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Technical Group at a Glance

e Focus

 This group’s interests are in the field of semiconductor lasers, amplifiers, LEDs and
super luminescent diodes.

e Qver 4,500 members within OSA

e Mission
* To benefit YOU
 Webinars, e-Presence, publications, technical events, business events, outreach

* Interested in presenting your research? Have ideas for TG events? Contact
winnie.ye@carleton.ca

e FInd us here

 Website: www.osa.org/OptoelectronicsTG
e LinkedIn: www.linkedin.com/groups/8297718/
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Today’s Webinar

Designing High Performance Devices
in Silicon Using Subwavelength
Structures

Prof. Robert Halir

University of Malaga (Spain)
Andalusian Institute for Nano-medicine and Biotechnology
(Bionand)

You can find more information about subwavelength integrated photonics on the
review co-authored by Dr. Halir and recently published by Nature: P. Cheben, et al.
"Subwavelength integrated photonics." Nature 560.7720 (2018)
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https://www.nature.com/articles/s41586-018-0421-7?utm_source=Nature_community&utm_medium=Community_sites&utm_content=BenJoh-Nature-MultipleJournals-Engineering-Global&utm_campaign=MultipleJournals_USG_DEVICE

Designing high performance devices in silicon
using subwavelength structures
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Why silicon photonics?

Si core

in:3.5g€

SiOycladding =1 5

Silicon microelectronics (the “age of silicon”)
* High contrast (An=2), small features (=100nm) Optical
 High speed photodetection and modulation Fiber Core
* Hybrid integration of IlI-V lasers

e Commercial use: Luxtera, Acacia, ...

 Only a few CMOS compatible materials available.

“Handbook of Silicon Photonics”, Laurent Vivien, 2013 + “Silicon Photonics Design” Lukas Chrostowski, Online course
“Silicon photonics circuit design” Wim Bogaerts, Laser and Photonics Reviews 12, 2018
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https://www.amazon.es/Handbook-Silicon-Photonics-Optics-Optoelectronics/dp/1439836108
https://www.edx.org/course/silicon-photonics-design-fabrication-and-data-analysis-0
https://doi.org/10.1002/lpor.201700237

Subwavelength gratings The right material for every device ij%
Waveguides |[Spectrometers)(Grating Couplers|(Ring Resonators|( Spectral Filters
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Review paper: R. Halir et al., Laser and Photonics Reviews 9, 2015
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https://onlinelibrary.wiley.com/doi/abs/10.1002/lpor.201400083

A surging field of research

nature ) review articles > article

nature

P, ) 9. 9.x) oM

nu-". "H”ll"- --uuunr. m

International journal of science

Review Article =~ Published: 29 August 2018

Subwavelength integrated photonics i+

Pavel Cheben , Robert Halir, Jens H. Schmid, Harry A. Atwater & David R. Smith

Nature 560, 565-572 (2018)  Download Citation %

P. Cheben et al., Nature 560, 2018
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https://www.nature.com/articles/s41586-018-0421-7

This webinar is not about...

Metasurfaces

P. Lalanne, J. Opt. Soc. Am. A 16, 1999
M. Khorasaninejad, Nano Lett. 16, 2016

—

A. Y. Piggot, Natufe Photonics 9, 2015
B. Shen, Nature Photonics 9, 2015

nature > nature photonics > review articles > article

nature .
= photonics

Review Article ~ Published: 28 April 2017

Metamaterial-inspired silicon
nanophotonics

Isabelle Staude & Jorg Schilling

Nature Photonics 11, 274-284 (2017)  Download Citation %

I. Staude, Nature Photonics 11, 2017
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https://doi.org/10.1364/JOSAA.16.001143
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b03626
https://doi.org/10.1038/nphoton.2015.69
http://www.doi.org/10.1038/NPHOTON.2015.80
http://dx.doi.org/10.1038/nphoton.2017.39
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Fundamentals

Dispersion & Anisotropy

Fundamentals

Applications & Devices
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Subwavelength grating (SWG) waveguide Uniaxial crystal model

Si
Small pitch [A < A/(2n.¢)] avoids diffraction.  Synthesizes an artificial material.

L L
2~ _n? — —|n?
Niy = AnSi + (1 A) NSio, S. M. Rytov, Sov. Phys. JETP 2, 1956

Rigorous formulas for n,.,, and n,,: Luque-Gonzilez, Optics Letters 43, 2018
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http://www.jetp.ac.ru/cgi-bin/dn/e_002_03_0466.pdf
https://doi.org/10.1364/OL.43.004691

Subwavelength grating (SWG) waveguide Uniaxial crystal model

Si
Small pitch [A < A/(2n.¢r)] avoids diffraction.  Synthesizes an artificial material.

L L
2 — — | n?
Toox & st T (1 A) sio; _ - fiou Sou Fhe. SR, 1950

Engineer the refractive index through duty-cycle.
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http://www.jetp.ac.ru/cgi-bin/dn/e_002_03_0466.pdf

Subwavelength grating (SWG) waveguide Propagation example

silicon wire

SWG waveguide has lower effective index than the silicon wire.

SWG waveguide supports loss-less Bloch-Floquet mode.

Loss-less integration with silicon wire waveguides.
P. Cheben, Optics Letters 35, 2010
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https://doi.org/10.1364/OL.35.002526

Subwavelength grating (SWG) waveguide Precautions: leakage

Silicon
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h (Si Wire)
=T DC=100% | DC=90% DC = 60 % DC=30%

Reduced effective index: substrate leakage for n ¢ < 1.6

J. D. Sarmiento-Merenguel, Optics Letters 41, 2016
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http://dx.doi.org/10.1364/OL.41.003443

Subwavelength grating (SWG) waveguide Precautions: jitter

Averaged Transmittance(T),

= Simulations

=== \easurements

2.5nm

05F———=—-Rg-—-------------

W=3um, A=200nm, L=200-A =40 pm

SWG with induced jitter 0 \\
SN mem |

(o0 =20 nm , extreme case) 0 5 10 15 20
Jitter strength o (nm)

Disorder (jitter) of “~5nm produces losses for wide (multimode) waveguides.

A. Ortega-Monux, Optics Express 25, 2017
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https://doi.org/10.1364/OE.25.012222
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Fiber-to-chip coupling Grating couplers

Radiated beam profile
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Substrate

R. Halir, Optics Letters 34, 2009
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https://doi.org/10.1364/OL.34.001408

Fiber-to-chip coupling
Silico — near infrared

5.00um

Coupling efficiency [dB]

12 ‘ ‘ ‘ .
1480 1500 1520 1540 1560 151
Wavelength [nm)]

D. Benedikovic, Optics Express 23, 2015
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Grating couplers
Germanium — mid infrared

0 -3
. . —— Measurement 4
& -3} —3DFDTD Simulation 16 &
> [ ] =
Q 6} 4-9
8 | |7 &
Q —
E -9 1-12 8
= G
.12} — -15 &
2 | 1-dB Bandwidth é
3-15- -58 nm -18 m
@) !

8

s 1 1 2 1 s _21
2,25 2.30 2.35 2.40 2.45
Wavelength (um)

J. Kang, Optics Letters 42, 2017



http://www.doi.org/10.1364/OE.23.022628
https://doi.org/10.1364/OL.42.002094

Fiber-to-chip coupling Edge couplers

450 nm
Si waveguide

P. Cheben, Optics Express 14, 206
0.32dB Loss, PDL<0.05dB P. Cheben, Optics Express 23, 2015

BW>100nm, MFD=3.2um P. Cheben, US Patent 7,680,371
T. Barwicz, OFC 2016, M21.3 (IBM)
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Enhanced cladding interaction Sensors and modulators

Biomc?lec.t.llar recognition ~ Sensing window nghtOW
and binding

Light in |
/ : Buried Oxide
(8i0,)

Waveguid ' Upper Cladding (SiO,)

core (Si)

Aneff — cfAn(:c,y)2 | E(x7y> ’2 dzdy
Delocalize field

J. G. Wangiiemert-Pérez, Optics Letters 39, 2014 + J. G. Wangiiemert-Pérez,Optics Laser Technol. 109, 2019
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https://doi.org/10.1364/OL.39.004442
https://doi.org/10.1016/j.optlastec.2018.07.071

Enhanced cladding interaction

Sensors and modulators

Biomolecular recognition Sensing window
and binding

o ,Light out =

Light |

Waveguide
core (Si)

Buried Oxide
(Si0,)
Upper Cladding (SiO,)

Aney = c [ An(z,y)* [ E(z,y) [P dzdy
Delocalize field

J. G. Wangiiemert-Pérez, Optics Letters 39, 2014 + ). G.
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Wangiliemert-Pérez,Optics Laser Technol. 109, 2019
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https://doi.org/10.1364/OL.39.004442
https://doi.org/10.1016/j.optlastec.2018.07.071

Enhanced cladding interaction Sensors and modulators
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Flow step
Demonstration of enhanced bulk sensing Demonstration of surface sensing
Flueckiger, Optics Express 24, 2016 H. Yan, Optics Express 24, 2016
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http://dx.doi.org/10.1364/OE.24.015672
http://dx.doi.org/10.1364/OE.24.029724

Enhanced cladding interaction Sensors and modulators
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580nm / RIU

Electro-optic polymer
40GHz bandwidth
E. Luan, J. Selected Topics Quantum Eletronics 25, 2018 Z. Pan, Laser and Photonics Reviews 12, 2018
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http://www.doi.org/10.1109/JSTQE.2018.2821842
https://doi.org/10.1002/lpor.201700300

Intra-waveguide index engineering

Single-mode waveguide bends
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90 dB/cm — 17 dB/cm
for r = 5um

Z. Wang, Optics Letters 41, 2016

Multi-mode waveguide bends
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Intermodal crosstalk 5dB — 20dB
for r=30um

H. Xu, Laser and Photonics Reviews 12, 2018
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https://doi.org/10.1364/OL.41.003375
https://doi.org/10.1002/lpor.201700240

Polarization management

Polarization independent coupler

SWG coupling region
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Y. Xiong, Optics Letters 39, 2014 + Y. He, OFC 2017, Th1G.6 L. Liu, Optics Letters 41, 2016
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Narrow Bragg filters
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D. Pérez-Galacho, Optics Letters 42, 2017 + J. Ctyroky, Optics Express 26, 2018 + P. Cheben, ECOC 2018, Invited
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https://doi.org/10.1364/OL.42.001468
https://doi.org/10.1364/OE.26.000179

Mid-IR suspended waveguides
W/(,'l(ld

‘Vu [s
'q
IV(I ad

Silicon

Silicon dioxide

Sapphire

Silicon nitride

1 2 3 - 5 6 7 8 9 10 1 12 13 14

Wavelength (um)
R. Soref, Nature Photonics 4, 2010 l;iL% It_i
J. Soler Penadés, Optics Letters 39, 2014
Suspended waveguide at 7.7um Suspended, slotted rings at 2.2um
3dB/cm

—' g ‘“
“ ’—
K -

10 um

J. Soler Penadés, Optics Letters 43, 2018 W. Zhou, J. Applied Physics 123, 2018
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https://doi.org/10.1063/1.5017780
https://doi.org/10.1364/OL.43.000795
https://doi.org/10.1038/nphoton.2010.171
https://doi.org/10.1364/OL.39.005661
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Anisotropic and dispersive properties

nXX
$ Bragg , \
Reflection Subwavelength
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Strongly dispersive
Non-dispersive

Luque-Gonzalez, Optics Letters 43, 2018
P. Cheben et al., Nature 560, 2018

R. Halir et al., Laser and Photonics Reviews 9, 2015
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https://doi.org/10.1364/OL.43.004691
https://onlinelibrary.wiley.com/doi/abs/10.1002/lpor.201400083
https://www.nature.com/articles/s41586-018-0421-7
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Exploiting dispersion Broadband directional coupler j}

: Coupling region —_n,, .
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um R. Halir, Optics Express 20, 2012 + Y. Wang, IEEE Photonics J. 8, 2016
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https://doi.org/10.1364/OE.20.013470
https://doi.org/10.1109/JPHOT.2016.2574335

Exploiting anisotropy Densely spaced waveguides :Bé

£ A — E-skid waveguide
--- Strip waveguide “Relaxed” TIR:

ncore > nxx

Evanescent decay:
k,xn,,

Crosstalk reduced
by 30dB.

S. Jahani, Nature Communications 9, 2018 + A. Khavasi, Photonics Technol. Letters 28, 2016
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http://www.doi.org/10.1038/s41467-018-04276-8
https://doi.org/10.1109/LPT.2016.2623349

Exploiting anisotropy & dispersion Broadband beam-splitter
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R. Halir, Laser and Photonics Reviews, 2016
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Can we engineer anisotropy? Changing the duty-cycle

SiO,

, , Ly , Wide index range
Nyxx A s + (1 A Ngsio, Small feature sizes
Both polarizations affected equally
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Tilted Sub-A structures Concept :BQ
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nz, 0 0
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0 0 n2,

Luque-Gonzalez, Optics Letters 43, 2018
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https://doi.org/10.1364/OL.43.004691

Tilted Sub-A structures Simulation

TE Q° TE 30°
—TE periodic waveguide
-=TE anisotropic model

™ OO ™ —TM periodic waveguide ™M 300

-=TM anisotropic model

—
——------
—
-

-~
e
~~
~
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20 30 40
Tilt angle 6 (°)

Engineer TE effective index with constant feature size!
TM unaffected! Luque-Gonzalez, Optics Letters 43, 2018
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Tilted Sub-A structures Experiment

Measured MZI . -10
interferogram (TE) @ -20

-30
1475 1500 1525 1550 1575
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—
—  TM
— Simulation
05 |::: Experiment TE

0 10 20 30 40
, , Tilt angled (°)
Luque-Gonzalez, Optics Letters 43, 2018
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Tilted Sub-A structures Application

y Vx 4 AL \/
\ >z Lmmz /
L — SLTL-TM — 2 5 3L7-L-TE Tas 1.5 )\l(ﬁfn) 1.6 1.65

Extinction ratio > 20dB Insertion Losses < 1.5dB  120nm bandwidth (3D FDTD)

A. Herrero, Optics Letters, submitted
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Conclusions Thank you! j::}‘a

n = \ﬂ"" nzz R. Halir, “Subwavelength-Grating
“ " " Metamaterial Structures for
(,:) -+ (n—z) = k3§ Silicon Photonic Devices”,

- - Proceedings of the IEEE, in press
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Simulation — Floguet modes and 3D FDTD
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