 nm and 274 nm, a reflectivity of about 71% is obtained at the central
wavelength of 1550 nm. By incorporating the bottom mirror in our antenna, a diffraction efficiency of 82% is
obtained, the downward diffracted power is reduced to 8%, and the back-reflectivity of the antenna is -16 dB.

A detailed analysis of the behavior of the designed antenna is reported in Figs. 4 and 5. Figure 4 shows the
amplitude of the electric field along the x-z cross-section taken at the center of the antenna. Power is primarily
diffracted upward with a peak diffraction angle of —13°. Moreover, there is almost no power remaining in the
waveguide after the Bragg reflector. Figure 5 illustrates the phase profiles of the scattered electric field for both
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Figure 4. 3D FDTD simulation of the amplitude of the scattered electric field on the x—z cross-section
positioned at the center of the transversally-interleaved chirped antenna.

(a) . Phase (b) Phase
3

Figure 5. Near-field phases of the electric field on the x-y plane positioned 0.7 um above the antenna for

(a) the reference periodic grating and (b) the transversally-interleaved chirped antenna at the wavelength of
1550 nm. (c) and (d) are the phase profiles for the reference periodic grating and the transversally-interleaved
chirped antenna, respectively, along the x-z cross-section positioned at the center of the transversally-

interleaved chirped antenna as in Fig. 4.
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Figure 6. (a) The far-field intensity of the optimized antenna design at 1550 nm wavelength. (b) Far-field
intensity distribution along the x and (c) y axis, as marked by the dashed white lines in (a).

the transversally-interleaved chirped antenna (b, d) and the periodic antenna (a, c) along the same x-z cross-
section of the Fig. 4 and on a x-y plane placed 0.7 pum above the antenna. The curved phase front induced by the
transversally-interleaved chirping can be clearly observed.

Figure 6 shows the simulated far-field of the designed antenna. As can be seen, the additional phase curvature
in the near-field obtained through transversal chirping translates into a wide far-field beam width of 52°x 62°.
The peak diffraction angle is at -13° as expected from the near-field analysis.

Lastly, we performed a tolerance analysis to investigate the sensitivity of the optimized antenna design to
fabrication imperfections. In particular, we evaluated the change in diffraction efficiency for segment length
variations. The antenna shows a robust performance, i.e. less than a 6% reduction in diffraction efficiency, for
fabrication bias of + 5 nm, which is achievable using state-of-the-art silicon photonics manufacturing.

Discussion and conclusion

In this paper, we demonstrate a new strategy based on near-field phase engineering to circumvent fundamental
limitations on the beam width that can be achieved in optical antennas. Phase engineering is realized using
transversally-interleaved subwavelength grating nanostructures followed by a Bragg reflector. Our optimized
antenna design achieves a FWHM of 52°x 62°, a high diffraction efficiency of 82% (exploiting a bottom reflector),
and an ultra-compact footprint of 3.15 um x 1.75 um. To compare our antenna with the state-of-the-art designs,
we note that in ref. * a dual-input antenna based on two waveguides placed on opposite sides of a surface grating
was used to increase the beam width. While this approach implements a concept similar to the use of a Bragg
reflector that we propose here, it adds the additional burden of having two inputs with a perfectly controlled
phases to properly work. Moreover, the angular range of the aforementioned design is limited to 40°x 15° for an
effective antenna aperture of 2.5 um? much smaller compared to our design result reported here. This confirms
once more the effectiveness of our transverse chirping strategy in substantially broadening the antenna far-field.
We expect that exploration of near-field phase engineered nanostructures and integrated photonic components
using transverse interleaved subwavelength gratings will lead to a new research direction in the development of
integrated photonics antennas for a wide range of applications, including free-space optical interconnects and
on-chip optical phased arrays for lidar systems.

Data availability

Data generated or analyzed in this study may be obtained from the contact author upon reasonable request.

Received: 25 August 2022; Accepted: 31 October 2022
Published online: 05 November 2022

References

1. Doylend, J. K. et al. Two-dimensional free-space beam steering with an optical phased array on silicon-on-insulator. Opt. Express
19, 21595 (2011).

2. Zhang, Y, Ling, Y. C., Zhang, K. & Ben Yoo, S. ]. Sub-wavelength-pitch silicon-phatonic optical phased array for large field-af-
regard coherent optical beam steering. Eur. Conf. Opt. Commun. ECOC 2018-Septe, 1929-1940 (2018).

. Guo, Y. et al. Integrated optical phased arrays for beam forming and steering. Appl. Sci. 11, 4017 (2021).

4. Heck, M. J. R. Highly integrated optical phased arrays: Photonic integrated circuits for optical beam shaping and beam steering.

Nanophotonics 6, 93-107 (2017).

W

Scientific Reports |

(2022) 12:18808 | https://doi.org/10.1038/s41598-022-23460-x nature portfolio



www.nature.com/scientificreports/

5. Kim, T. et al. A single-chip optical phased array in a wafer-scale silicon photonics/CMOS 3D-integration platform. IEEE J. Solid-
State Circuits 54, 3061-3074 (2019).
6. He, ], Dong, T. & Xu, Y. Review of photonic integrated optical phased arrays for space optical communication. IEEE Access 8,
188284-188298 (2020).
7. Abediasl, H. & Hashemi, H. Monolithic optical phased-array transceiver in a standard SOI CMOS process. Opt. Express 23,
6509-6519 (2015).
8. Heck, M. J. Highly integrated optical phased arrays: photonic integrated circuits for optical beam shaping and beam steering.
Nanophotonics 6(1), 93-107 (2017).
9. Sun, J., Timurdogan, E., Yaacobi, A., Hosseini, E. S. & Watts, M. R. Large-scale nanophotonic phased array. Nature 493, 195-199
(2013).
10. Zhang, X., Kwon, K., Henriksson, J., Luo, J. & Wu, M. C. A large-scale microelectromechanical-systems-based silicon photonics
LiDAR. Nature 603, 253-258 (2022).
11. Pita, ]. L., Aldaya, L, Dainese, P., Hernandez-Figueroa, H. E. & Gabrielli, L. H. Design of a compact CMOS-compatible photonic
antenna by topological optimization. Opt. Express 26, 2435-2442 (2018).
12. Melati, D. et al. Design of compact and efficient silicon photonic micro antennas with perfectly vertical emission. IEEE J. Sel. Top.
Quantum Electron. 27, 1-10 (2020).
13. Fatemi, R., Khachaturian, A. & Hajimiri, A. A nonuniform sparse 2-D large-FOV optical phased array with a low-power PWM
drive. IEEE J. Solid-State Circuits 54, 1200-1215 (2019).
14. Vermeulen, D. et al. High-efficiency fiber-to-chip grating couplers realized using an advanced CMOS-compatible Silicon-On-
Insulator platform. Opt. Express 18, 18278-18283 (2010).
15. Melati, D. et al. Mapping the global design space of nanophotonic components using machine learning pattern recognition. Nat.
Commun. 10, 1-9 (2019).
16. Watanabe, T., Ayata, M., Koch, U., Fedoryshyn, Y. & Leuthold, J. Perpendicular grating coupler based on a blazed antiback-reflection
structure. J. Light. Technol. 35, 4663-4669 (2017).
17. Benedikovic, D. et al. High-directionality fiber-chip grating coupler with interleaved trenches and subwavelength index-matching
structure. Opt. Lett. 40, 4190-4193 (2015).
18. Cheben, P, Halir, R., Schmid, J. H., Atwater, H. A. & Smith, D. R. Subwavelength integrated photonics. Nature 560, 565-572 (2018).
19. Chen, X,, Thomson, D. J., Crudginton, L., Khokhar, A. Z. & Reed, G. T. Dual-etch apodised grating couplers for efficient fibre-chip
coupling near 1310 nm wavelength. Opt. Express 25, 17864-17871 (2017).
20. Zou, J., Yu, Y. & Zhang, X. Single step etched two dimensional grating coupler based on the SOI platform. Opt. Express 23,
32490-32495 (2015).
21. Tong, Y., Zhou, W. & Ki Tsang, H. Efficient perfectly vertical grating coupler for multi-core fibers fabricated with 193 nm DUV
lithography. Opt. Lett. 43, 5709-5712 (2018).
22. Alonso-Ramos, C. et al. Fiber-chip grating coupler based on interleaved trenches with directionality exceeding 95%. Opt. Lett. 39,
5351-5354 (2014).
23. Halir, R. et al. Continuously apodized fiber-to-chip surface grating coupler with refractive index engineered subwavelength struc-
ture. Opt. Lett. 35, 3243-3245 (2010).
24. Bozzola, A., Carroll, L., Gerace, D., Cristiani, I. & Andreani, L. C. Optimising apodized grating couplers in a pure SOI platform
to —0.5 dB coupling efficiency. Opt. Express 23, 16289-16304 (2015).
25. Chen, H. Y. & Yang, K. C. Design of a high-efficiency grating coupler based on a silicon nitride overlay for silicon-on-insulator
waveguides. Appl. Opt. 49, 6455-6462 (2010).
26. Wang, Y. et al. Design of broadband subwavelength grating couplers with low back reflection. Opt. Lett. 40, 4647-4650 (2015).
27. Kamandar Dezfouli, M. et al. Perfectly vertical surface grating couplers using subwavelength engineering for increased feature
sizes. Opt. Lett. 45, 3701-3704 (2020).
28. Benedikovic, D. et al. Sub-decibel silicon grating couplers based on L-shaped waveguides and engineered subwavelength meta-
materials. Opt. Express 27, 26239-26250 (2019).
29. Benedikovic, D. et al. High-efficiency single etch step apodized surface grating coupler using subwavelength structure. Laser
Photon. Rev. 8,1.93-197 (2014).
30. Passoni, M., Gerace, D., Carroll, L. & Andreani, L. C. Grating couplers in silicon-on-insulator: The role of photonic guided reso-
nances on lineshape and bandwidth. Appl. Phys. Lett. 110, 41107-41111 (2017).
31. Khajavi, S. et al. Compact and highly-efficient broadband surface grating antenna on a silicon platform. Opt. Express 29, 7003-7014
(2021).
32. Hecht, E. & Black, A. Fraunhofer diffraction. Opt. Reading, MA Addison Wesley Longman, Inc 452485 (2002).
33. Saleh, B. E. A. & Teich, M. C. Fundamentals of photonics. (2019).
34. Yuan, Y. et al. Complementary transmissive ultra-thin meta-deflectors for broadband polarization-independent refractions in the
microwave region. Photonics Res. 7, 80 (2019).
35. Yuan, Y. et al. A fully phase-modulated metasurface as an energy-controllable circular polarization router. Adv. Sci. 7, 1-8 (2020).
36. Benedikovic, D. et al. Single-etch subwavelength engineered fiber-chip grating couplers for 13 pm datacom wavelength band. Opt.
Express 24, 12893-12904 (2016).
37. Baudot, C. et al. Low cost 300mm double-SOI substrate for low insertion loss 1D & 2D grating couplers. IEEE Int. Conf. Gr. IV
Photonics GFP 1, 137-138 (2014).
38. Xu, D. X. et al. Silicon photonic integration platform-Have we found the sweet spot?. IEEE ]. Sel. Top. Quantum Electron. 20,
189-205 (2014).
39. Fatemi, R., Khial, P. P, Khachaturian, A. & Hajimiri, A. Breaking FOV-aperture trade-off with multi-mode nano-photonic anten-
nas. IEEE J. Sel. Top. Quantum Electron. 27, 1-14 (2020).
Acknowledgements

The authors want to thank Dr. Jianhao Zhang for his assistance with simulations.

Author contributions

S.X., D.M., P.Ch,, J.S. and W.Y. conceived the idea. S.K. performed the simulations. C.R. realized part of the
simulation code and helped with simulations. S.K. D.M., P.Ch., J.S. and W.Y analyzed and discussed the results.
All the authors contributed to writing and reviewing the manuscript.

Funding
National Research Council Canada: (HTSN 624), (CSTIP), Technology and Innovation Program; Natural Sci-
ences and Engineering Research Council of Canada.

Scientific Reports |

(2022) 12:18808 | https://doi.org/10.1038/s41598-022-23460-x nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:18808 | https://doi.org/10.1038/s41598-022-23460-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Highly efficient ultra-broad beam silicon nanophotonic antenna based on near-field phase engineering
	Antenna far-field broadening
	Design and simulation results
	Periodic grating antenna. 
	Longitudinally-chirped antenna. 
	Transversally-interleaved chirped antenna. 

	Discussion and conclusion
	References
	Acknowledgements


