
HAL Id: tel-04805235
https://theses.hal.science/tel-04805235v1

Submitted on 26 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Design and characterization of subwavelength grating
(SWG) engineered silicon photonics devices fabricated

by immersion lithography
Warren Kut King Kan

To cite this version:
Warren Kut King Kan. Design and characterization of subwavelength grating (SWG) engi-
neered silicon photonics devices fabricated by immersion lithography. Micro and nanotechnolo-
gies/Microelectronics. Université Paris-Saclay, 2024. English. �NNT : 2024UPAST099�. �tel-04805235�

https://theses.hal.science/tel-04805235v1
https://hal.archives-ouvertes.fr


 

 

Design and characterization of 

subwavelength grating (SWG)  

engineered silicon photonics devices  

fabricated by immersion lithography  

Conception et caractérisation de composants photoniques sur silicium,  

nano-structurés à échelle sub-longueur d’onde,  

fabriqués par lithographie à immersion  

Thèse de doctorat de l'université Paris-Saclay  

 
École doctorale n° 575 : Electrical, Optical, Bio-physics and Engineering (EOBE) 

Spécialité de doctorat : Electronique, Photonique et Micro-Nanotechnologies 

Graduate School : Sciences de l’ingénierie et des systèmes 

Référent : Faculté des sciences d’Orsay 

 

 

Thèse préparée dans les unités de recherche de l’Université Paris-Saclay, CNRS, 

Centre de Nanosciences et de Nanotechnologies, 91120 Palaiseau, France et du 

Commissariat à l'énergie atomique et aux énergies alternatives, 38054, Grenoble 

sous la direction de Carlos ALONSO-RAMOS, chargé de recherche,  

le co-encadrement de Daivid FOWLER, ingénieur-chercheur au CEA-LETI 

 

 

Thèse soutenue à Paris-Saclay, le 09 octobre 2024, par 
 

Warren KUT KING KAN 
 

Composition du Jury  
Membres du jury avec voix délibérative  

Christian SEASSAL 

Ecole Centrale de Lyon 

 

 

Président 

 

 

Gilles RENVERSEZ   

Université d’Aix-Marseille 

 

 

Rapporteur & Examinateur 

 

 

Gonzalo WANGÜEMERT-PÉREZ 

Université de Málaga 

 

 

Rapporteur & Examinateur 

 

 

Daniel BENEDIKOVIC  

Université de Zilina 
 

Examinateur  

 N
N

T
 :
 2

0
2
4
U

P
A

S
T
0
9
9
 

T
H

È
S

E
 D

E
 D

O
C

T
O

R
A

T
  



 

 

Titre : Conception et caractérisation de composants photoniques sur silicium, nano-structurés à échelle 

sub-longueur d’onde, fabriqués par lithographie à immersion  
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Résumé : La technologie photonique sur silicium 

s’appuie sur les procédés matures de fabrication de 

l’industrie du semi-conducteur pour produire des 

composants opto-électroniques à échelle industrielle. 

Les métamatériaux à base de réseaux sub-longueur 

d’onde permettent de contrôler le confinement du 

mode et la dispersion, et ont ainsi été implémentés 

pour démontrer des performances de pointe de 

composants photoniques intégrés.   

Les effets de diffraction et de réflexions sont 

supprimés dans les matériaux sub-longueur d’onde. 

Leurs dimensions sont petites et sont environ de 

100 nm. Jusqu’à présent, la majorité des composants 

sub-longueur d’onde ont été fabriqués par 

lithographie électronique. Or, cette technique n’est 

pas compatible avec une production à large échelle. 

Aujourd’hui, la lithographie à immersion se déploie 

dans les fonderies photoniques sur silicium. Elle 

permet de définir des dimensions aussi petites que 

70 nm, avec un modèle de correction d’effets optiques 

de proximité.  

Le but principal de cette thèse est d’étudier la 

faisabilité de l’utilisation de la lithographie à 

immersion avec la correction d’effets optiques de 

proximité pour la fabrication de composants 

photoniques sub-longueur d’onde de pointe. Ces 

composants ont été développés sur des plaques de 

300 mm de diamètre au CEA-Leti. Trois composants 

ont été étudiés, chacun avec une spécificité 

technologique : i) un diviseur de puissance avec une 

seule étape de gravure complète, ii) un réseau de 

couplage puce-fibre alternant des gravures partielles 

et complètes, et iii) une matrice d’antennes optiques, 

couvrant une large surface, avec une étape de gravure 

partielle.  

Le diviseur de puissance est constitué d’un coupleur 

par interférométrie multi-mode (MMI) avec des 

réseaux sub-longueur d’onde pour contrôler la 

dispersion des modes optiques et ainsi pour obtenir 

une très large bande passante spectrale, qui a été 

mesurée expérimentalement à 350 nm, et qui en 

bon accord avec les simulations. La bande passante 

d’un MMI conventionnel sans structures 

sub-longueur d’onde n’est que de 100 nm environ.     

Le réseau de couplage puce-fibre s’appuie sur une 

géométrie en forme de « L », avec des structures 

sub-longueur d’onde gravés partiellement et 

complètement, pour augmenter l’efficacité de 

couplage. Celle-ci a été mesurée à -1.70 dB (68 %) à 

une longueur d’onde de 1550 nm et représente la 

meilleure performance pour une telle structure 

complexe, utilisant une technologie autre que la 

lithographie électronique. Néanmoins, la valeur 

mesurée est inférieure à la valeur simulée 

de -0.80 dB (83 %). Une des raisons principales de 

cette performance limitée est la sensibilité de cette 

structure aux erreurs d’alignement entre les deux 

étapes de gravure pendant la fabrication.   

L’antenne optique est constituée de structures 

sub-longueur d’onde partiellement gravées pour 

obtenir une grande surface d’émission de 

48 µm×48 µm, réduisant ainsi la divergence du 

faisceau. Cette antenne a été implémentée comme 

antenne unitaire dans une matrice 4×4 à réseau 

phasé avec un pas de 90 µm×90 µm. A une longueur 

d’onde de 1550 nm, le faisceau émis par l’antenne 

unitaire a une divergence à mi-hauteur mesurée de 

1.40° et celui émis par la matrice d’antennes a une 

divergence à mi-hauteur de 0.25°. Ces valeurs sont 

en accord avec les valeurs simulées. Ces résultats 

servent comme preuve de concept de 

l’implémentation d’une telle antenne dans une 

matrice à réseau phasé.  

En résumé, les résultats de cette thèse illustrent le 

grand potentiel de la lithographie à immersion avec 

la correction d’effets optiques de proximité pour la 

fabrication de composants photoniques 

sub-longueur d’onde, ouvrant ainsi la voie pour la 

commercialisation de ces derniers.       
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Abstract: Silicon photonics technology leverages the 

mature fabrication processes of the semi-conductor 

industry for the large-volume production of 

opto-electronic devices. Subwavelength grating 

(SWG) metamaterials enable advanced engineering of 

mode confinement and dispersion, that have been 

used to demonstrate state-of-the-art performance of 

integrated photonic devices.  

SWGs generally require minimum feature sizes as 

small as a 100 nm to suppress reflection and 

diffraction effects. Hitherto, most reported 

SWG-based devices have been fabricated using 

electron beam lithography. However, this technique is 

not compatible with large volume fabrication, 

hampering the commercial adoption of SWG-based 

photonic devices. Currently, immersion lithography is 

being deployed in silicon photonic foundries, enabling 

the patterning of features of only 70 nm, when used 

in conjunction with optical proximity correction (OPC) 

models.  

The main goal of this PhD is to study the feasibility of 

immersion lithography and OPC for the realization of 

high-performance SWG devices. The SWG devices 

developed here have been fabricated using the OPC 

models and 300 mm SOI wafer technology at 

CEA-Leti. Three devices have been considered as case 

studies, each with a specific technological challenge: i) 

a power splitter requiring a single full etch step, ii) a 

fiber-chip grating coupler interleaving full and shallow 

etch steps, and iii) an optical antenna array covering a 

large surface area with a shallow etch step.  

The power splitter is implemented using a 

SWG-engineered multi-mode interferometer (MMI) 

coupler. The SWG is used to control the dispersion of 

the optical modes to achieve an ultrawide operating 

spectral bandwidth. This device experimentally 

showed state-of-the-art bandwidth of 350 nm, in 

good agreement with simulations. Note that the 

bandwidth of a conventional MMI without SWG is 

around 100 nm. 

 

The fiber-chip coupler relies on an L-shaped 

geometry with SWG in full and shallow etch steps to 

maximize the field radiated towards the fiber. The 

measured coupling efficiency, of - 1.70 dB (68 %) at 

a wavelength of 1550 nm, is the highest value 

reported for an L-shaped coupler fabricated without 

electron-beam lithography. Still, this value differs 

from the calculated efficiency of -0.80 dB (83 %), and 

compares to experimental values achieved with 

fiber-chip grating couplers without SWG (~ -1.50 

dB). One of the main reasons for the limited 

experimental performance is the strong sensitivity of 

the structure to errors in the alignment between the 

full and shallow etch steps.  

The optical antenna uses shallowly etched SWG 

teeth to minimize the grating strength, allowing the 

implementation of a large area emission 

aperture, of 48 ×  48 µm, which is required to 

minimize the beam divergence. A two-dimensional 

(2D) optical phased array (OPA) with an antenna 

pitch of 90 µm × 90 µm, comprising 16 antennas 

was designed and fabricated. The SWG-based 

unitary antenna has a measured full width at half 

maximum divergence of 1.40° at a wavelength of 

1550 nm, while the beam emitted from the phased 

array has a divergence of 0.25°, both in very good 

agreement with expected values. These results serve 

as a good proof-of-concept demonstration of this 

novel antenna architecture.     

In summary, the results shown in this PhD illustrate 

the great potential of immersion lithography and 

OPC for harnessing SWG-engineering, paving the 

way for their commercial adoption. Devices with full 

or shallow etch steps exhibited excellent 

performance close to that predicted by simulations. 

The fiber-chip grating couplers deviated from 

expected results, probably due to the tight 

fabrication tolerances associated with the 

combination of full and shallow etch steps.  
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FRENCH SUMMARY (RESUME EN FRANÇAIS) 

La photonique sur silicium permet l’intégration de fonctions optiques 

sur une puce en silicium. La fabrication des dispositifs exploite les 

procédés CMOS, qui sont des procédés matures souvent utilisés dans 

la fabrication de semi-conducteur. Les applications de la photonique 

sur silicium sont diverses et incluent les télécommunications, le LiDAR 

pour l’automobile, l’optique quantique entre autres.  

Cette thèse présente les travaux effectués sur des dispositifs 

photoniques sur silicium, nano-structurés à échelle sub-longueur 

d’onde, et fabriqués par lithographie à immersion avec un modèle de 

correction d’effets optiques de proximité. Cette thèse a été faite en 

partenariat avec le CEA-LETI, à Grenoble et le C2N, à Paris-Saclay.   

LES STRUCTURES SUB-LONGUEUR D’ONDE (SWG) 

 
Figure 1: Guide d’onde silicium (Si) périodique, structuré avec un pas 𝛬. Le guide est 

encapsulé de silice (SiO2), qui n’est montré dans la figure pour des raisons de clarté. 

Dans le régime sub-longueur d’onde, 𝛬 ≪ 𝜆, où 𝜆 est la longueur d’onde.   

La Figure 1 montre un guide d’onde silicium (Si) structuré de façon 

périodique. Le guide est encapsulé de silice (SiO2). Le pas du réseau 

est Λ. La longueur d’onde de la lumière est 𝜆 et on considère que l’axe 

de propagation est selon l’axe 𝑧. L’indice effectif du mode supporté 

par le guide périodique est 𝑛𝑒𝑓𝑓. On considère 𝜆 = 1550 nm (longueur 

d’onde télécom usuelle). A cette longueur d’onde, l’indice de réfraction 

du Si est de 𝑛𝑆𝑖 = 3.48, est celui du SiO2 est de 𝑛𝑆𝑖𝑂2
= 1.44. Une valeur 
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approximative de l’indice effectif est 𝑛𝑒𝑓𝑓 ~ 2.5. La longueur d’onde de 

Bragg est définie comme 𝜆𝐵 = 𝜆/2𝑛𝑒𝑓𝑓  et vaut approximativement 

𝜆𝐵  ~ 300 nm avec les valeurs considérées. Le comportement de ce 

réseau peut être décrit selon trois régimes différents, selon les valeurs 

de Λ devant 𝜆𝐵.  

1. 𝚲 > 𝝀𝑩  : régime de diffraction. Le mode s’échappe 

graduellement principalement vers le haut et vers le bas. Ce 

régime diffractif est exploité dans les réseaux de couplage pour 

coupler de la lumière entre un guide d’onde sur une puce et 

une fibre optique externe placée presque verticalement sur la 

surface de la puce.  

2. 𝚲 = 𝝀𝑩 : régime de réflexion (aussi appelé régime de Bragg). 

Le réseau se comporte comme un miroir et réfléchi le mode 

incident. Ce régime réflectif est exploité dans les filtres de Bragg 

et dans les cristaux photoniques.  

3. 𝚲 < 𝝀𝑩 : régime sub-longueur d’onde. Les effets de diffraction 

et de réflexions sont supprimés. La lumière se propage dans le 

réseau sub-longueur d’onde (abrévié SWG pour subwavelength 

grating en anglais) qui se comporte comme un matériau 

anisotrope homogène, avec un indice de réfraction équivalent, 

𝑛𝑆𝑊𝐺 . Cet indice équivalent dépend de la direction de 

propagation et de l’axe de polarisation de la lumière. 𝑛𝑆𝑊𝐺 peut 

être égal à l’indice ordinaire, 𝑛∥, ou à l’indice extraordinaire, 𝑛⊥ 

du matériau anisotrope. En changeant les paramètres 

géométriques du réseau (voir les longueurs 𝑎 , 𝑏  et Λ  sur la 

Figure 1), 𝑛𝑆𝑊𝐺 peut être contrôlé, ce qui donne plus de degrés 

de liberté dans la conception de composants photoniques. 

Grâce à ces nouveaux degrés de liberté, les SWG ont amélioré la 

performance de dispositifs photoniques sur silicium. Certains 

exemples sont l’amélioration de l’efficacité de couplage de coupleurs 

par la tranche et de réseaux de couplage en surface, l’augmentation 

de la bande passante spectrale de coupleurs MMI, ou le contrôle de la 

polarisation. Néanmoins, les dimensions des SWG sont très petites, 

~ 100 nm aux longueurs d’onde et ont été majoritairement fabriqués 

par lithographie électronique. Cet outil permet de définir de très 

faibles dimensions, ~ 30 nm, mais a un temps d’écriture très long. Il 
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est ainsi adapté pour des démonstrations en laboratoire, mais ne peut 

pas être utilisé pour une production industrielle. Or, la production 

industrielle de dispositifs SWG pourrait se faire aujourd’hui en utilisant 

la lithographie à immersion, qui est un outil récent et qui commence à 

se déployer dans les fonderies de photoniques sur silicium. En effet, 

elle peut définir de faibles dimensions, ~ 70 nm, à échelle industrielle.     

LA LITHOGRAPHIE A IMMERSION ET LA CORRECTION D’EFFETS 

OPTIQUES DE PROXIMITE (OPC) 

La résolution, 𝑅, d’un système de lithographie est la taille du plus petit 

motif que le système peut définir. Elle est donnée par l’Equation (1).  

 𝑅 = 𝑘1

𝜆

𝑁𝐴
= 𝑘1

𝜆

𝑛 sin 𝜃 
 Equation (1)  

où 𝜆  est la longueur d’onde d’imagerie, 𝑘1  est un facteur lié au 

procédés de fabrication, 𝑁𝐴  est l’ouverture numérique (numerical 

aperture en anglais), 𝑛  est l’indice de réfraction du milieu entre le 

système d’imagerie et la résine sur le wafer, 𝜃 est la demi-ouverture 

angulaire du système d’imagerie. A noter que 𝑁𝐴 = 𝑛 sin 𝜃.     

 

Figure 2: (a) Lithographie dite « sèche ». (b) Lithographie dite « à immersion ». En 

rajoutant de l’eau entre le système d’imagerie et la surface de la résine sur le wafer, 

la résolution, 𝑅, est améliorée. La lithographie sèche a une résolution de ~ 110 nm 

tandis que la lithographie à immersion a une résolution de ~ 70 nm.  

La Figure 2 illustre les principes de la lithographie à immersion. En 

rajoutant de l’eau, qui a un indice de réfraction plus fort que l’air 

(𝑛 = 1.44 pour l’eau et 𝑛 = 1 pour l’air à la longueur d’onde d’imagerie 

𝜆 = 193 nm), entre le système d’imagerie et la résine sur le wafer, 

l’ouverture numérique du système, 𝑁𝐴, est augmentée, ce qui permet 
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d’améliorer la résolution, 𝑅. Ainsi la lithographie sèche possède une 

résolution de ~ 110 nm tandis que la lithographie à immersion 

possède une résolution plus fine de ~ 70 nm pour la fabrication de 

dispositifs photonique sur silicium.  

Néanmoins, pendant l’étape de lithographie, des effets optiques de 

proximité sont présents, ce qui rend les motifs fabriqués différents des 

motifs voulus en conception, en termes de formes et de tailles. Ainsi, 

un algorithme de correction d’effets optiques de proximité (abrévié 

OPC pour optical proximity correction en anglais) est appliqué. L’OPC 

change les formes nominales des motifs sur le masque de lithographie 

pour compenser les effets de proximité pendant l’étape de 

lithographie, pour que les motifs fabriqués correspondent au mieux 

aux motifs voulus. La Figure 3(a) montre un exemple d’OPC sur des 

motifs SWG, dont la plus petite taille est de 70 nm. La Figure 3(b) 

montre les motifs correspondant après fabrication. Ainsi, l’OPC est 

essentielle pour pouvoir pleinement profiter de la très haute résolution 

que peut offrir la lithographie à immersion.  

 
Figure 3: (a) L’OPC change les motifs présents sur le masque de lithographie pour 

compenser les effets optiques de proximité. (b) Les motifs fabriqués respectent au 

mieux les motifs voulus en conception.    

OBJECTIFS DE LA THESE 

Le but principal de cette thèse a été de concevoir et de caractériser des 

dispositifs photoniques sur silicium sub-longueur d’onde, fabriqués 

par lithographie et l’OPC sur la ligne pilote du CEA-LETI. Ainsi, trois 
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différents dispositifs ont été étudiés : un coupleur MMI SWG, un réseau 

de couplage en forme de L basé sur des SWG, et une antenne optique 

SWG pour des réseaux phasés.  

COUPLEUR MMI SWG AVEC UNE LARGE BANDE PASSANTE 

 
Figure 4: Coupleur MMI sub-longueur d’onde, 𝛬=190 nm, 𝐿𝑆𝑖= 95 nm  

La Figure 4 montre un coupleur par interférométrie multimode (MMI) 

2x2, avec 2 entrées et 2 sorties, avec des structures SWG. Il sert de 

coupleur à 3-dB et consiste principalement à diviser la puissance du 

faisceau optique d’entrée injecté du port 1 par deux, ce qui donne une 

transmission de 50 % (-3 dB) dans les ports de sortie 3 et 4. Il y a aussi 

un déphasage de 90° entre les faisceaux dans les ports 3 et 4. Le 

coupleur MMI fonctionne de la façon suivante. Le faisceau d’entrée (du 

port 1) vient exciter des modes d’ordres supérieures dans la région 

multimode, qui est plus large. Les modes excités interférent entre eux, 

formant des images le long du MMI de façon périodique. Des images 

doubles, mais contenant 50 % de la puissance d’entrée sont formées à 

une distance 𝐿 = 3𝐿𝜋/2, où 𝐿𝜋 est la longueur de battement du MMI. 

En structurant le coupleur MMI à échelle sub-longueur d’onde, 𝐿𝜋 , 

peut être rendue moins dépendante de la longueur d’onde, ce qui 

permet d’augmenter la bande passante du MMI car les images seront 

formées à la même position sur une plus grande gamme spectrale.  

Les figures de mérites du MMI sont définies comme suit. Les pertes du 

MMI sont égales à la somme des transmissions dans les ports 3 et 4, 

en dB. Le déséquilibre du MMI est égal à la valeur absolue du rapport 

des transmissions des ports 3 et 4, en dB. Les erreurs de phases du 

MMI sont égal à l’écart du déphasage entre les ports 3 et 4, par rapport 

au déphasage idéal de 90°.   
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Figure 5: Figures de mérite du MMI SWG. (a) Pertes. (b) Déséquilibre. (c) Erreurs de 

phase. Les mesures ont été faites sur plusieurs bandes spectrales puis été attachées 

ensemble, et ont été moyennées, donnant la courbe noire. Les valeurs données en 

simulation sont indiquées par la courbe en pointillés rouges.  

La Figure 5 montre les figures de mérites du MMI mesurées et simulées. 

Le mode du guide d’entrée était le mode transverse électrique (TE) 

fondamental. Des pertes < 1 dB, un déséquilibre < 1 dB et des erreurs 

de phase < ± 5° ont été mesurés sur une très large gamme de longueur 

d’onde de 𝜆 =1330 – 1680 nm, conférant au MMI une très large bande 

passante de Δ 𝜆  = 350 nm. Ces résultats sont comparables à ceux 

obtenus par un MMI SWG similaire fabriqué par lithographie 

électronique, démontrant le potentiel de ce dispositif à être fabriqué à 

échelle industrielle par lithographie à immersion avec un modèle OPC. 

Néanmoins, des effets de résonance ont été observés pour des 
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longueurs d’onde autour de 1300 nm. Ceux-ci limitent la bande 

passante, et n’étaient pas prévus par la simulation. L’origine de ces 

effets doit être investiguée. La bande passante du MMI SWG de 

350 nm reste cependant supérieure à celle d’un MMI conventionnel, 

sans SWG, qui a une bande passante d’environ de 100 nm.    

RESEAUX DE COUPLAGE EN FORME DE L A BASE DE SWG A FORTE 

EFFICACITE DE COUPLAGE 

 
Figure 6: (a) Vue 3D du réseau de couplage en forme de L et SWG (qui sont selon 

l’axe des 𝑦). (b) Coupe 2D du réseau de couplage. Les SWG ont des indices de 

réfractions équivalents 𝑛𝑆𝑊𝐺,𝑖 où 𝑖 est l’indice de la période respective. 

La Figure 6 montre des schémas du réseau de couplage en forme de L 

avec des SWG. Ce dispositif sert à coupler de la lumière entre un guide 

d’onde sur la puce photonique et une fibre optique externe, placée à 

un angle de 11.5° par rapport à la verticale au-dessus de la surface de 

la puce. Son efficacité de couplage, 𝜂𝐶𝐸 , est définie comme étant le 

rapport de la puissance optique couplée dans la fibre à la puissance 

incidente du guide d’onde. L’efficacité de couplage est aussi égale à 

𝜂𝐶𝐸 = 𝜂𝑢𝑝 × 𝜂𝑂𝐿, où 𝜂𝑢𝑝 est la transmission de puissance optique vers 

le haut, en direction de la fibre, et 𝜂𝑂𝐿 est le recouvrement modal entre 

le mode émis par le réseau et le mode Gaussien de la fibre qui a un 
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diamètre de ~ 10.4 µm à une longueur d’onde de 𝜆 = 1550 nm. Ainsi, 

afin de maximiser 𝜂𝐶𝐸 , le réseau est blazé en formes de L, pour le 

rendre plus directionnel en diffractant plus de lumière vers le haut que 

vers le bas, et contiennent des SWG pour réduire les réflexions et pour 

apodiser le réseau. Apodiser un réseau consiste à adapter la force du 

réseau pour augmenter le recouvrement modal par rapport à un 

réseau uniforme, dont la force du réseau est constante. La simulation 

en 3D du réseau prédisait, à une longueur d’onde 𝜆 = 1550 nm et pour 

le mode fondamental transverse électrique (TE) dans le guide d’entrée, 

𝜂𝑢𝑝= 0.96, 𝜂𝑂𝐿 = 0.87 et donc, 𝜂𝐶𝐸 = 0.84 = -0.80 dB.        

 
Figure 7: Efficacité de couplage mesurée et simulée sur des réseaux en formes de L : 

(a) uniformes et sans SWG (b) apodisés avec des SWG.  

La Figure 7 montre les efficacités de couplage mesurées et simulées de 

réseaux de couplage en forme de L uniformes sans SWG et apodisés 

des SWG. Avec des SWG, l’efficacité mesurée est meilleure. 

𝑛𝐶𝐸(𝑎𝑣𝑒𝑐 𝑆𝑊𝐺) = -1.90 dB alors que 𝑛𝐶𝐸(𝑠𝑎𝑛𝑠 𝑆𝑊𝐺) = -2.70 dB à la 

longueur d’onde pic 𝜆 ~ 1550 nm. Ceci montre l’importance des SWG 

pour augmenter l’efficacité de couplage.  Cependant, l’efficacité 

mesurée avec des SWG reste inférieure à celle qui a été simulée 

𝜂𝐶𝐸 = -0.80 dB. Ceci montre que même si le réseau en forme de L avec 

des SWG peut potentiellement avoir une forte efficacité de couplage 

de < -1 dB, il reste tout de même complexe à fabriquer. Son efficacité 

est comparable à des réseaux de couplage plus simple à fabriquer (à 

un niveau de gravure partielle avec des SWG). Cependant, il serait 

possible de continuer à optimiser le réseau, en prenant en compte et 

en compensant des effets de fabrication que l’OPC ne peut pas 

corriger dans la conception, pour augmenter l’efficacité de couplage.  
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ANTENNE OPTIQUE DE RESEAU PHASE A BASE DE SWG A FAIBLE 

DIVERGENCE CONÇUE POUR DES COMMUNICATIONS OPTIQUES EN 

ESPACE LIBRE  

 
Figure 8: (a) Antenne unitaire d’un réseau phasé (abrévié OPA pour optical phased 

array en anglais) à base de SWG. (b) Champ lointain de l’antenne unitaire mesuré. 

(c) Réseau d’antennes de l’OPA, 𝑙 est la longueur de l’antenne, 𝛬 est le pas du réseau. 

(d) Champ lointain de l’OPA, calibré en phase, mesuré.  

La Figure 8(a) montre un schéma de l’antenne unitaire étudié qui sert 

à émettre un faisceau Gaussien dans l’espace libre avec une faible 

divergence à partir du mode fondamental transverse électrique (TE) du 

guide d’entrée. Il est constitué de deux réseaux de diffraction 

indépendants. Le premier est constitué de corrugations 

quasi-triangulaires. Il sert d’extenseur de mode et diffracte la lumière 

dans le plan de la puce (plan 𝑥-𝑦) pour créer un mode Gaussien se 

propageant selon l’axe 𝑦 (voir les flèches bleus) avec un large diamètre 

(~ 48 µm) selon l’axe des 𝑥. L’extenseur de mode permet de donner 

une configuration compacte à l’antenne car le deuxième réseau peut 

être placé à une distance très proche du guide d’entrée. Le deuxième 

réseau sert à diffracter le mode produit par le premier vers l’espace 

libre (voir les flèches vertes). Le champ proche émis par l’antenne est 

quasi-Gaussien, selon les deux axes 𝑥 et 𝑦, avec un même diamètre 
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~ 48 µm. Le deuxième réseau est fait de blocs SWG selon l’axe des 𝑥, 

qui permettent de réduire le contraste d’indice par rapport à des blocs 

en Si pure. Le pouvoir de diffraction est réduit, ce qui permet de 

diffracter le mode sur une plus grande distance. Comme la divergence 

angulaire en champ lointain est inversement proportionnelle au 

diamètre du champ proche, la divergence angulaire du faisceau est 

réduite grâce aux SWG. Les simulations en 3D prévoient une 

divergence angulaire à mi-hauteur de Δ𝜃𝐹𝑊𝐻𝑀 ~ 1.40° à une longueur 

d’onde 𝜆 = 1550 nm. La Figure 8(b) montre le champ lointain imagé 

expérimentalement à 𝜆 = 1550 nm. La divergence mesurée selon les 

axes 𝑥 et 𝑦 et correspondent aux valeurs simulées. Cette antenne a été 

implémentée dans une matrice 4x4 (voir la Figure 8(c)) d’antennes 

optiques à réseaux phasés (abrévié OPA pour optical phased array en 

anglais). Le taux de remplissage de l’OPA, 𝑙/Λ, où 𝑙  est la taille de 

l’antenne, et Λ est le pas du réseau, a pu être maximisé grâce à la 

configuration compacte de l’antenne. Ce fort taux de remplissage 

permet d’atténuer l’intensité des lobes secondaires de l’OPA, qui ne 

sont pas souvent utilisés pour des applications de communications en 

espace libre. La Figure 8(d)) montre le champ lointain de l’OPA, à 

𝜆 = 1550 nm, après une calibration de phase pour maximiser l’intensité 

du lobe principal. Un rapport ~ -5 dB (30 %) a été mesuré entre 

l’intensité du lobe principal et l’intensité du lobe secondaire, 

démontrant une preuve de concept de l’implémentation de cette 

antenne dans un OPA en 2D, pour l’atténuation de l’intensité des lobes 

secondaires et pour l’augmentation de l’intensité du lobe principal. 

Néanmoins, la transmission énergétique de l’antenne vers l’espace 

libre, mesurée à -8 dB (15 %) à 𝜆 = 1550 nm doit être optimisée.  

CONCLUSION ET PERSPECTIVES DE LA THESE 

Les travaux menés dans cette thèse ont étudié le potentiel de la 

lithographie à immersion et un modèle OPC pour la fabrication à 

échelle industrielle de dispositifs photoniques sur silicium 

sub-longueur d’onde. Ces derniers montrent que les dispositifs 

sub-longueur d’onde ainsi fabriqués fonctionnent, mais que leur 

performance étaient légèrement moins bonnes que celles qui étaient 

attendues. Il faudrait donc continuer à optimiser l’OPC et/ou alors 

compenser en conception les effets que l’OPC ne peut pas corriger.   
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1 INTRODUCTION 

This thesis covers the PhD work carried out on subwavelength gratings 

(SWGs) engineered silicon photonics devices which were fabricated 

using immersion lithography. This doctoral work resulted from a 

collaboration between the CEA-Leti in Grenoble (France), and the C2N, 

in Paris-Saclay (France). 

This first chapter is outlined as follows. A brief overview of silicon 

photonics is given, followed by an overview of its fabless ecosystem, 

which enables the silicon photonics users with limited budgets 

(laboratories, small companies or start-ups) to have access to industrial 

or pre-industrial fabrication lines at reasonable cost. The motivations 

of the doctoral work are then given, followed by the general outline of 

the manuscript.      

1.1 A BRIEF OVERVIEW OF SILICON PHOTONICS  

Silicon photonics enables the on-chip integration of photonic 

integrated circuits (PICs) with two major advantages [1–3]. First, the 

high refractive index contrast of the material platform at telecom 

wavelengths allows for a high-density integration of optical devices. 

Second, silicon photonics leverages the existing complementary metal 

oxide semiconductor (CMOS) infrastructure and allows the large 

volume, low cost and robust production of optoelectronic devices.  

Some examples of the silicon photonics material platforms include 

silicon-on-insulator (SOI) [3], silicon nitride-on-insulator (SiN) [4] and  

germanium-on-silicon [5]. Our work has been focused on the SOI 

platform (see Fig. 1.1).  

The SOI platform consists of a silicon core layer, which is usually 

encapsulated with SiO2, and is above an SiO2 buried oxide (BOX) layer 

which is itself on a Si substrate. The Si substrate usually has no optical 

function and gives mechanical support.  
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Fig. 1.1: Silicon-on-Insulator (SOI) platform. The Si waveguide is usually encapsulated 

with an SiO2 cladding. The Si waveguide is above an SiO2 buried oxide (BOX) layer, 

which is itself on an Si substrate.   

At telecom wavelengths, 𝜆  ~  1.55 µm, Si has a refractive index of 

𝑛𝑆𝑖  ~  3.48 and SiO2 has an index of 𝑛𝑆𝑖𝑂2
 ~  1.44, giving a high 

refractive contrast of Δ𝑛 ~ 2. Light is confined in the Si core along the 

𝑥 - and 𝑦 - axis by total internal reflection, following similar 

waveguiding principles as in optical fibers. The waveguide can support 

single or multiple optical modes depending on its geometry. The mode 

is said to have transverse electric (TE) polarization if the dominant 

electric field component is parallel to the plane of the chip (along the 

𝑥 -axis) and transverse magnetic (TM) polarization if the dominant 

electric field component is perpendicular to the plane of the chip 

(along the 𝑦-axis).  

The usual values for the SOI thicknesses proposed by silicon photonics 

fabrication facilities, referred to as silicon photonics foundries, are 

usually 180 nm ≤ ℎ𝑆𝑖 ≤ 400 nm [2]. The BOX thicknesses are usually 

680 nm ≤ ℎ𝐵𝑂𝑋 ≤ 3000 nm.    

Considering the fundamental TE polarization at a wavelength 

𝜆 ~ 1.55 µm, and a silicon thickness of ℎ𝑆𝑖  ~ 300 nm, which is typically 

used at CEA-Leti, a single mode waveguide usually has a width of 

𝑤𝑆𝑖 ~ 400 nm. Such small sub-micron dimensions result from the high 

index contrast Δ𝑛 ~ 2 of the SOI platform. This therefore enables a 

high integration density of optical components on the photonic chip. 
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For comparison, optical fibers exhibit an index contrast at 𝜆 ~ 1.55 µm 

of only Δ𝑛𝑓𝑖𝑏𝑒𝑟 ~ 0.004, with a core diameter of 10 µm.  

 
Fig. 1.2: Examples of photonic passive devices on the SOI platform.  

(a) Photonic waveguide which is used to guide the light. (b) Surface grating coupler 

which is used to couple light between the chip and an external optical fiber. 

(c) Multimode interferometer (MMI) coupler which is often used for power splitting 

and combining. The SiO2 encapsulation and Si substrate are not shown for clarity.   

The SOI platform can provide both passive and active functions. 

Passive components do not interact with an external electrical circuit. 

Some examples include optical beam propagation using waveguides 

(see Fig. 1.2(a)), coupling light off the chip to an external optical fiber 

using grating couplers (see Fig. 1.2(b)), and optical beam splitting and 

recombination using multimode interferometer (MMI) couplers (see 

Fig. 1.2(c)).  

Conversely, active components interact with an external electrical 

circuit. Active functions include phase modulation, photodetection 

(usually germanium-based [6]) and light generation (through laser 

integration with III-V materials [7,8],  as silicon is a poor light emitter 

due to its indirect bandgap).  

In this work, only passive devices have been studied. More information 

about silicon photonics devices can be found in exhaustive reviews [9–

16].   
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When assembled, the silicon photonics devices make up a photonic 

circuit, and provide more complex functionalities (see Fig. 1.3). For 

example, optical transceivers [17] convert optical signals into electrical 

signals (and vice-versa) to transmit and receive data (see Fig. 1.3(a)). 

The data in the form of electrical signals can be processed by 

co-integrated electronic circuits (see Fig. 1.3(b)). Another example is a 

beam steering photonic circuit, which can be implemented for light 

detection and ranging (LiDAR) applications (see Fig. 1.3(c)).   

 
Fig. 1.3: Examples of photonic integrated circuits (PICs): (a) Optical transceiver, 

(b) Co-integration with electronic circuits, (c) Beam steering. Image from Shekhar et 

al. [1] 

Fig. 1.4 shows the temporal evolution of the number of components 

integrated per PIC in the silicon photonics technology. The silicon 

photonics field started near 1985, with Soref et al. first demonstrating 

a phase modulator in silicon [18]. Today, the monolithic SOI platform 

is being deployed on a very-large-scale integration (with more than 

10000 components per chip). The complexity of monolithic silicon 

photonic circuits is surpassing that of monolithic indium phosphide 

(InP). Silicon technologies based on the heterogenous integration of 

InP and or gallium arsenide (GaAs) platforms follow closely behind. The 

development of silicon photonics has been enabled by its CMOS 

compatibility, allowing for large volume production at low cost.   
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Fig. 1.4: Evolution of PIC platforms. The scale integrations range include small-scale, 

medium-scale, large-scale and very-large-scale integration (SSI, LSI, MSI and VLSI 

respectively). Image from Shekhar et al. [1].  

The silicon photonics market has been mainly driven by the telecom 

and datacom applications, with industrial transceiver products, from 

companies such as Intel, Luxtera (now a subsidiary of Cisco Systems), 

Acacia and Lumemtum. Nowadays, the development roadmap 

includes new applications such as beam steering in free space [19], 

bio-sensing [20] and quantum computing [21].  

1.2 THE SILICON PHOTONICS FABLESS ECOSYSTEM 

 
Fig. 1.5: Examples of silicon photonics foundries. Image from Siew et al. [2]  

Building CMOS fabrication facilities is expensive. In the vast majority of 

cases, research laboratories, start-ups and small companies cannot 

afford to build their own. Therefore, silicon photonics foundries, which 
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use existing CMOS tools, provide fabrication services. These include 

prototyping lines, CMOS pilot lines, industrial fabs and brokers (see Fig. 

1.5).  

Silicon photonics foundries industrially produce silicon photonics chips 

on silicon wafers (see Fig. 1.6). A wafer is a silicon substrate onto which 

the chips have been repeatedly patterned. Today, many silicon 

photonics foundries are migrating from 200 mm to 300 mm diameter 

wafers [22–25] to be able to produce more chips and cope with the 

growing demand of the silicon photonics market.  

 
Fig. 1.6: 300 mm silicon photonic wafer 

Silicon photonics foundries often propose multi-project wafer services 

(MPWs), allowing fabless users to access silicon photonics production 

lines, on small or large volumes, at reasonable costs [2,26,27]. The 

MPW service allows for the users to share the fabrication cost by 

sharing the same mask, which contains the photonic circuits to be 

patterned, and by using the same fabrication processes.   

Foundries provide the users with process design kits (PDKs) which 

contain a library of standard and tested devices and circuits, design 

rules information and checking, and increasingly, circuit simulation 

tools. 

Silicon photonics devices are usually designed using optical simulation 

software. In this doctoral work, optical simulations have been carried 
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out using software products from Ansys Lumerical, in particular, its 

finite difference time domain (FDTD) solver and its finite difference 

Eigenmode (FDE) solver. FDTD simulations involve solving an 

electromagnetic propagation problem by discretizing Maxwell 

equations into discrete grids of space and time. FDE simulations 

consists in solving for mode profiles supported by a waveguide 

geometry by discretizing space.      

1.3 MOTIVATION OF THE DOCTORAL WORK 

The optimization of the performance of SOI devices is usually limited 

to changing the geometry of the core Si, whose optical index is 

constant (𝑛𝑆𝑖 ~ 3.48 at a wavelength 𝜆 = 1550 nm). To further expand 

the design space, the core Si can be periodically patterned with a 

so-called subwavelength grating (SWG), i.e., a grating with a period 

Λ𝑆𝑊𝐺  < 𝜆/(2𝑛𝑒𝑓𝑓) , where 𝑛𝑒𝑓𝑓  is the effective index of the optical 

mode. For example, a typical period for the usual telecom wavelength 

of 𝜆  = 1550 nm is Λ𝑆𝑊𝐺  < 300 nm, considering 𝑛𝑒𝑓𝑓  ~  2.5. In the 

subwavelength regime, diffraction and reflection effects are 

suppressed, and the SWGs behave as metamaterials that allow 

refractive index engineering of the core waveguide material. This 

enables control over device performance parameters, such as 

polarization or spectral bandwidth, that are unattainable otherwise 

[28]. The incorporation of SWGs has allowed for improved device 

performance and novel device functionalities in silicon photonics.  

However, the minimum feature sizes of SWGs are usually very small. 

For a wavelength 𝜆 =  1550 nm, the SWG period should be 

Λ𝑆𝑊𝐺 < 300 nm, leading to feature sizes usually around 100 nm. Such 

small sizes are at the limit of most silicon photonics technologies, 

particularly that based on 200 mm wafers. Therefore, most reported 

SWG-engineered devices have been fabricated using electronic beam 

(e-beam) lithography, which can have a very high resolution (~ 30 nm), 

but is extremely slow and so, is not compatible with an industrial scale.  

Immersion lithography is a more advanced and recent fabrication tool 

used in CMOS facilities that can define features ~ 70 nm with an 

optimized optical proximity correction (OPC) model, at an industrial 

scale. While this technology has been used in CMOS foundries for the 
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industry for over 10 years, it is currently being adopted by silicon 

photonics foundries and can potentially fabricate SWG-engineered 

silicon photonics devices on a large volume production.        

The aim of this PhD work is to study the feasibility of immersion 

lithography for the realization of SWG-based silicon photonic devices. 

Such study, stands as an important step towards to bridging the gap 

between laboratory demonstrations of SWG-based devices and their 

large volume production. In this context, SWG-based silicon photonics 

devices have designed, fabricated using on the CEA-Leti pilot line, and 

characterized. Three different building blocks have been defined as 

case studies, as they imply different designs and technological 

challenges, namely:  

• Power splitter: SWGs are used to engineer the anisotropy and 

dispersion of different optical modes to achieve an 

ultra-wideband response. Precise definition of fully etched 

nanometric-scale features, down to 70 nm, is required for the 

device operation.  

• Fiber-chip grating coupler: SWGs allow the gradual modulation 

of the grating radiation strength along the device, while 

maintaining stringent phase-matching conditions, to maximize 

the power coupling efficiency with an optical fiber. SWGs with 

a minimum feature size of 70 nm have to be defined within L-

shaped structures interleaving full and shallow etch steps. 

• Optical antenna array: SWGs are implemented to yield a very 

weak grating radiation strength in an optical antenna, enabling 

a large aperture size, and thus minimizing the beam divergence. 

This antenna is implemented as a unitary antenna in a 

two-dimensional optical phased array for free-space optical 

communications. Shallowly etched diffraction gratings made of 

SWG-metamaterials with a minimum feature size of 100 nm 

have to be realized over a large area of 400 µm ×  400 µm. 

1.4 ORGANIZATION OF THE MANUSCRIPT  

Chapter 2 gives the working principle and a corresponding literature 

review of SWG-based silicon photonics devices. Then, the working 

principle of immersion lithography as well as its advantages and 
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challenges for the fabrication of silicon photonics devices are also 

reviewed. 

Chapter 3 covers the study of an ultrabroadband SWG-engineered 2x2 

MMI 3-dB coupler. Its working principle is given, followed by its 

simulation, fabrication and characterization.  

Chapter 4 covers the study of a high efficiency SWG-engineered 

L-shaped grating coupler. In this chapter, the motivations for using 

such a complex structure are given, followed by the simulation, 

fabrication and characterization procedures.   

Chapter 5 covers the study of an SWG-engineered low divergence 

optical antenna for a two-dimensional optical phased array (2D-OPA), 

designed for free space optical communications. In this chapter, the 

motivations of implementing silicon photonics OPAs for free space 

communications are given, followed by the specifications of our OPA. 

The simulation, fabrication and characterization results of the optical 

antenna are then reported, followed by the characterization of the 

whole 2D-OPA.  

Chapter 6 gives the overall conclusions of the PhD work based on the 

mentioned case studies. 
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2 LITERATURE REVIEW OF SUBWAVELENGTH GRATING 

(SWG) METAMATERIALS AND OF IMMERSION 

LITHOGRAPHY 

The aim of this chapter is to provide an overview on the working 

principle of subwavelength gratings (SWGs) and to give the 

motivations for using immersion lithography for their fabrication.  

The chapter outline is as follows. The different behaviors of a periodic 

waveguide grating are briefly presented, followed by a focus on the 

subwavelength regime. A brief review of literature, showing the 

benefits of SWG-metamaterials is then given. The motivations for the 

use of immersion lithography for the large volume production of 

SWG-engineered silicon photonics devices are then presented.     

2.1 THE THREE OPERATION REGIMES OF A WAVEGUIDE GRATING  

 
Fig. 2.1: A typical grating structure on the SOI platform. The upper cladding is not 

shown for clarity.  

Fig. 2.1 shows a typical periodic grating structure on an SOI platform. 

The grating is made up of Si blocks, each of size 𝑎 × 𝑤 × 𝑡, embedded 

in a cladding material (which is usually SiO2 or air). The grating period 

is Λ , with Λ = 𝑎 + 𝑏 , where 𝑏  is the separation between two 
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consecutive Si blocks along the 𝑧-axis. The silicon duty cycle of the 

grating is defined as 𝐷𝐶𝑆𝑖 = 𝑎/Λ.   

Such periodic waveguide gratings can support periodic Floquet-Bloch 

modes [29]. Considering the propagation direction to be along the 

𝑧-axis, the electric fields of the Floquet-Bloch modes, 𝐸(𝑥, 𝑦, 𝑧), can be 

expressed as in Eq. (2.1).  

 𝐸(𝑥, 𝑦, 𝑧 + Λ) = 𝐸𝐵(𝑥, 𝑦, 𝑧) exp(−𝛾𝐵Λ) Eq. (2.1) 

where 𝐸𝐵(𝑥, 𝑦, 𝑧) is the Bloch mode field distribution within a single 

period and 𝛾𝐵  its complex propagation constant. Usually,  

𝛾𝐵 = 𝛼𝐵 + 𝑗𝑘𝐵 = 𝛼𝐵 + 𝑗(2𝜋/𝜆)𝑛𝐵 where 𝛼𝐵 and 𝑘𝐵 are the attenuation 

and propagation constants respectively, and 𝑛𝐵 is the effective index 

of the Bloch mode.  

The behavior of such a periodic waveguide grating is represented by 

its dispersion diagram, also referred as photonic-band diagram, as 

schematically shown in Fig. 2.2(a). In this figure, the vertical axis 

represents the angular frequency, 𝜔 = 2𝜋𝑐/𝜆, where 𝑐 is the speed of 

light in a vacuum and 𝜆 is the wavelength.   As shown by the diagram, 

the periodic waveguide can operate under 3 distinctive regimes, 

depending on the size of the grating period, Λ, as compared to the 

propagating wavelength, 𝜆 and the Bloch effective index, 𝑛𝐵.    

• When Λ = 𝜆/2𝑛𝐵 , the waveguide operates in the Bragg 

reflection regime. Light cannot propagate through the 

structure and is gradually reflected by successive interference 

of the back-reflections at the index interfaces. In this regime, 𝑘𝐵 

is constant for 𝜔1 < 𝜔 < 𝜔2. This range is called the photonic 

bandgap. Photonic crystal waveguides operate in this regime 

and are created by introducing line defects in a periodic lattice 

[30]. Spectral filters using Bragg gratings also operate in this 

regime [31].    

• When Λ > 𝜆/2𝑛𝐵 , (frequencies above the bandgap, 𝜔  > 𝜔2 ), 

the waveguide operates in the diffractive regime. The Bloch 

mode becomes leaky, and light is mainly radiated into the 

cladding and into the substrate. Grating couplers [13] operate 

in this regime.  
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• When Λ < 𝜆/2𝑛𝐵, (frequencies below the bandgap, 𝜔 < 𝜔1), the 

waveguide operates in the subwavelength regime. Diffraction 

effects are suppressed, and light propagates through the 

periodic waveguide in a similar way to that of an 

index-equivalent homogeneous waveguide. Such structures are 

referred to as subwavelength grating (SWG) metamaterials. 

They are very interesting as they enable refractive index 

engineering, using only two materials that can be defined using 

the usual silicon photonics lithographic fabrication processes. 

Hence, they enable higher degrees of freedom in the design of 

silicon photonics devices. 

 
Fig. 2.2: (a) Dispersion diagram of a periodic waveguide grating in the 𝜔 − 𝑘𝐵 space, 

where 𝜔 is the angular frequency and 𝑘𝐵 is the propagation constant. (b) Equivalent 

representation of the diagram in the 𝑛𝐵 − 𝜆 space, where 𝑛𝐵 is the Bloch effective 

index and 𝜆 is the normalized wavelength. Higher order diffraction and reflection 

bands are not shown. Images from Halir et al. [32]  
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2.2 HOMOGENIZATION OF SWG-METAMATERIALS  

Homogenization (or effective medium theory) consists in considering 

the SWGs as an equivalent homogeneous medium and finding its 

corresponding equivalent refractive index tensor (see Fig. 2.3). 

Determining the optical properties of an equivalent homogenized 

medium is advantageous in terms of simulation time and resources 

compared to full 3D-FDTD simulations of whole devices. 

Homogenization can also give physical insights when designing SWG 

devices.  

 
Fig. 2.3: Homogenization of a SWG as an equivalent uniaxial anisotropic crystal, with 

its diagonal permittivity tensor, 𝜀1 

To create an equivalent homogenous medium, the SWG is initially 

considered as an infinite series of alternate layers (laminae) of two 

different media. Si and SiO2 are here taken as examples. In the 

subwavelength regime (Λ ≪ 𝜆 ), the dispersion relations of a plane 

wave, with a wave vector 𝑘̂ propagating in the 𝑥-𝑧 plane and forming 

an angle 𝜃 with respect to the normal of the laminar interfaces (along 

the 𝑧-axis), can be simplified to Eq. (2.2) for transverse electric (TE) and 

transverse magnetic (TM) polarizations [28,33].  

 𝑇𝐸:  
𝑘𝑥

2

𝑛⊥
2 +

𝑘𝑧
2

𝑛∥
2 = 𝑘0

2 Eq. (2.2) 

 𝑇𝑀: 
𝑘𝑥

2

𝑛∥
2 +

𝑘𝑧
2

𝑛∥
2 = 𝑘0

2 
Eq. (2.3) 
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where 𝑘𝑥 and 𝑘𝑧 are the magnitudes of the wave vector propagating 

in the SWG, 𝑘̂, along the 𝑥- and 𝑧- axis respectively, 𝑘𝑥 = |𝑘̂| sin 𝜃 and 

𝑘𝑧 = |𝑘̂| cos 𝜃 where 𝜃 is the angle between 𝑘̂ and the normal to the 

SWG interfaces, which is along the 𝑧-axis. The magnitude of the free 

space wave vector is 𝑘0 = 2𝜋/𝜆, where 𝜆 is the free space wavelength. 

𝑛∥ and 𝑛⊥ are the equivalent SWG indices when the electric field is 

polarized parallel and perpendicular to the SWG interfaces     

These equations show that the SWG behaves as a birefringent uniaxial 

anisotropic crystal, where 𝑛∥ and 𝑛⊥ are the ordinary and extraordinary 

indices of refractions respectively. In such a material, light experiences 

different refractive indices depending on its polarization state and its 

propagation direction. When the electric field polarization is parallel to 

the material interfaces (in the 𝑥-𝑦  plane), light experiences 

the 𝑛∥ index. Conversely, when the electric field is polarized 

perpendicular to the material interfaces (along the 𝑧 -axis), light 

experiences the 𝑛⊥ index. This is schematically shown in Fig. 2.3. 

 
Fig. 2.4: Representation of the dispersion relations (see Eq. (2.2)and Eq. (2.3)) of a 

plane wave propagating in the SWG. The SWG behaves as a uniaxial anisotropic 

crystal, where 𝑛∥ and 𝑛⊥ are the ordinary and extraordinary refractive indices 

respectively. Also, 𝑛∥ and 𝑛⊥ are the equivalent SWG indices when the electric field is 

polarized parallel and perpendicular to the SWG interfaces. 𝜃 is the angle defined 

with respect to the normal of the plane of the SWG interfaces.   
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The dispersion relations given in Eq. (2.2) and Eq. (2.3) are represented 

in Fig. 2.4. The TE equation corresponds to an ellipse while the TM 

equation corresponds to a circle. As the TM polarization is always 

along the 𝑦- axis, it is always parallel to the material interfaces, 

whatever the propagation direction. It therefore always experiences 

the 𝑛∥ index and has a circular dispersion relation. The direction of the 

TE polarization, changes with the propagation direction. For example, 

when the TE mode is propagating along the 𝑧-axis, it is polarized along 

the 𝑥-axis and experiences the 𝑛∥ index, but when propagating along 

the 𝑥-axis, it is then polarized along the 𝑧-axis and experiences the 𝑛⊥ 

index. The dispersion relation of the TE mode is therefore elliptical. 

The homogenized SWG material is defined by a diagonal permittivity 

tensor 𝜀1 (see Fig. 2.4) as in a uniaxial anisotropic material. 𝑛𝑖𝑖 is the 

refractive index experienced when the electric field is polarized along 

the 𝑖-axis. As mentioned earlier, 𝑛𝑥𝑥 = 𝑛𝑦𝑦 = 𝑛∥ as the electric field is 

parallel to the material interfaces. 𝑛𝑧𝑧 = 𝑛⊥  as the electric field is 

polarized perpendicular to the interfaces.  

 𝜀1 = (

𝑛𝑥𝑥
2 0 0

0 𝑛𝑦𝑦
2 0

0 0 𝑛𝑧𝑧
2

) = (

𝑛∥
2 0 0

0 𝑛∥
2 0

0 0 𝑛⊥
2

) Eq. (2.4) 

The 𝑛∥  and 𝑛⊥  indices can be found analytically using the laminar 

model, which was proposed by Luque-González et al [33]. The method 

consists of solving for 𝑘𝑥 and 𝑘𝑧 in Eq. (2.5) and Eq. (2.6) and injecting 

them in Eq. (2.2) and Eq. (2.3) to find 𝑛∥ and 𝑛⊥. Matlab and Python 

implementations have been provided to calculate these indices in [33].   

cos(𝑘𝑧Λ) = cos(𝑘1𝑧𝑎) cos(𝑘2𝑧𝑏) − Δ𝑇𝐸 sin(𝑘1𝑧𝑎) sin(𝑘2𝑧𝑏) Eq. (2.5) 

cos(𝑘𝑧Λ) = cos(𝑘1𝑧𝑎) cos(𝑘2𝑧𝑏) − Δ𝑇𝑀 sin(𝑘1𝑧𝑎) sin(𝑘2𝑧𝑏) Eq. (2.6) 

where 𝑘𝑖𝑧 = √(𝑘0𝑛𝑖)2 − 𝑘𝑥
2 is the 𝑘𝑧 part in the material 𝑖. When 𝑖 = 1, 

the material is Si and when 𝑖 = 2 , the material is SiO2. 𝑛𝑖  is the 

refractive index of the material 𝑖 . 𝑎  is the length of Si and 𝑏 is the 

length of SiO2 in a single SWG period. Δ is a polarization-dependent 

factor as defined in Eq. (2.7) and Eq. (2.8). 
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 𝛥𝑇𝐸 =
1

2
(
𝑛2

2

𝑛1
2

𝑘1𝑧

𝑘2𝑧
+

𝑛1
2

𝑛2
2

𝑘2𝑧

𝑘1𝑧
)  Eq. (2.7) 

 𝛥𝑇𝑀 =
1

2
(
𝑘1𝑧

𝑘2𝑧
+

𝑘2𝑧

𝑘1𝑧
)  

Eq. (2.8) 

As an illustration, 𝑛∥  and 𝑛⊥  have been evaluated for a free space 

wavelength of 𝜆 = 1550 nm as a function of the Si duty cycle in the 

SWG,  𝐷𝐶𝑆𝑖 =  𝑎/Λ  (see Fig. 2.1), and for two different SWG pitch 

Λ  = 200 nm and Λ  = 50 nm (see Fig. 2.5). This graph shows that 

different values of 𝑛∥ and 𝑛⊥ can be synthetized using different 𝐷𝐶𝑆𝑖 . 

For low values of 𝐷𝐶𝑆𝑖 , the equivalent refractive indices tend to 𝑛𝑆𝑖𝑂2
 

and when 𝐷𝐶𝑆𝑖 tends to 1, the equivalent indices tend to 𝑛𝑆𝑖 . In other 

words, by controlling their geometrical parameters such as the duty 

cycle, 𝐷𝐶𝑆𝑖  and the period, Λ , SWGs enable refractive index 

engineering, without requiring the integration of supplementary 

materials, and can therefore give more degrees of freedom in the 

design of silicon photonics devices.  

 
Fig. 2.5: Equivalent SWG refractive indices using the laminar model and Rytov 

equations  



 

17 

 

In the deep subwavelength regime, 𝑛∥ and 𝑛⊥ can be approximated 

using Rytov equations [34] (see Eq. (2.9) and Eq. (2.10)). As shown in 

Fig. 2.5, Rytov equations are consistent with the laminar model for a 

pitch Λ = 50 nm at a wavelength of 𝜆 = 1550 nm.  

 𝑛∥
2 = 𝐷𝐶𝑆𝑖𝑛𝑆𝑖

2 + (1 − 𝐷𝐶𝑆𝑖)𝑛𝑆𝑖𝑂2

2  Eq. (2.9) 

 
1

𝑛⊥
2  = 𝐷𝐶𝑆𝑖

1

𝑛𝑆𝑖
2 + (1 − 𝐷𝐶𝑆𝑖)

1

𝑛𝑆𝑖𝑂2 
2  

Eq. (2.10) 

where 𝑛∥ and 𝑛⊥ are the SWG-equivalent refractive indices parallel and 

perpendicular to the SWG indices respectively, 𝐷𝐶𝑆𝑖 is the silicon duty 

cycle, 𝑛𝑆𝑖 and 𝑛𝑆𝑖𝑂2
 are the refractive indices of Si and SiO2 respectively.  

Rytov equations and the laminar model can both provide a good 

approximation of the permittivity tensor of homogenized SWGs. They 

help to reduce the computational time and resources by simulating 

the homogenized SWGs instead of the full 3D geometry. This can 

provide a good starting point in the design of devices and give physical 

insights. However, 3D-FDTD simulations should still be carried out for 

further device optimization. Also, the thickness is supposed to be 

infinite in the Rytov equations and in the laminar model, which is not 

a real practical case. The depth dependence of the equivalent refractive 

indices in SWG materials has been studied, for example, by Lalanne et 

al. [35].   

2.3 REFRACTIVE INDEX ENGINEERING IN SWG-ENGINEERED SILICON 

PHOTONICS DEVICES AND ASSOCIATED FABRICATION CHALLENGES 

As seen previously, 𝑛∥ and 𝑛⊥ can be tailored by choosing the SWG 

period and duty cycle. In other words, SWG-metamaterials enable 

control over birefringence and refractive index, which gives to the 

designer additional degrees of freedom.  

In this section, a few examples of SWG-engineering in silicon photonics 

devices are presented to give an overview of the new design 

possibilities offered by SWGs. These include SWG core waveguides, 

SWG edge couplers and some other passive devices. A thorough 
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description of the state of the art can be found in the numerous review 

articles [28,33,36–41].       

2.3.1 SWG core waveguide  

 
Fig. 2.6: (a) SEM image of the first waveguide with an SWG core on an SOI platform 

[42]. (b) Top view: Simulated TE Floquet-Bloch modes propagating along the SWG 

waveguide (c) Side view: SWG TE mode (d) Side view: conventional waveguide TE 

mode (same width as the SWG waveguide) which is more confined than the SWG 

core waveguide. Images from Bock et al. [42].   

Fig. 2.6(a) shows a scanning electron (SEM) image of the first 

waveguide with an SWG core, realized on an SOI platform by Bock et 

al. [42] at the National Research Council Canada (NRC). The periodic 

SWG waveguide supports Floquet-Bloch modes, that propagate 
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without any theoretical loss despite the large number of optical 

interfaces (see Fig. 2.6(b)).  

As the equivalent refractive index of the SWG core is lower than that 

of a conventional Si strip waveguide, its effective index is lower. As 

shown in Fig. 2.6(c) and (d), this lower effective index yields a field 

which is more delocalized in the SWG waveguide, compared to the 

strip waveguide.  

In this first demonstration, waveguide losses of ~ 2.1 dB/cm were 

reported at a wavelength near 1550 nm, with a low polarization 

dependence. As the mode is more delocalized, the interaction with the 

sidewall roughness is reduced, thereby reducing backscattering and 

potentially, waveguide losses. Peng et al. reported < – 50 dB/mm of 

backscattering in SWG waveguides fabricated in a CMOS silicon 

photonics production process [43].    

In addition to the control over effective index and modal confinement, 

SWGs can also give control over the evanescent tails of guided optical 

modes [44,45], waveguide dispersion [46,47], polarization [48] and 

reduced temperature sensitivities [49,50]. SWGs have also been 

implemented for the control reflectivity in waveguide facets [51]. 

2.3.2 SWG edge coupler  

This ability to control the effective index and mode delocalization in a 

waveguide has been exploited to design SWG mode converters to 

implement high-efficiency fiber-chip edge couplers (see Fig. 2.7) [52].  

By gradually modifying the duty cycle of the SWGs, the mode size is 

gradually expanded from 450 nm in a silicon waveguide to a Gaussian 

beam waist of 2 µm, matching the spot size of a lensed fiber. This was 

the first demonstration of an SWG-engineered device on an SOI 

platform. The measured fiber-waveguide coupling efficiency was 

– 0.9 dB for TE polarization and – 1.2 dB for TM polarization at a 

wavelength near 1500 nm. This device was further optimized, achieving 

a very high efficiency of – 0.32 dB, with a lensed fiber of Gaussian waist 

of 3.2 µm, with negligible polarization dependence loss, over a 100 nm 

bandwidth with a central wavelength of 1550 nm [53]. In addition, the 
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SWGs help to relax the fabrication tolerance as the waveguide tip is 

wider than that of a conventional inverse-tapered edge coupler.   

A similar SWG edge coupler is today proposed as a fiber-coupling 

solution in the process design kit (PDK) offered by Global Foundries 

(see Fig. 2.16(a)) [54].        

 
Fig. 2.7: SWG edge coupler (a) schematic (b) SEM image. Images from Cheben et al. 

[28]   

2.3.3 Examples of other SWG passive devices  

A silicon photonics foundry usually proposes a list of basic silicon 

photonics devices that can be implemented together in a circuit to 

perform complex optical functions. These include passive devices such 

as waveguides, fiber-waveguide coupling solutions (edge couplers and 

surface grating couplers), power splitters (MMIs, DC couplers) and 

wavelength filtering devices (ring resonators) among many others.  

The performance of such passive devices can be enhanced using 

SWG-engineering. For instance, SWGs have helped in increasing 

coupling efficiency in surface fiber-chip grating couplers [55], in 

increasing the bandwidth of MMI [56] and directional couplers [57,58], 
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and in implementing ring resonators with small bending radii of 

~10 µm, with a reasonable Q-factor of 45000 [59].  

Table 2.1 summarizes the key performance parameters of some 

relevant SWG-based devices. They all have been demonstrated on an 

SOI platform and fabricated using e-beam lithography. 

SWG 

Device 

Experimental 

Performance 

𝝀  

(nm) 

𝚲  

(nm) 

MFS 

(nm) 
Reference 

SWG core 

waveguide 

Propagation 

losses 

 ~ 2.3 dB/cm  

(TE and TM) 

1550 300 100 

2010  

Bock et al. 

[42] 

SWG 

chirped 

edge 

coupler 

Coupling 

efficiency  

~ -0.30 dB  

(TE and TM) 

1500-

1600 

300-

400 
100 

2015 

Cheben et 

al. [53] 

SWG 

grating 

coupler 

Coupling 

efficiency  

~ -2 dB (TE) 

~ 

1540 
450 100 

2014 

Benedikovic 

et al. [55] 

3-dB 2x2 

SWG MMI 

coupler 

Excess loss  

< 1 dB (TE) 

Broadband 

1375-

1700 
190 95 

2016  

Halir et al. 

[56] 

SWG DC 

coupler 

Excess Loss  

< 0.24 dB (TE) 

Broadband 

1505-

1675 
260 120 

2023  

Vilas et al. 

[57] 

SWG ring 

resonator 

Q-factor 

~ 45000 

Radius ~ 10 µm 

~ 

1550 
300 140 

2016  

Wang et al. 

[59] 

Table 2.1: Examples of SWG-engineered devices whose conventional (non-SWG) 

counterparts are usually available in a foundry’s process design kit (PDK). 𝜆 is the 

operational wavelength, 𝛬 is the SWG period, 𝑀𝐹𝑆 is the minimum feature size.   

2.3.4 Challenges of SWG fabrication 

Although SWG-metamaterials enable additional degrees of freedom 

in device design and help to boost the performance of the device, they 

often require features of small dimensions that are challenging to 

fabricate.  



 

22 

 

At telecom wavelengths, the SWG period is usually less than 300 nm 

and the SWG minimum feature sizes are usually close to 100 nm (see 

Table 2.1). For this reason, most of the devices have been fabricated 

using electronic beam (e-beam) lithography as the latter can define 

such small features. However, e-beam lithography is a serial and slow 

process [60], which is therefore not compatible with large-volume 

industrial production. Immersion lithography on the other hand, can 

define features around 70 nm in silicon photonics devices. Also, it is an 

industrial tool commonly used in manufacturing electronic chips, and 

is today being deployed in silicon photonics foundries. Immersion 

lithography has therefore the potential for producing SWG-based 

devices at a large scale,  

2.4 IMMERSION LITHOGRAPHY   

In this section, the working principle of immersion lithography is 

introduced, followed by a literature review of silicon photonics devices 

fabricated with this technique.   

2.4.1 Photolithography working principle 

Photolithography, also called optical lithography, is a widely adopted 

high volume fabrication process for manufacturing integrated circuits. 

Its working principle is outlined in Fig. 2.8.  

A collimated light source of wavelength 𝜆 is used to image a pattern 

from a photomask, containing the shapes of the desired circuits, onto 

a photoresist which has been previously deposited on the silicon wafer. 

The photoresist is photosensitive, that is, its chemical properties 

change upon exposure to the light. Usually, the solubility of the 

exposed areas is changed. The exposed areas can be selectively 

removed using a developing solvent. The pattern is then transferred 

into the silicon wafer by etching, with the remaining photoresist acting 

as a protective layer. The remaining photoresist is finally removed in a 

so-called stripping process.   
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Fig. 2.8: Schematic of the working principle of photolithography, 

DUV = Deep-ultraviolet, 𝜃 = half angular aperture, 𝑛 is the refractive index of the 

corresponding medium (a) Imaging system used to expose the photoresist 

(b) Lithographic process    

2.4.2 Immersion lithography for resolution enhancement 

The resolution of a photolithography system is defined as the smallest 

feature size that can be patterned. The resolution is also called critical 

dimension or half pitch. Its theoretical value is given by the Rayleigh 

equation as:  
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𝑅 = 𝑘1

𝜆

𝑛 sin 𝜃
= 𝑘1

𝜆

𝑁𝐴
 Eq. (2.11) 

where 𝑅 is the resolution, 𝑘1 is a process-related factor (depending on 

illumination conditions, mask technology, photoresist, etc.), 𝜆 is the 

illumination wavelength, 𝑛  is the refractive index of the medium 

between the projection lens and the photoresist, 𝜃 is half the angular 

aperture of the imaging system. The angle 𝜃, defined in Fig. 2.8(a), 

represents half the maximum angle of acceptance. The product 𝑛 sin 𝜃 

is equal to the numerical aperture, 𝑁𝐴, of the imaging system.    

Following Eq. (2.11), the resolution 𝑅 is enhanced by reducing 𝑘1, by 

reducing 𝜆  and by increasing 𝑁𝐴 . Several techniques have been 

implemented to optimize these values towards finer resolution to 

enable fabrication of smaller microelectronics devices and chips with 

denser circuits.  

 
Fig. 2.9: Evolution of lithographic systems. The vertical bars indicate resolution 

enhancement by engineering 𝑘1 and 𝑁𝐴. The shaded area indicates subwavelength 

imaging (resolution < 𝜆). Image from Lin et al. [61]. 

The evolution of the resolution and wavelength of lithographic 

systems is shown in Fig. 2.9. The general trend was to reduce the 

wavelength, from 436 nm down to 193 nm. The 193 nm wavelength is 
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produced by an argon fluoride (ArF) excimer laser source and is in the 

deep ultra-violet (DUV) range. To further enhance the resolution, the 

initial strategy was to further reduce the wavelength down to 157 nm. 

However, its development was impeded by various technological 

difficulties such as the development of affordable high quality lenses 

and high quality resists, among others [61].  

Also, at the same time, an alternative solution was found to further 

enhance the resolution while keeping the 193 nm wavelength. It 

consists of adding a fluid (typically water) between the lens and the 

photoresist (see Fig. 2.10) and is called immersion lithography.  

 
Fig. 2.10: (a) Dry lithography (b) Immersion lithography, in which the numerical 

aperture (NA) is increased thanks to the addition of water (which has a higher 

refractive index than air), thereby enhancing the resolution.  

Adding water improves the numerical aperture, 𝑁𝐴 = 𝑛 sin 𝜃  of the 

system in two ways. First, water (𝑛 = 1.44) has a higher refractive index 

than air (𝑛 = 1) [62]. Second, water increases the angular aperture of 

the system, 𝜃. Then, light at larger incident angles can contribute to 

the image formation in an immersion system. In a dry system, these 

rays would have been lost by total internal reflection. The resolution of 

immersion lithography is therefore enhanced as the 𝑁𝐴 is increased 

(see Eq. (2.11)). For silicon photonics devices, the nominal resolution of 

an immersion lithography system is around 70 nm, which is better than 

its dry counterpart offering a nominal resolution of 110 nm [63] (see 

Fig. 2.11).    

The resolution for CMOS fabrication is better than for silicon photonics 

as the 𝑘1 values are different. Indeed, the illumination conditions are 

different and silicon photonics devices are more susceptible to optical 

proximity effects.   
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Fig. 2.11: Comparison of lithography tools used in CMOS and silicon photonics 

fabrication. ArF-I stands for argon fluoride-immersion lithography. Image from 

Horikawa et al. [63]. 

Another advantage of immersion lithography over dry lithography is 

its increased depth of focus (DOF), which is the tolerance to the focal 

error, at a given resolution [61]. However, the addition of water can 

induce some defectivity issues due to air bubbles, particles or stains 

[60,64]. Despite these issues, the development of 𝜆  = 193 nm 

immersion lithography was greatly favored over the 𝜆  = 157 nm 

lithography system as it leveraged the technological advancements 

brought by its dry counterpart (similar imaging system and resist) [65].   

To further improve resolution, extreme UV (EUV) lithographic systems 

are proposed as an alternative to immersion lithography. However, 

EUV lithography is a relatively new technology and has some critical 

challenges yet to be solved, such as mask defects, high line edge 

roughness and resist outgassing [60]. 

Immersion lithography is a more mature technology. For example, 

commercial systems were available from around 2003 with Nikon, 

followed by ASML [60]. It is currently being used by several silicon 

photonics foundries such as AIM photonics [66], Global Foundries [23], 

IMEC [25], PETRA [22] and CEA-Leti [24] on 300 mm silicon photonics 

platforms [2].  
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2.4.3 Optical Proximity Correction (OPC) 

 
Fig. 2.12: Optical proximity effects result in different linewidths between an isolated 

and arrayed waveguides (𝛥𝐶𝐷). 𝛥𝐶𝐷 varies with the gap width, i.e., with the proximity 

of the waveguides. Image from Selvaraja et al. [67] 

Although immersion lithography for silicon photonics could in 

principle provide a high resolution with the fabrication of minimum 

feature sizes of 70 nm, the actual resolution of the system is still limited 

by optical proximity effects (OPEs). OPEs are caused by optical 

interactions with nearby features and result in morphological and 

dimensional variations from the intended design [68]. For example, 

Selvaraja et al. have compared the linewidths obtained when dry 

lithography is used to define the same waveguide width in an isolated 

waveguide and in a dense array configuration [67] (see Fig. 2.12). The 

effective width has a difference of Δ𝐶𝐷, that changes a function of the 

proximity between the waveguides (gap width) in the array. Similarly, 

they have observed different hole diameters in photonic crystals 

according to their surrounding features.  

Although immersion lithography exhibits weaker OPEs than dry 

lithography [63,69], this effect can still be significant and needs to be 

compensated as dimensional variations can negatively impact the 

performance of silicon photonics devices [70,71]. Controlling these 

dimensional variations could be especially critical for wide (multimode) 

SWG waveguides as significant performance degradation can result 

from very small fabrication deviations [72]. In addition, OPEs become 

more complex and difficult to compensate as the feature sizes get 

smaller [68,73,74]. A way to compensate these OPEs consists in 

changing the nominal layout on the photomask by moving the edges 
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or adding extra polygons so that the patterned shapes and dimensions 

are as close as possible to the intended ones [75,76]. Such resolution 

enhancement technique is called optical proximity correction (OPC).  

 
Fig. 2.13: (a) Intended waveguide crossing layout (b) OPC layout; the red dotted 

circles indicate the serifs, which are features which have been changed from the 

nominal design (c) SEM image. Images from Celo et al. [77]   

Fig. 2.13 gives an example of how OPC has changed the initial design 

of a waveguide crossing and the corresponding SEM image by Celo et 

al. [77]. The authors have demonstrated lower insertion losses when 

OPC was applied. 

 
Fig. 2.14: Attempts at patterning SWG rectangular holes with immersion lithography 

at CEA-Leti. Feature sizes of 60 nm (a) could not be patterned without OPC (2021) 

and (b) were unsuccessfully patterned with an old OPC model (2021) (c) Similar SWG 

rectangular holes were defined using the new OPC model (2023). Feature sizes of 

60 nm were more successfully patterned     
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At CEA-Leti, the OPC technology has been optimized to be able to 

define feature sizes as small as 60 nm. Fig. 2.14 shows SEM images of 

the same pattern, defined without OPC (Fig. 2.14(a)), using initial OPC 

models (Fig. 2.14(b)) and optimized OPC models (Fig. 2.14(c)). The 

optimized model, developed in 2023, enabled the patterning of 60 nm 

feature sizes. Other examples of realization of SWG devices with OPC 

are given in the manuscript (see Fig. 3.8, Fig. 4.19, Fig. 5.30).     

 
Fig. 2.15: Manhattanization process which consists in approximating the curves by 

small stair steps. Image from Giewont et al. [23] 

For curvilinear silicon photonics devices such as waveguide bends or 

directional couplers, a Manhattanization is process is required before 

applying OPC [23,76,78,79]. This process consists in approximating the 

curves by using small stair-steps (see Fig. 2.15). The reason is that OPC 

models have been developed for Manhattan-like (orthogonal) CMOS 

structures. The resolution of the Manhattan grid used by silicon 

photonics foundries is usually 1 nm [80].  

 

Also, OPC models for silicon photonics have to be optimized for a 

wider range of dimensional targets (typically 100 nm - 1 µm), 

compared to traditional CMOS devices [81]. The Manhattanization 

process and wider dimensional target range make OPC models for 

silicon photonics more challenging.    
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2.4.4 Silicon photonics devices fabricated using immersion 

lithography 

This section aims at giving an overview of the silicon photonics that 

have been patterned using immersion lithography and the associated 

performance advantages.   

 

Fig. 2.16: Examples of reported devices with small feature sizes fabricated with 

immersion lithography: (a) SWG-engineered fiber-edge coupler (image from Barwicz 

et al. [54]) (b) SWG-engineered grating coupler (image from Ong et al. [82]), 

(c) SWG-engineered MMI (image from Vakarin et al. [83]) (d) Photonic crystal 

nano-cavities (image from Ashida et al. [84]), (e) Elephant coupler (image from 

Yoshida et al. [85]). 

Some examples of silicon photonics devices with small feature sizes 

fabricated with immersion lithography are given in Fig. 2.16. Fig. 

2.16(a) shows a high efficiency SWG-engineered fiber-edge coupler, 

with a minimum feature size (MFS) of 100 nm. This kind of coupler is 

available in the process design kit (PDK) of Global Foundries. Fig. 
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2.16(b) shows an SWG-engineered grating coupler for high fiber-

positional freedom. Fig. 2.16(c) shows a broadband SWG-engineered 

MMI. Fig. 2.16(d) shows a high Q factor photonic crystal. Fig. 2.16(e) 

shows an ‘elephant’ mode converter, coupling a waveguide with a 

lensed single mode fiber with low coupling losses of 1.5 dB and low 

polarization dependency.  

The performance of the presented devices in Fig. 2.16 has been 

summarized in Table 2.2, together with some other examples of silicon 

photonics devices with small feature sizes. Table 2.2 also gives their 

minimum feature sizes (MFS) and the foundry in which they were 

fabricated.   

Device MFS 

(nm) 

Performance Foundry Reference 

SWG fiber-chip 

edge coupler 

(available in 

commercial 

PDK) 

100 

TE coupling 

efficiency =  

– 0.7 dB 

TM coupling 

efficiency = 

– 1.4 dB 

GF 

[54] 2019 

Barwicz et al.  

(see Fig. 

2.16(a)) 

SWG grating 

coupler with 

very large 

tolerance to 

misalignment 

100 

Efficiency =  

-7.50 dB,  

Tolerance = 

21.4 μm × 

10.1 μm for  

1 dB penalty 

loss 

AIM 

Photonics 

 

2018 Ong 

[82] 

(see Fig. 

2.16(b)) 

SWG MMI 60 

Broadband 

1 dB 

bandwidth of 

1460 – 1680 

nm (220 nm) 

ST 

[83] 2021 

Vakarin 

(see Fig. 

2.16(c)) 

1D photonic 

crystal cavity 
80 

High Q factor 

= 0.84 

million 

IMEC 
[86] 2021 

Xie 
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Photonic crystal 

nanocavities 
100 

Average Q 

factor of 1.9 

million 

(highest = 

2.5 million) 

PETRA 

 

[84] 2018 

Ashida 

(see Fig. 

2.16(d)) 

Anti-Slot 

Photonic 

Crystals 

70 1 dB loss GF 
[87] 2023 

Allen 

Si grating 

coupler 
60 

Perfectly 

vertical 

emission, 

1.82 dB 

median 

losses 

CEA-Leti 

[88] 2021 

Van 

Vaerenbergh 

Hybrid Si/SiN 

grating coupler 
60 

Perfectly 

vertical 

emission 

1.30 dB 

median 

insertion loss 

CEA-LETI 

[89] 2022 

Van 

Vaerenbergh 

Elephant 

coupler 
70 

1.5 dB 

insertion loss 

Polarization 

dependent 

loss = 0.25 

dB 

PETRA 

[85] 2020 

Yoshida 

(see Fig. 

2.16(e)) 

Table 2.2: Some examples of Si photonic devices fabricated by immersion lithography 

with low minimum feature sizes, MFS. GF = Global Foundries (US), AIM Photonics= 

American Institute for Manufacturing Integrated Photonics (US), PETRA = Photonics 

Electronics Technology Research Association (Japan), IMEC = Interuniversity 

Microelectronics Center, Belgium, ST = STMicroelectronics (France), CEA-LETI (France) 

Other reported demonstrations of silicon photonics devices fabricated 

using immersion lithography include an array waveguide grating, with 

less than 1.6 nm wavelength difference between the simulated and 

measured response [90], an SiN distributed Bragg reflector for laser 

cavities with maximum output powers of 2.5 mW, 5.1 mW and 0.5 mW 

at 1536 nm, 1561 nm and 1596 nm wavelengths respectively [91], color 

display metasurfaces with MFS of around 100 nm [92], high efficiency 
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SiN grating couplers for visible wavelengths with MFS = 85 nm [93] 

and 3D integration of a photonics/CMOS platform for a single-chip 

optical phased array (OPA) [94].  

 
Fig. 2.17: Immersion lithography enabled very low propagation losses, EB stands for 

e-beam lithography, G-line has an illumination wavelength of 𝜆 = 436 nm, KrF has 

𝜆 = 248 nm and ArF has 𝜆 = 193 nm. Image from from Horikawa et al. [22]. 

In addition to the enhanced resolution, immersion lithography and 

OPC also enable lower waveguide propagation losses [22,23,95,96] 

through line edge roughness reduction (see Fig. 2.17). Immersion 

lithography also provides reduced  chip-to-chip dimensional variations 

on the wafer-scale, resulting into better uniformity in device 

performance [69,71,97]. Also, immersion lithography has enabled 

excellent mask alignments between SiN and Si layers in a hybrid 

grating coupler [89]. These alignments can be critical for the grating 

coupler efficiency.  

2.5 CONCLUSION OF THE REVIEW  

SWGs are periodic structures for which the period Λ is much smaller 

than the propagation wavelength 𝜆 . Λ < 𝜆/2𝑛𝑒𝑓𝑓  where 𝑛𝑒𝑓𝑓  is the 

Bloch effective index. Typically, Λ  < 300 nm for the usual telecom 

wavelength 𝜆 = 1550 nm. In this subwavelength regime, diffraction 



 

34 

 

and reflection effects are suppressed and the SWGs behave as a 

homogeneous anisotropic metamaterial.  

The properties of the SWG-metamaterial can be modified by changing 

its geometrical parameters such as its period or its duty cycle. This has 

led to additional degrees of freedom for silicon photonics device 

design, thereby enhancing the performance of devices [28].  

However, the required dimensions are small, and most demonstrations 

of SWG-based devices have been made at the laboratory level using 

e-beam lithography. Immersion lithography, which is today being 

deployed by silicon photonics foundries, can be used to fabricate the 

small dimensions required by SWGs with a process compatible with 

large-volume production. 

By adding water between the imaging system and the silicon wafer, 

the resolution, 𝑅, of the system is enhanced. For a 193 nm wavelength 

lithography system, 𝑅 ~ 70 nm for an immersion system, while 

𝑅 ~ 110 nm for a dry system. An OPC model should also be applied to 

correct for proximity effects. In addition to enhanced resolution, the 

use of immersion lithography has led to lower waveguide propagation 

losses and more uniform device performance at wafer scale. 
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3 ULTRA-BROADBAND SWG-ENGINEERED 2X2 

MULTIMODE INTERFEROMETER (MMI) COUPLER   

Multimode interferometers (MMIs) are multiport couplers which are 

one of the fundamental building blocks in silicon photonics circuits. 

They are often used for power splitting or combining functions. This 

chapter is dedicated to the study of an SWG-engineered MMI, 

fabricated by immersion lithography and OPC, with an enhanced 

bandwidth compared to a standard design without SWG-elements.  

The outline of this chapter is as follows. First, the self-imaging principle, 

which is at the heart of MMI operation, is presented. The working 

principle of a conventional and a SWG-MMI with enhanced bandwidth 

are then given. This is followed by a literature review of SWG-MMIs. 

Next, our simulation, fabrication and characterization results are 

reported. Finally, our conclusions and perspectives are drawn.   

3.1 THE SELF-IMAGING PRINCIPLE  

A typical 𝑁 × 𝑀  MMI consists of a central multimode waveguide 

section, with 𝑁  input waveguides and 𝑀 output waveguides. For 

example, a 2 x 2 MMI is shown in Fig. 3.1(a). The access input and 

output single-mode waveguides are tapered to a multimode width 

near the MMI. 

The operation of an MMI is governed by the self-imaging principle 

(also known as Talbot effect) [98]. When light is injected in one of the 

input waveguides, the multiple guided modes (Φ𝜈 , where 𝜈  is the 

mode number) are excited in the multimode region (see Fig. 3.1(b)), 

which then mutually interfere, creating periodically reproduced single 

or multiple images at periodic intervals along the direction of 

propagation (see Fig. 3.2). Hence the term “multimode interferometer”.  
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Fig. 3.1: (a) Perspective view of a 2x2 MMI. (b)Top view of the MMI. The input mode 

𝛷𝐼𝑛 excites multiple guided modes (𝛷0, 𝛷1, … , 𝛷𝑚) which then mutually interfere, 

creating optical field nodes at the entrance to the output waveguides. The cladding 

and Si substrate are not represented for clarity 

The positions of the reproduced images are related to the beat length 

of the two lowest-order modes, 𝐿𝜋, as:  

 𝐿𝜋 =
𝜋

𝛽0 − 𝛽1
 Eq. (3.1) 

where 𝛽𝜈 is the propagation constant of the mode number 𝜈.   

Single images are formed at distances 𝑧 = 𝐿𝑠𝑖𝑛𝑔𝑙𝑒 :  

 𝐿𝑠𝑖𝑛𝑔𝑙𝑒 = 𝑝(3𝐿𝜋) with 𝑝 = 0,1,2, … Eq. (3.2) 

where 𝑝 is an integer and 𝐿𝜋 is the beat length of the MMI.  

When all the excited guided modes interfere in phase, a single direct 

image of the input field is formed at distances 𝑥 = 𝐿𝑠𝑖𝑛𝑔𝑙𝑒 where 𝑝 is 

an even integer in Eq. (3.2). For example, the first direct image is 

formed at 𝑧 =6𝐿𝜋 in Fig. 3.2.  
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When the even modes interfere in phase and when the odd modes 

interfere in antiphase, a single mirrored image (with respect to the 

plane 𝑥 = 0) of the input field is formed at positions 𝑧 = 𝐿𝑠𝑖𝑛𝑔𝑙𝑒 where 

𝑝 is an odd integer in Eq. (3.2). The first mirrored image is formed at 

𝑧 =3𝐿𝜋 in Fig. 3.2.  

 
Fig. 3.2: Self-imaging principle: images of the input electric field (E field) are 

periodically repeated along the multimode section  

3.2 THE CONVENTIONAL 2 X 2 MMI 3-DB COUPLER  

 
Fig. 3.3: Conventional design of a 2x2 3-dB MMI coupler, without SWGs. 

In addition to the single images, multiple images can also be formed. 

For example, dual images are formed at distances 𝑧 = 𝐿𝑑𝑢𝑎𝑙 :    

 𝐿𝑑𝑢𝑎𝑙 =
𝑝

2
(3𝐿𝜋) with 𝑝 = 1,3,5, … Eq. (3.3) 

where 𝑝 is an odd integer and 𝐿𝜋 is the beat length.  
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The first dual images are formed at a distance 𝐿 = 3/2 𝐿𝜋. By placing 

the output waveguides at the position 𝑧 = 3/2 𝐿𝜋, the input beam can 

be split into two. The optical power in each of the output waveguides 

is half (-3 dB) of that of the input waveguide. The output electric fields 

are also in quadrature phase, with a 90° phase difference between 

them. Fig. 3.3 shows a 2 x 2 3-dB MMI coupler realized with this 

configuration.    

The figures of merit of such a 2x2 MMI are defined using scattering 

parameters (s-parameters), which are complex amplitude transmission 

or reflection coefficients. For example, 𝑠31  is the transmission 

coefficient in port 3 from injection in port 1. The electric fields of the 

output port 3 and input port 1 are related by 𝐸3 = 𝑠31𝐸1 where 𝐸𝑖 is 

the electric field in port 𝑖. Similarly, 𝑠11 is the reflection coefficient in 

port 1. The square of the s-parameters is proportional to optical power 

transmission or reflection. The total MMI transmission, 𝜂, is:  

 𝜂 = |𝑠31|2 + |𝑠41|2 Eq. (3.4) 

where 𝑠31 and 𝑠41 are the complex transmission in output ports 3 and 

4 respectively, from the input port 1. 

Considering light injection in port 1, an ideal 2×2 3-dB MMI coupler 

should give |𝑠31|2 = |𝑠41|2 =  0.50 and a phase difference of -90° 

between ports 3 and 4, ∠(𝑠31/𝑠41) = −90°. However, depending on 

the MMI design, the obtained values will deviate from these ideal 

values.  

Three commonly used figures of merits are:  

1. Excess loss (𝐸𝐿), in dB, which is 10 times the negative log of the 

total transmission in ports 3 and 4, 𝜂 . Ideally, 𝜂  = 1 and 

𝐸𝐿 = 0 dB. A lossy MMI has 𝜂 < 1 and 𝐸𝐿 > 0 dB.  

 𝐸𝐿(𝑑𝐵) =  −10 log(𝜂) Eq. (3.5) 

2. Power imbalance (𝐼𝐵), in dB, which is the 10 times the negative 

log of the optical power ratio between ports 3 and 4. Ideally, 

𝐼𝐵 = 0 dB as |𝑠31|2 =  |𝑠41|2. An unbalanced MMI has 𝐼𝐵 > 0 dB.   



 

39 

 

 𝐼𝐵(𝑑𝐵) =  10 log (
|𝑠31|2

|𝑠41|2
) Eq. (3.6) 

3. Phase errors (𝑃𝐸) which are the deviation from the expected -90° 

phase difference between ports 3 and 4. In ideal MMI has 𝑃𝐸 = 

0° and a non-ideal one has 𝑃𝐸 ≠ 0°.   

 𝑃𝐸 (°) = ∠ (
𝑠31

𝑠41
) − (−90°) Eq. (3.7) 

Using these figures of merit, conventional MMIs based on Si 

waveguides are usually designed for use at a specific wavelength. The 

1-dB bandwidth (wavelength range for which the excess losses are 

≤ 1 dB) is around 100 nm at telecom wavelengths, limiting its use for 

broadband applications.  

3.3 SWGS FOR ENHANCED MMI BANDWIDTH 

Since the MMI length is fixed, only the images formed at the output 

port positions will be effectively outcoupled. Hence, for the MMI to 

have a large operational bandwidth, the images should be formed at 

the same position independently of the wavelength. In other words, 

the beat length of the MMI should be independent of the wavelength.   

For a conventional MMI, the beat length 𝐿𝜋
 𝑐𝑜𝑛𝑣 can be approximated 

by re-writing Eq. (3.1) as:  

 𝐿𝜋
 𝑐𝑜𝑛𝑣 ≈

4𝑊𝑒
2

3𝜆
𝑛𝑒𝑓𝑓,𝑀𝑀𝐼 Eq. (3.8) 

where 𝜆  is the wavelength, 𝑛𝑒𝑓𝑓,𝑀𝑀𝐼  is the effective index of the 

multimode region and 𝑊𝑒  is the effective waveguide width, which 

takes into account the lateral penetration depth of each mode [98]. On 

high index contrast platforms, such the SOI platform, the penetration 

depth is very small and 𝑊𝑒 ≈ 𝑊𝑀𝑀𝐼 , where 𝑊𝑀𝑀𝐼  is the width of the 

multimode region. 𝐿𝜋
 𝑐𝑜𝑛𝑣 is proportional to 1/𝜆.  

 

A typical design for an MMI for TE polarized light and SOI thickness of 

220 nm is considered. The waveguide width is 3.25 µm. The beat length 
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is determined by calculating the effective indices, 𝑛𝑒𝑓𝑓 , of the two 

lowest order modes (using Ansys Lumerical mode-solver) and using Eq. 

(3.1). As shown in Fig. 3.4, 𝐿𝜋  varies from 23 – 33 µm on the 

1300 – 1700 nm wavelength range. The images at different 

wavelengths are formed over a wide range of positions, limiting the 

bandwidth of the conventional MMI to around 100 nm.   

 
Fig. 3.4: Beat length (𝐿𝜋) of a conventional and of a SWG-MMI 

This variation in beat length can be mitigated by segmenting the 

central multimode region and tapering the access waveguides with 

SWGs [56,99], as shown in Fig. 3.5.  

 
Fig. 3.5: Schematic of a 2x2 SWG-MMI  

The SWG multimode region acts as an anisotropic metamaterial with a 

diagonal index tensor 𝑑𝑖𝑎𝑔(𝑛∥, 𝑛∥, 𝑛⊥) which can be estimated using 

the laminar material model [33]. 𝑛∥  and 𝑛⊥  are the equivalent SWG 
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refractive indices when the electric field is parallel or perpendicular to 

the SWG interfaces, which are parallel to the 𝑥-𝑦 plane. The beat length 

of the SWG-MMI, 𝐿𝜋
 𝑆𝑊𝐺 can then approximated as [56]:  

 𝐿𝜋
 𝑆𝑊𝐺 ≈

4𝑊𝑒
2

3𝜆

𝑛⊥
2

𝑛∥
 Eq. (3.9) 

where 𝑊𝑒 is the effective SWG waveguide width, 𝜆 is the wavelength, 

𝑛⊥ and 𝑛∥ are the SWG-equivalent indices parallel and perpendicular 

to the SWG interfaces.   

By varying the SWG period Λ and the duty cycle 𝐷𝐶, the 𝑛⊥
2 /𝑛∥ term 

(SWG anisotropy) can be engineered to compensate for the 

wavelength dependence of 1/𝜆 and reduce the variation in the beat 

length. Fig. 3.4 shows the calculated beat length for an MMI based on 

the design for the 220 nm-thick SOI platform given by Halir et al. in 

[56]. The MMI geometrical parameters are defined in Fig. 3.5. The 

following SWG parameters have been chosen as illustration: Λ = 190 

nm, 𝐿𝑆𝑖 = 120 nm, giving 𝐷𝐶 ~ 0.63. The SWG MMI width is 3.25 µm, 

like the conventional design, and the injected light is TE polarized. 

Using the laminar model,  𝑛∥ ≈ 2.99, 𝑛⊥ = 2.17  are obtained at 𝜆  = 

1550 nm. This anisotropic material is added into Lumerical’s mode 

solver and 𝐿𝜋 was then determined from the effective indices of the 

two lowest order modes and Eq. (3.1).  

As shown in Fig. 3.4, the beat length, 𝐿𝜋, varied from 11 – 14.5 µm for 

the SWG-MMI over the 1300 – 1700 nm wavelength range, which is a 

smaller variation than that of the conventional MMI. By reducing the 

variation of 𝐿𝜋, the MMI exhibits a greater bandwidth. Moreover, the 

𝐿𝜋 of the SWG-MMI is about half of that of the conventional design, 

making the SWG MMI shorter, as the MMI length is proportional to 

the beat length.  

 

In addition to calculating the 𝐿𝜋  based on the laminar model, the 

SWG-MMI is simulated using 3D-FDTD to determine its figures of 

merit. To inject light into the SWG multimode region, SWG tapers are 

implemented to provide a smooth index transition from the strip 

single-mode waveguide to the SWG multimode region [100]. A 

multi-mode waveguide is used at the MMI input to control the number 
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of excited modes and reduce losses due to radiation [101]. The SWG 

period and duty cycle are the same as in the multimode region. The 

core silicon was linearly varied from 𝑤𝑤𝑔 to 𝑤𝑐𝑜𝑟𝑒,𝑚𝑖𝑛. The SWG width 

was also linearly varied from 𝑤𝑤𝑔  to 𝑊𝑎 . The minimum separation 

between the access waveguides was 𝑠 = 300 nm. 

 
Fig. 3.6: Electric field intensity in a 2x2 SWG-MMI at different wavelengths: 

(a) 𝜆 = 1300 nm, (b) 𝜆 = 1400 nm, (c) 𝜆 = 1500 nm (d) 𝜆 = 1600 nm, illustrating its 

broadband operation. The SWG period was 𝛬 = 190 𝑛𝑚, the duty cycle was 

𝐷𝐶 ≈ 0.63. The MMI length was 𝐿𝑀𝑀𝐼 ≈ 15.86 µm and the MMI width was 

𝑊𝑀𝑀𝐼 ≈ 3.25 µm. 

The optimized MMI parameters are given in Table 3.1 for Λ = 190 nm, 

𝐿𝑆𝑖 = 120 nm (giving 𝐷𝐶 ≈ 0.63) and 𝐿𝑀𝑀𝐼 ≈ 15.86 µm. The resulting 

electric field intensity of the 2x2 SWG MMI at different wavelengths 

are shown in Fig. 3.6. The optimized device yields calculated excess 

losses, 𝐸𝐿 < 1 dB, a power imbalance, 𝐼𝐵 < 1 dB, and phase errors, 

𝑃𝐸 < ± 5° on a large wavelength range of 1250 – 1650 nm, resulting 

in a nominal useable bandwidth of at least 400 nm. 
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Parameter Symbol Value 

SWG Period Λ 190 nm 

Length of Si in 1 SWG Period 𝐿𝑆𝑖 120 nm 

SWG Duty Cycle 𝐷𝐶 0.63 

   

Number of SWG Periods in the 

multimode region 
𝑁𝑆𝑊𝐺 83 

MMI Length 𝐿𝑀𝑀𝐼 15.86 µm 

MMI Width 𝑊𝑀𝑀𝐼 3.25 µm 

   

Access width 𝑊𝑎 1.70 µm 

Access separation 𝑠 300 nm 

Taper Length 𝐿𝑇 6.08 µm 

Waveguide width 𝑊𝑤𝑔 500 nm 

Minimum Si core width in SWG taper 𝑤𝑐𝑜𝑟𝑒,𝑚𝑖𝑛 74 nm 

Table 3.1: 2x2 SWG-MMI parameters  

3.4 LITERATURE REVIEW OF SWG-MMIS 

The aim of this section is to illustrate how SWGs have been 

implemented in MMIs for performance enhancing. It is divided into 

two parts: bandwidth expansion and polarization control.   

3.4.1 Bandwidth expansion 

The broadband 2x2 SWG-MMI, consisting of a simple binary Si/SiO2 

grating as shown in Fig. 3.5, was first proposed by Maese Novo et 

al. [99]. This design was experimentally characterized after e-beam 

fabrication on a 220 nm-thick SOI platform [56]. A 1-dB bandwidth of 

325 nm was measured on a wavelength range of 1375 – 1700 nm. In a 

joint work between C2N, CEA-Leti and ST-Microelectronics, a similar 

2x2 SWG-MMI was fabricated using immersion lithography, but on a 

300 nm-thick SOI platform [83]. The measured 1-dB bandwidth was 

1480 – 1680 nm (200 nm). A summary is given in Table 3.2.  
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Type of MMI 

and its 

fabrication 

𝑳𝑴𝑴𝑰 x 

𝑾𝑴𝑴𝑰 

(µm x 

µm) 

MFS 

1-dB 

bandwidth 

(nm) 

Reference 

Conventional 

MMI 

38.5 x 

3.25 

500 nm 

(input 

waveguide) 

1500-1600 

Δλ = 100 

2016 Halir 

et al. [56] 

SWG MMI 

220 nm SOI 

e-beam 

14 x 

3.25 
95 nm 

1375-1700 

Δλ = 325 

2016  

Halir et al.  

[56] 

SWG MMI 

300 nm SOI 

Imm. litho 

19 x 

3.25 
75 nm 

1480-1680 

Δλ = 200 

2021 

Vakarin et 

al. [83] 

SWG MMI 

220 nm SOI 

Imm. litho 

15.86 x 

3.25 

95 nm or 

70 nm 

1330-1680 

Δλ = 350 
Our work 

Table 3.2: Reported 2x2 SWG-MMIs, with a comparison to a conventional design, 

 Imm. Litho = immersion lithography, 𝐿𝑀𝑀𝐼 and 𝑊𝑀𝑀𝐼 are the MMI lengths and 

widths respectively. The minimum feature size (MFS) and experimental 

1-dB bandwidths are given.    

These types of broadband SWG-MMIs, made of simple binary gratings 

(as shown in Fig. 3.5), are garnering increasing interest. For instance, 

they have been implemented for broadband mode multiplexing 

[102,103] and for heterodyne mixing in optical hybrids [104] at telecom 

wavelengths. They have also been studied for sensing applications at 

mid-infrared wavelengths [105]. Such SWG-based MMI were also 

demonstrated in an angled-cut MMI with an arbitrary splitting ratio to 

increase the bandwidth from 40 nm (without SWGs) to 100 nm (with 

SWGs) [106].   

Other broadband MMIs include sidewall SWG-MMIs [107,108], and other 

structures [109,110]. An ultrabroadband and polarization independent 

1x2 SWG-MMI (see Fig. 3.7(a)) was proposed by Han et al. [111]. They 

have measured a 1-dB bandwidth over a wavelength range of 

1260 – 1680 nm for both TE and TM input polarizations. 
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3.4.2 Polarization control  

 
Fig. 3.7: (a) Polarization independent and ultra-broadband 1x2 SWG-MMI, image 

from Han et al. [111] (b) Tilted SWG-MMI for polarization splitting, image from 

Herrero-Bermello et al. [112] (c) Bricked SWG-MMI for polarization independence, 

image from Pérez-Armenta et al. [113]  

The simple SWG structure as shown in Fig. 3.5, has also been used for a 

polarization management function to implement a polarization splitting 

MMI [114]. Polarization splitting was also achieved using tilted SWGs 

[112], depicted in Fig. 3.7(b), and other SWG structures [115,116]. By 

engineering the anisotropy of the SWGs, polarization independence was 

achieved using a bricked structure [117] (see Fig. 3.7(c)) or a central SWG 

slot [118]. Dual mode (TE0 and TE1) broadband SWG-MMIs have also been 



 

46 

 

proposed in [119,120]. Higher order mode conversion from TE0 to TE1 was 

also proposed using an SWG MMI [121].   

3.4.3 Aim of our work 

Our literature review showed that various SWG structures have been 

implemented in MMIs, improving their performance in terms of 

spectral bandwidth or polarization management. Most of them have 

been fabricated using e-beam lithography, except for the one reported 

by Vakarin et al. [83], in which a 2x2 broadband SWG MMI was 

fabricated using immersion lithography at ST-Microelectronics 

facilities. Our literature review also indicated that this type of 

broadband SWG MMI is gaining significant interest for telecom and 

sensing applications. It would therefore be advantageous to 

implement such an SWG-MMI in CEA-LETI’s process design kit (PDK).   

The aim of our work is to design and fabricate a similar 2x2 SWG-MMI, 

using immersion lithography and OPC at the CEA-LETI pilot line, and 

to validate its performance as part of an effort to make 

SWG-engineered devices available on an industrial scale. 

3.5 METHODOLOGY AND RESULTS  

This section covers the design of experiment, in which the varied 

SWG-MMI parameters are presented, followed by the fabrication 

steps, and the experimental characterization.   

3.5.1 Design of experiment 

The SWG MMI is designed on a 220 nm-thick SOI platform for use with 

light in the fundamental TE polarization state. The BOX thickness was 

2 µm. As shown in section 3.3, our simulations indicate that an SWG 

period of Λ = 190 nm, with a duty cycle of 𝐷𝐶 ≈ 0.63, and a length of 

𝐿𝑀𝑀𝐼 ≈ 15.86 µm, can give the SWG-MMI an ultra-broad bandwidth of 

400 nm over the 1250 – 1650 nm wavelength range.  

Our design of experiment consisted of: i) three different devices with 

fixed 𝐿𝑀𝑀𝐼 ≈ 15.86 µm, and duty cycles of 𝐷𝐶 ≈ 0.37, 0.50, 0.63, and 

ii) three different devices with a fixed 𝐷𝐶  = 0.50 and lengths of 

𝐿𝑀𝑀𝐼 ≈ 14.81 µm, 15.86 µm, 16.81 µm. These lengths corresponded to 
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different a number of SWG periods of 𝑁𝑆𝑊𝐺  = 78, 83 and 88 

respectively. All the MMIs in the design of experiment have a width of 

𝑊𝑀𝑀𝐼 = 3.25 µm. The following sections describe their fabrication and 

experimental characterization.     

3.5.2 Fabrication  

The SWG-MMI was fabricated using immersion lithography, with a 

single full-etch step. An upper SiO2 encapsulation was then added. The 

nominal and OPC layouts of an SWG-MMI with an SWG period 

Λ = 190 nm and 𝐷𝐶 = 0.63 are shown in Fig. 3.8(a)-(c). After OPC, the 

lines are narrower, with modified edges. The smallest feature is the 

SiO2 length, 𝐿𝑆𝑖𝑂2 = 70 nm. An SEM image of the SWGs before cladding 

deposition is shown in Fig. 3.8(d). 

 
Fig. 3.8: (a)-(c) Nominal and OPC layouts of the SWG-MMI. The OPC model made the 

Si lines in the SWG narrower and modified the SWG edges. (d) Corresponding SEM 

image before the SiO2 cladding deposition  
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Fig. 3.9 shows SEM images of SWG-MMI multimode sections with the 

three different duty cycles considered in our design of experiment, 

𝐷𝐶 ≈ 0.37, 0.50, 0.63. The measured SiO2 lengths, 𝐿𝑆𝑖𝑂2
, were relatively 

close to the nominal values. The maximum deviation between the 

measured and nominal 𝐿𝑆𝑖𝑂2
 was 8 nm in the SWG MMI with 𝐷𝐶 = 0.37. 

These results demonstrate that the OPC calibration is good, but further 

optimization is possible. 

 
Fig. 3.9: SEM images of SWG MMI sections with different duty cycles, 𝐷𝐶. 

(a) 𝐷𝐶 ≈ 0.37, (b) 𝐷𝐶 ≈ 0.50, (c) 𝐷𝐶 ≈ 0.63.   
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3.5.3 Experimental characterization protocol 

Experimental characterizations were carried out at the C2N facilities. 

The characterization bench is schematically represented in Fig. 3.10. A 

tunable laser source is connected to a CT400 passive component 

tester. The laser output of the CT400 is connected to a polarization 

controller which is adjusted to inject TE-polarized light into the chip, 

using a cleaved SMF-28 single mode fiber. The same kind of fiber is 

used to collect the light from the output grating coupler. The 

transmission is characterized as a function of the wavelength using the 

CT400.  

 
Fig. 3.10: (a) Characterization bench (b) Photonic circuit based on an asymmetric 

Mach-Zehnder interferometer (MZI) containing two nominally identical SWG-MMIs.  

Fig. 3.10(b) describes the asymmetric Mach-Zender interferometer 

(MZI) configuration used to experimentally characterize the three key 

figures of merit, insertion loss, imbalance and phase errors [122]. The 
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asymmetric MZI comprises two nominally identical SWG-MMIs. The 

first SWG-MMI splits the input optical beam into the delay and 

reference lines, which are then recombined by the second SWG-MMI. 

The delay and reference lines are similar single mode waveguides, with 

different lengths. This difference in length between the delay and 

reference lines, Δ𝐿 , causes the signals to recombine with a phase 

difference, ΔΦ(𝜆) =
2𝜋 𝑛𝑒𝑓𝑓

𝜆
 Δ𝐿, where 𝑛𝑒𝑓𝑓 is the effective index of the 

delay or reference line and 𝜆 is the wavelength. Due to this phase 

difference, ΔΦ , constructive and destructive interference occur, 

depending on the wavelength, forming an interference pattern (see Fig. 

3.11).      

The interference pattern consists of a series of maxima and minima. 

The separation between two consecutive maxima or minima is referred 

to as the free spectral range, 𝐹𝑆𝑅, and is given by 𝐹𝑆𝑅 =
𝜆2

Δ𝐿 𝑛𝑔(𝜆)
 where 

𝑛𝑔 is the group index of the delay or reference waveguide. In our MZI 

circuit, Δ𝐿 ≈  515 µm and 𝑛𝑔 ≈  4, resulting in a 𝐹𝑆𝑅 ≈  1 nm at 

𝜆 ≈ 1550 nm.    

The experimental protocol essentially consists of aligning the input 

and output fibers above the grating couplers, adjusting the 

polarization and varying the wavelength using the CT400 which piloted 

the tunable laser source. The transmission spectra from both the upper 

and lower outputs are recorded and subtracted from a previously 

measured transmission spectrum of a reference circuit consisting 

solely of the input grating and output grating couplers (without the 

SWG-MMIs) measured with the same fiber angles. The normalized up 

and down transmission spectra, which are the MZI interference 

patterns, are shown in Fig. 3.11. From the measured transmission 

spectra, the three figures of merit are determined using similar 

procedures as in [122–125].  
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Fig. 3.11: MZI transmission from the upper and lower outputs. The response of the 

input and output grating couplers (from the reference circuit) were removed.   

Excess losses (𝐸𝐿) for 1 SWG-MMI are obtained from the difference 

between the 0-dB reference line and the maxima of either the upwards 

or downwards transmissions, divided by 2. Ideally, the maxima are on 

the 0-dB line.  

The power imbalance (𝐼𝐵) is determined by calculating the extinction 

ratios in the upper output transmission (green curve in Fig. 3.11). In dB, 

the extinction ratio (𝐸𝑅) is the difference in transmission between two 

adjacent maximum and minimum points. If the MMI is perfectly 

balanced, complete constructive and destructive interference would 

occur and the extinction ratio would be infinite. For an unbalanced 

lossless MMI, the power coupling coefficient 𝜅  can be determined 

from the extinction ratio as in Eq. (3.10) (see [123] for the derivation of 

the equation).  

 𝜅 =
1

2
±

1

2 √
1

10
𝐸𝑅(𝑑𝐵)

10

 Eq. (3.10) 

where 𝐸𝑅(𝑑𝐵) is the extinction ratio in dB.  

 

The power coupling coefficients of a lossy MMI in the two MMI output 

arms are 𝜂𝜅 and 𝜂(1 − 𝜅) where 𝜂 is the total transmission of the MMI: 
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𝜂 = 10−
𝐸𝐿 (𝑑𝐵)

10 . The magnitude of the power imbalance (𝐼𝐵) is given by 

the ratio of these coefficients and is invariant of the transmission, as 

per Eq. (3.11):   

 𝐼𝐵 = |10 log (
𝜅

1 − 𝜅
)| Eq. (3.11) 

where 𝜅 is the power coupling coefficient in the output waveguide of 

the MMI. For a perfectly balanced MMI, with 𝜅 = 0.5, the extinction 

ratio, 𝐸𝑅, tends to infinity and the power imbalance, 𝐼𝐵, tends to 0 dB. 

It is important to note that the imbalance can only be determined from 

the upper output port, for light injection in the upper port. As shown 

in Fig. 3.12, the minimum transmission is always null in the lower 

output port of the MZI, regardless the value of 𝜅 , causing the 

extinction ratio to be larger in this port, giving an incorrect value of the 

imbalance.  

 
Fig. 3.12: Minimum transmission of the MZI in the (a) upper output port is non-null 

while (b) in the lower port is always null. In (b), the extinction ratio is infinite and 

cannot be used to calculate the power imbalance   

The phase errors (𝑃𝐸) in radians are determined as:  

 
𝑃𝐸 (𝑟𝑎𝑑) = 𝜋

Δ𝜆

𝐹𝑆𝑅
+

𝜋

2
 Eq. (3.12) 

where Δ𝜆 is the difference in wavelength between a minimum in the 

lower output transmission and an adjacent minimum in the upper 

output transmission, 𝐹𝑆𝑅 is the free spectral range (see Fig. 3.11). 
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Broadband characterization is carried out using 4 different tunable 

laser sources, each covering a specific wavelength range. Also, 2 

different MZI circuits, with nominally identical SWG-MMIs, and 2 

different grating couplers (GC1 and GC2) have been characterized. GC1 

enabled characterization in the wavelength range from 

1300 – 1400 nm with fiber angles ~ +18°, and from 1500 – 1680 nm 

with fiber angles ~ − 18°. Characterization over the remaining 

1400 – 1500 nm range was enabled by GC2 with fiber angles ~ +18°. 

In addition, due to the limited bandwidth of the grating coupler 

(~ 50 nm at -3 dB coupling efficiency), several measurements were 

made for a given laser source and MZI circuit, with slightly different 

fiber angles to cover smaller complementary wavelength ranges. These 

were then stitched together.   

The resolution of the wavelength scan of the CT400 was set to 1 pm 

for accurate phase error measurement. The output power of each laser 

source was set to 2 mW, which was the maximum power delivered by 

one of the tunable laser sources. A higher laser power increases the 

chance for the minimum transmission to be greater than detector 

noise floor.  

3.5.4 Results and discussion 

This section is divided into two parts. In the first part, the measured 

figures of merit of the SWG MMI with a fixed MMI length, 

𝐿𝑀𝑀𝐼  = 15.86 µm, and varied duty cycles 𝐷𝐶 ≈  0.37, 0.50, 0.63 are 

presented. Fig. 3.13, Fig. 3.14 and Fig. 3.15 show the measured excess 

loss, 𝐸𝐿, power imbalance, 𝐼𝐵, and phase errors, 𝑃𝐸, respectively.     

The different colors indicate different measurement windows with 

different fiber angles on the different MZI circuits (with different 

grating couplers) and different laser sources. They were smoothed 

using a moving average to give the black curve. The corresponding 

simulations were shown with a red dotted curve. For 𝐸𝐿 and 𝐼𝐵, the 

grey dotted lines indicate the 1-dB level. For 𝑃𝐸, they indicated the 

± 5° levels. 

The measured excess losses present marked discontinuities at the 

boundaries between different spectral windows measured with 
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different grating coupler angles and laser sources. In principle, the 

normalization with a reference waveguide should cancel out these 

effects. However, discrepancies appear, mainly at the band edges, far 

from the maximum of the peak coupling efficiency of the grating 

couplers. This problem could be solved in future realizations using 

edge couplers.  

At wavelengths below 1400 nm, resonance effects are observed which 

result in noisier measurements in the 𝐸𝐿, 𝐼𝐵 and 𝑃𝐸. These resonance 

effects have also been observed in [56,105]. This increase in noise level 

could come from undesired reflections caused by an “internal 

resonance” between simultaneously occurring general and symmetric 

self-imaging mechanisms [98]. Another reason could be reflections at 

the sidelobes of the SWG metamaterial bandgap at these smaller 

wavelengths [54], which could be mitigated by reducing the SWG 

period.  

The best results were obtained for a 𝐷𝐶 = 0.50. Considering the central 

wavelength per measurement window, where the measurement error 

is lowest, 𝐸𝐿 < 1 dB, 𝐼𝐵 < 1 dB and 𝑃𝐸 < ± 5° were obtained on the 

wavelength range 𝜆  = 1330 – 1680 nm. They agreed well with the 

simulations on this wavelength range.  

 

Reasonably good results were obtained for a 𝐷𝐶 ≈ 0.63. Similar results 

were obtained as with the 𝐷𝐶 = 0.50 on the same large wavelength 

range 𝜆 = 1330 – 1680 nm, but the measured imbalance was slightly 

higher, 𝐼𝐵 ≈ 1 dB. The measured 𝐼𝐵 was also higher than simulated.   

For 𝐷𝐶 ≈ 0.37, the 𝐼𝐵 > 1 dB on the whole wavelength range and the 

𝑃𝐸 < ± 5° on a smaller wavelength range 𝜆 = 1450 – 1680 nm. This 

performance was worse than simulated. This may be attributed to the 

OPC model being non-optimal for this duty cycle, resulting in higher 

deviations between fabricated and nominal dimensions (see Fig. 

3.9(a)).  
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Fig. 3.13: Measured and simulated excess losses for a SWG-MMI length fixed at 

𝐿𝑀𝑀𝐼 = 15.86 µm and the duty cycles of (a) 𝐷𝐶 ≈ 0.37, (b) 𝐷𝐶 ≈ 0.50 and 

(c) 𝐷𝐶 ≈ 0.67. The different colors indicate the different discrete measurement 

windows. Black curves are the averaged measurements. The dotted red line shows the 

simulation results. The dotted grey line indicates the 1-dB level.    
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Fig. 3.14: Measured and simulated power imbalance for a SWG-MMI length fixed at 

𝐿𝑀𝑀𝐼 = 15.86 µm and the duty cycles of (a) 𝐷𝐶 ≈ 0.37, (b) 𝐷𝐶 ≈ 0.50 and 

(c) 𝐷𝐶 ≈ 0.67.  
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Fig. 3.15: Measured and simulated power errors for a SWG-MMI length fixed at 

𝐿𝑀𝑀𝐼 = 15.86 µm and the duty cycles of (a) 𝐷𝐶 ≈ 0.37, (b) 𝐷𝐶 ≈ 0.50 and 

(c) 𝐷𝐶 ≈ 0.67. 
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In the second part of this section, the measured figures of merit of the 

SWG-MMI with a fixed duty cycle, 𝐷𝐶 = 0.50, and varied MMI lengths, 

𝐿𝑀𝑀𝐼 =  14.81 µm, 15.86 µm and 16.81 µm are presented. The 

measured 𝐸𝐿 , 𝐼𝐵 , 𝑃𝐸  are shown in Fig. 3.16, Fig. 3.17 and Fig. 3.18 

respectively.  

𝐿𝑀𝑀𝐼 = 15.86 µm showed the best results. As mentioned earlier, the 

measured 𝐸𝐿 < 1 dB, 𝐼𝐵 < 1 dB and 𝑃𝐸 < ± 5° were obtained on the 

wavelength range 𝜆  = 1330 – 1680 nm and agreed with the 

simulations.  If 𝐿𝑀𝑀𝐼 = 14.81 µm, the performance is degraded, with 

𝐸𝐿  < 1 dB on a smaller wavelength range 𝜆  = 1550 – 1680 nm. 

However, 𝐼𝐵 ≈ 1 dB and 𝑃𝐸 < ± 5° on a large wavelength range of 

𝜆 = 1330 – 1680 nm. As for 𝐿𝑀𝑀𝐼 = 16.81 µm, the worst performance 

was obtained with 𝐸𝐿 > 1 dB on almost the whole wavelength range 

and 𝑃𝐸 < ± 5° only on a small wavelength range 𝜆 = 1350 – 1570 nm. 

An 𝐼𝐵  < 1 dB was obtained on a larger wavelength range though. 

These results show that a deviation of ± 1 µm in the MMI length could 

be detrimental to the broadband operation of the SWG-MMI.         
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Fig. 3.16: Measured excess losses with fixed duty cycle, 𝐷𝐶 = 0.50 and varied MMI 

lengths, 𝐿𝑀𝑀𝐼 . In (a) 𝐿𝑀𝑀𝐼 ≈ 14.81 µm, (b) 𝐿𝑀𝑀𝐼 ≈ 15.86 µm, (c) 𝐿𝑀𝑀𝐼 ≈ 16.81 µm. 
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Fig. 3.17: Measured power imbalance with fixed duty cycle, 𝐷𝐶 = 0.50 and varied 

MMI lengths, 𝐿𝑀𝑀𝐼 . In (a) 𝐿𝑀𝑀𝐼 ≈ 14.81 µm, (b) 𝐿𝑀𝑀𝐼 ≈ 15.86 µm, 

(c) 𝐿𝑀𝑀𝐼 ≈ 16.81 µm. 
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Fig. 3.18: Measured phase errors with fixed duty cycle, 𝐷𝐶 = 0.50 and varied MMI 

lengths, 𝐿𝑀𝑀𝐼 . In (a) 𝐿𝑀𝑀𝐼 ≈ 14.81 µm, (b) 𝐿𝑀𝑀𝐼 ≈ 15.86 µm, (c) 𝐿𝑀𝑀𝐼 ≈ 16.81 µm. 
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3.6 CONCLUSION AND PERSPECTIVES  

An ultra-broadband 2x2 3-dB SWG-MMI coupler, fabricated by 

immersion lithography at the CEA-Leti facilities, has been 

experimentally characterized. Excess losses, 𝐸𝐿  < 1 dB, a power 

imbalance, 𝐼𝐵  < 1 dB, and phase errors, 𝑃𝐸  < ±  5° have been 

measured over a wavelength range of 𝜆  = 1330 – 1680 nm, 

corresponding to a bandwidth of 350 nm, for the fundamental TE 

polarization. This bandwidth largely surpasses that of a conventional 

MMI without SWG elements (~ 100 nm). The SWG-MMI length was 

also half that of a conventional design. 

Such a large bandwidth and reduced MMI length have been obtained 

by engineering the SWG modal dispersion such that the MMI beat 

length remained constant over a large wavelength range.  

In the SWG-MMI, only a single full etch step was required. The best 

results were obtained with an SWG period Λ = 190 nm, and a duty 

cycle, 𝐷𝐶  = 0.50 (resulting into a minimum feature size of 95 nm). 

Reasonably good performance was also obtained with the same 

Λ = 190 nm and a 𝐷𝐶 = 0.63 (with a minimum feature size of 70 nm), 

except that the power imbalance was slightly higher (around 1 dB) on 

the same wavelength range of 1330 – 1680 nm. These results were 

presented at the Photonics North Conference in Canada in June 

2023 [126].  

The reported MMIs reached similar performance to another SWG-MMI 

with comparable dimensions but fabricated by e-beam lithography 

[56], indicating the feasibility of using SWG-engineered MMIs as part 

of industrial photonic design kits. Our demonstration also showed a 

larger bandwidth than another SWG-MMI fabricated using immersion 

lithography that was designed with a different SOI thickness [83]. 

However, resonance effects were observed at smaller wavelengths 

𝜆 ≤ 1400 nm. The origin of this resonance must be further investigated. 
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4 SWG-ENGINEERED L-SHAPED GRATING COUPLER 

WITH HIGH COUPLING EFFICIENCY 

Grating couplers are passive silicon photonics devices used to couple 

light between the on-chip waveguide and an external optical fiber 

placed above the chip surface. This chapter is dedicated to the study 

of a non-conventional grating coupler based on SWG metamaterials 

implemented on an L-shaped geometry that interleaves full and 

shallow etch steps. The gratings have been fabricated using immersion 

lithography and OPC. A high coupling efficiency with a standard 

optical fiber of -1.70 dB (68 %) has been measured at a wavelength of 

1550 nm.   

The outline of this chapter is as follows. First, the most widespread 

solutions to the fiber-chip coupling problem, which are edge couplers 

and surface grating couplers, are presented. As grating couplers allow 

for wafer-level testing, our work was focused on grating couplers. Their 

working principles and a corresponding literature review are then 

given. From the review, a promising high efficiency grating coupler 

concept, proposed by Benedikovic et al. [127], and compatible with 

CEA-LETI’s pilot line was identified. This design uses L-shaped grating 

teeth combined with SWG elements. Such a grating coupler was 

redesigned to match CEA-LETI’s fabrication specifications. Our 

corresponding design methodology and simulation results are then 

presented, followed by the fabrication and experimental 

characterization of the grating coupler. Finally, our conclusions and 

perspectives are drawn.    

4.1 THE FIBER-CHIP COUPLING PROBLEM AND ITS MAIN SOLUTIONS 

Efficiently interfacing an on-chip photonic waveguide with the external 

world (usually with optical fibers) is a key functionality for photonic 

integrated chips. However, efficient coupling is challenging since the 

modal size of the photonic waveguide (~ 500 nm) is much smaller than 

the mode field diameter of an optical fiber ( 𝑀𝐹𝐷 ~10  µm) 

[13,128,129]. Nowadays, there exists two main solutions: edge couplers 

(ECs) and grating couplers (GCs). 
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Fig. 4.1: (a) Typical edge coupler (EC). Image from Nambiar et al. [129] (b) Typical 

surface grating coupler (GC). Image from Cheng et al. [13] 

Edge couplers, also referred to as butt, end-fire, or in-plane couplers, 

couple light horizontally at the lateral edges (facets) of a photonic chip 

to or from an optical fiber which is usually lensed. Fig. 4.1(a) 

schematically shows a basic EC, that consists of an inversely tapered 

waveguide in which the width is progressively reduced, deconfining 

the optical mode such that the modal size at the chip edge approaches 

that of the fiber. Using ECs, the typical coupling efficiency between a 

silicon waveguide and a single mode fiber at a wavelength of 1550 nm 

is around -2 dB [130]. Edge couplers have also low  polarization 

dependent loss (< 1 dB) and can be considered broadband  with typical 

1-dB bandwidth exceeding 200 nm [129]. However, ECs have relatively 

low fiber-alignment tolerance, resulting in ~1 dB penalty for 500 nm 

misalignment [131]. They also suffer from a large footprint and are 

generally not compatible with wafer-level testing [13]. 

SWG-metamaterials have also been successfully used for the 

realization of ECs. Examples include SWGs as anti-reflective structures 

at the facets [132], SWGs for ultra-high coupling efficiency, bandwidth 

and polarization independence [53] and SWGs as metamaterial 

mode-size converters [133].  

Grating couplers, also referred as surface or vertical or off-plane 

couplers, couple light by diffraction to or from an optical fiber, which 

is placed near-vertically above the chip surface (see Fig. 4.1(b)). More 

details on the working principles are given in section 4.2. Compared to 

ECs, GCs usually have smaller bandwidth and are highly polarization 

sensitive due to their diffractive nature. However, they enable practical 

wafer level-testing as they can be placed anywhere on the chip. Unlike 

ECs, GCs usually are used to couple light with standard non-lensed 



 

65 

 

fibers and have thus more relaxed fiber-alignment tolerance, with 1 dB 

penalty for 2 µm misalignment [131]. Achieving high coupling 

efficiency on a standard SOI platform, however, is challenging. 

Currently, grating couplers provided in CEA-Leti’s PDK have coupling 

efficiencies of around -2 dB (63 %) at telecom wavelengths.   

4.2 FIBER-CHIP GRATING COUPLER WORKING PRINCIPLE 

The purpose of a GC is to couple light between a photonic waveguide 

on the chip and an external optical fiber. The fiber is placed 

near-vertically above the chip surface (see Fig. 4.2). GCs can be used 

as input, coupling light from the fiber into the chip waveguide, or as 

output, coupling light from the chip waveguide to the fiber. In both 

cases, the operation principles are the same.  

 

 
Fig. 4.2: 2D cross-section schematic of a conventional grating coupler. 
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To facilitate the explanation, the output GC case is considered. To 

simplify the problem, a 2D cross-section in the 𝑥-𝑧 plane is considered, 

considering an infinite size along the 𝑦-axis.  

A GC is made up of periodic variations of the index profile in a 

waveguide. In conventional GCs, a single partial, or single full etch is 

usually performed to create this index profile. Each grating period, Λ, 

consists of an etched part of length, 𝐿𝑆𝑖𝑂2
, and of a silicon unetched 

part of length, 𝐿𝑆𝑖 . The grating period is defined as Λ = 𝐿𝑠𝑖 + 𝐿𝑆𝑖𝑂2
. The 

duty cycle in each period is 𝐷𝐶 = 𝐿𝑆𝑖/Λ.  

4.2.1 Phase matching condition 

As the period Λ  is greater than half of the effective wavelength 

𝜆/2𝑛𝑒𝑓𝑓, where 𝜆 is the free space wavelength and 𝑛𝑒𝑓𝑓 the effective 

index of the mode supported by the grating, the GC works in the 

diffractive regime. Light is then diffracted following the phase 

matching condition:  

 𝑛𝑐 sin 𝜃 = 𝑛𝐵 + 𝑚
𝜆

Λ
 Eq. (4.1) 

where 𝑛𝑐 is the index of the upper cladding, 𝜃 is the diffraction angle 

in the upper cladding with respect to the vertical 𝑧 -axis, 𝑚  is the 

diffraction order, 𝑛𝐵 is the effective index of the Bloch-Floquet mode 

in the grating. For an initial grating design, 𝑛𝐵 can be approximated by 

an average of the effective indices in the unetched silicon regions, 

𝑛𝑒𝑓𝑓(𝑆𝑖), and the etched regions, 𝑛𝑒𝑓𝑓(𝑆𝑖𝑂2):   

 𝑛𝐵 ≈ 𝐷𝐶 × 𝑛𝑒𝑓𝑓(𝑆𝑖) + (1 − 𝐷𝐶) × 𝑛𝑒𝑓𝑓(𝑆𝑖𝑂2) Eq. (4.2) 

Solutions of the phase matching condition can be represented by wave 

vector diagrams [128]. Fig. 4.3 shows a wave vector diagram for 

perfectly vertical coupling. Although this configuration is desirable to 

facilitate packaging, it is often avoided as the grating operates in the 

Bragg reflection regime, causing high reflections into the waveguide 

via the 𝑚 = 2 diffraction order. This Bragg reflection is usually avoided 

by designing the grating to emit the first order at a small angle from 

the vertical, typically ~ 8° in the SiO2 encapsulation.   
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Fig. 4.3: Wave vector diagram for perfect vertical coupling, limited by high second 

order Bragg-reflections. Image from Marchetti et al. [128].  

4.2.2 Coupling efficiency  

Upon incidence on the grating, light incoming from the input 

waveguide is scattered in all directions (see Fig. 4.2). The following 

optical powers are defined:  

• 𝑃𝑖𝑛 is the input optical power injected by the waveguide.  

• 𝑃𝑢𝑝 is the power emitted upwards.  

• 𝑃𝑑𝑜𝑤𝑛  is the power diffracted downwards and lost into the 

substrate.  

• 𝑃𝑟𝑒𝑓 is the power reflected into the waveguide.  

The grating is long enough such that the residual optical power at the 

end of the grating is negligible.  

By conservation of energy, 𝑃𝑖𝑛 = 𝑃𝑢𝑝 + 𝑃𝑑𝑜𝑤𝑛 + 𝑃𝑟𝑒𝑓 . By normalizing 

with 𝑃𝑖𝑛, the following expression is obtained:  

 
𝜂𝑢𝑝 + 𝜂𝑑𝑜𝑤𝑛 + 𝜂𝑟𝑒𝑓 = 1 Eq. (4.3) 

where 𝜂𝑢𝑝,𝑑𝑜𝑤𝑛,𝑟𝑒𝑓  are the corresponding power fractions in the 

corresponding directions. For the optimization of the grating coupling 

efficiency, all the optical power that is not diffracted upwards towards 

the fiber is considered lost. In addition, to be efficiently coupled to the 

fiber, the profile of the upwards emitted field should match with the 

Gaussian fiber mode with the corresponding mode field diameter 

(MFD). The coupling efficiency, 𝜂𝐶𝐸 , which is the ratio of the optical 
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power coupled to the fiber to the optical power in the waveguide, is 

therefore defined as:    

 𝜂𝐶𝐸 = 𝜂𝑢𝑝 × 𝜂𝑂𝐿 Eq. (4.4) 

where 𝜂𝑂𝐿  is the modal overlap, which is essentially a convolution 

mathematical operation between the emitted field, 𝐹(𝑥) , and the 

Gaussian fiber mode, 𝐺(𝑥):  

 𝜂𝑂𝐿 =
| ∫ 𝐹(𝑥). 𝐺∗(𝑥) 𝑑𝑥|2

∫ |𝐹(𝑥)|2 𝑑𝑥 ∫ |𝐺(𝑥)|2𝑑𝑥
 Eq. (4.5) 

A figure of merit generally used to evaluate the performance of GCs is 

the directionality, 𝜂𝑑𝑖𝑟, defined as:   

 𝜂𝑑𝑖𝑟 =
𝜂𝑢𝑝

𝜂𝑢𝑝 + 𝜂𝑑𝑜𝑤𝑛
 Eq. (4.6) 

where 𝜂𝑢𝑝  and 𝜂𝑑𝑜𝑤𝑛  are the optical power fractions going up 

(towards the fiber) and going down (lost in the substrate) respectively.  

 

Using Eq. (4.3) and Eq. (4.6), the power fraction radiated upwards can 

be expressed as 𝜂𝑢𝑝 = 𝜂𝑑𝑖𝑟 × (1 − 𝜂𝑟𝑒𝑓). Then, the coupling efficiency, 

𝜂𝐶𝐸 , can be calculated as:     

 
𝜂𝐶𝐸 = 𝜂𝑑𝑖𝑟 × (1 − 𝜂𝑟𝑒𝑓) × 𝜂𝑂𝐿 Eq. (4.7) 

where 𝜂𝑑𝑖𝑟 is the directionality, 𝜂𝑟𝑒𝑓 is the reflected power fraction and 

𝜂𝑂𝐿 is the modal overlap.   

Eq. (4.7) and Eq. (4.4) are equivalent definitions of the coupling 

efficiency, but Eq. (4.7) gives more insight by separating the grating 

directionality, 𝜂𝑑𝑖𝑟, and the reflections, 𝜂𝑟𝑒𝑓. 

An ideal GC should have a high directionality, 𝜂𝑑𝑖𝑟  = 1, low 

back-reflections, 𝜂𝑟𝑒𝑓 = 0, and high modal overlap, 𝜂𝑂𝐿 = 1, such that 

the coupling efficiency is 𝜂𝐶𝐸 = 1 = 100 % = 0 dB.  

So far, a 2D-cross section of the grating coupler has been considered. 

However, the real problem is in 3D and the diffracted mode should 

also match the fiber mode along the transverse 𝑦-axis. To do so, the 
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usual method consists of using a linear adiabatic taper to expand the 

waveguide width from 500 nm to 15 µm, yielding a mode size 

matching that of a typical fiber mode ~ 10 µm. However, adiabatic 

tapers generally have a considerable length between 300 µm and 

500 µm. Focusing grating couplers have been proposed to reduce the 

length to less than 20 µm [134]. In such GCs, the grating lines are 

curved to focus light into the optical fiber (see Fig. 4.4).    

 
Fig. 4.4: SEM image of the focusing grating coupler at CEA-Leti. 

4.3 GRATING COUPLER LITERATURE REVIEW 

This section has been divided into three sub-sections, each 

summarizing reported techniques to optimize one key parameter, 

namely directionality, back reflections and modal overlap. 

4.3.1 Enhancing directionality  

In single-layer SOI stacks, the directionality is 50 % for fully etched 

gratings, due to the vertical symmetry. This vertical symmetry can be 

broken by partial etching and optimizing the etch depth to increase 

directionality (see Fig. 4.5(a)). To further increase directionality, the 

BOX thickness can be optimized [135,136] to maximize constructive 

interference between the upward diffracted light and the reflected 

light at the BOX-substrate interface (see Fig. 4.5(b)). Chen et al. 

experimentally demonstrated a high coupling efficiency of -1.20 dB 

(76 %) by optimizing the shallow etched grating on a 340 nm-thick SOI 

[137]. However, for 220 nm-thick SOI with a single partial etch, 

coupling efficiency is capped to -1.88 dB (65 %) in the telecom bands 

due to directionality limitations [131]. 
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Fig. 4.5: Directionality optimization based on: (a) Etch depth optimization. Image 

from Chen et al. [137] (b) BOX thickness optimization. Image from Schmid et al. [135] 

Additional materials can be used to improve directionality (see Fig. 4.6) 

and obtain coupling efficiencies > -1 dB. For example, a mirror can be 

added at the BOX-substrate interface to reflect light towards the fiber 

and interfere constructively with the upward diffracted light. The mirror 

can be a metal [138] or a distributed Bragg reflector. Another example 

consists of adding a Si-overlay [139] which induces constructive 

interference in the upwards direction by adding a 𝜋  phase shift 

between two scatter centers (which are the etched and unetched parts) 

[129]. However, these solutions add fabrication complexity and 

increase the fabrication costs.  

 
Fig. 4.6: Directionality enhancement strategies using additional materials: (a) Bottom 

mirrors with Distributed Bragg Reflectors (DBRs), (b) Si-overlay, (c) Simulated Electric 

fields. Images from Nambiar et al. [129] 
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Fig. 4.7: Examples of blazed gratings. (a) Slanted grating. Image from Schrauwen et 

al. [140]. (b) L-shaped grating. Image from Benedikovic et al. [127]. (c) U-shaped 

grating. Image from Benedikovic et al. [141]. 

Another way of breaking the vertical symmetry is by implementing 

blazed gratings (see Fig. 4.7) that favor constructive interference in the 

upwards direction by acting as micro-prisms [142]. Their directionality 

is intrinsic and is independent of the BOX thickness. Several slanted 

gratings have been proposed, but the continuous slope is complicated 

to fabricate [140,143–145]. Alternatively, slanted gratings can be 

discretized into multilevel step gratings. Their fabrication is possible 

with multiple etch steps and controlled alignment. Such gratings are 

found in the literature in the form of  L-shaped profiles [127,146–153] 

or U-shaped profiles, also referred to as interleaved structures, 
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[154,155,141,156]. These structures can achieve directionalities as high 

as 95 %. Michaels et al. proposed another dual-layer grating, with a 

simulated coupling efficiency of -0.035 dB (99 %), but this design 

would require very complex fabrication steps [157].  

Table 4.1 gives a comparison of shallow etched gratings and some of 

the reported blazed gratings on SOI platforms. 

Reference Technique 
𝜼𝒅𝒊𝒓 (%) 

(Sim.) 
𝜼𝑪𝑬 (𝒅𝑩) 

2010 Chen et 

al. [137] 

Shallow etch 

(e-beam fab.) 
90 

Sim. = -0.75 

Exp. = -1.20 

2011 Mekis et 

al. [158] 

Shallow etch 

(CMOS line fab.) 

Not 

available 
Exp. = -1.25 

2007 

Schrauwen et 

al. [140] 

Slanted GC (focus 

ion beam fab.) 
90 

Sim. = -1.94 

Exp. = -3.32 

2017 

Benedikovic et 

al. [147] 

L-shapes  

with SWGs  

(DUV fab.) 

98 
Sim. = -2.20 

Exp. = -2.70 

2017 Chen et 

al. [149] 

L-shapes  

with SWGs  

(e-beam fab.) 

95 
Sim. = - 0.70 

Exp. = -1.90 

2023 Vitali et 

al. [152] 

L-shapes  

without SWGs 

(e-beam fab.) 

97 
Sim. = -0.28 

Exp. = -0.80 

This work 

L-shapes  

with SWGs  

(immersion DUV 

fab.) 

99 
Sim. = - 0.80 

Exp. = -1.70 

2015 

Benedikovic et 

al. [141] 

U-shapes  

with SWGs 

(e-beam fab.) 

95 
Sim. = -1.05 

Exp. = -1.30 

2015 

Benedikovic et 

al. [156] 

U-shapes  

with SWGs 

(DUV fab.) 

95 
Sim. = -1.10 

Exp. = -2.00 

Table 4.1: Examples of SOI grating couplers, fab. = fabrication, Sim. = simulated, 

Exp. = experimentally measured  
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4.3.2 Reducing back-reflections  

Back-reflections in GCs mainly come from two sources: Bragg 

reflections and Fresnel reflections. 

As discussed in section 4.2.1, Bragg reflections are usually avoided by 

designing the grating to emit/receive at a small angle from the vertical. 

However, if a vertical radiation angle is desired, an additional etched 

slit can be added (see Fig. 4.8(a)), acting as a partially reflecting mirror 

causing destructive interference of this Bragg reflection [159]. In this 

case, the reflections are reduced from 55 % without the slit, to 1 % with 

the slit.  

Fresnel reflections arise from the index mismatch between the 

waveguide and grating region. For instance, shallow etched gratings 

have lower index mismatch and hence have lower back-reflections, of 

~0.6 % in a Si/SiO2 grating. On the other hand, fully etched gratings 

exhibit strong back reflections of ~17 % [160,161].  

 
Fig. 4.8: Techniques to reduce back-reflections: (a) Additional slit. Image from 

Roelkens et al. [159]. (b) Additional slot. Image from Hoffmann et al. [161]. (c) Re-

focusing grating lines. Image from Li et al. [162]. (d) Asymmetric grating trenches. 

Image from Song et al. [163]. (e) Sub-teeth with a 𝜆/4 offset. Image from Zou et al. 

[164] 

Other strategies to reduce back-reflections are shown in Fig. 4.8. To 

destructively interfere the back-reflections, Hoffmann et al. proposed 

an additional silicon slot which fills half the first etch [161]. Although 
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back-reflections were reduced to 4 %, this only works for GCs for which 

the diffraction angle 𝜃< 0. Another way to reduce back-reflections into 

the waveguide is to re-focus them away by curving the grating lines 

[162,165,166]. This, however, does not increase coupling efficiency, as 

energy in the reflections has not been re-directed towards the fiber. 

Similarly, asymmetric grating trenches were proposed to re-direct 

away the reflections but caused a 0.3 dB penalty in coupling efficiency 

[163,167]. Another strategy is to implement multiple sub-teeth with a 

𝜆/4  offset per grating line, where 𝜆  is the wavelength, to cause 

destructive interference of back reflected light. Although 

back-reflections were reduced to -25 dB, they come at the expense of 

an extra coupling loss of 0.8 dB due to an extra phase difference 

induced by this 𝜆/4 offset.  

 
Fig. 4.9: Reducing back-reflections using SWGS. (a) SWG minor grating teeth, Image 

from Wang et al. [160] (b) Transversal SWGs. Image from Halir et al. [168] (c) 

Photonic crystal triangular lattice of nanoholes. Image from Ding et al. [169] 

Most of the previously described strategies do not efficiently convert 

the back-reflections into power radiated towards the fiber and hence, 
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do not contribute to increasing the coupling efficiency. SWGs on the 

other hand, were able to do so by reducing the index contrast between 

the waveguide and grating regions (see Fig. 4.9). They have been 

implemented as SWG minor grating teeth (see Fig. 4.9(a)). In [160], the 

SWG minor teeth reduced back-reflections from -7.7 dB (17 %) down 

to -20 dB (0.01 %) in gratings with a constant period, also known as 

uniform gratings. SWGs have also been implemented as transversal 

rectangular SWGs in the first grating period [147,155] and along the 

other grating periods (see Fig. 4.9(b)) [127,151,168,170,55,171]. In the 

first demonstration of these rectangular SWG-engineered GCs by Halir 

et al., back-reflections were reduced down to 1 % in uniform gratings 

[168]. SWGs made up of circular nanoholes (see Fig. 4.9(c)) 

[169,172,173] have also reduced back-reflections to ~ 1 %.    

Reducing beck-reflections can be done by apodization, in which the 

grating period and duty cycle are varied (see section 4.3.3). For 

example, Antelius et al. reduced back-reflections in completely-etched 

gratings from 21 % to 0.1 % through apodization [136]. Halir et al. 

reduced back-reflections from 1 % to 0.1 % through apodization using 

transversal SWG rectangles [168].    

4.3.3 Increasing modal overlap  

In a uniform GC (same period and duty cycle along the grating), the 

radiated field has an exponentially-decaying profile,  

𝑃(𝑥) = 𝑃0 exp(−2𝛼𝑥), where 𝑃0 is the power in the waveguide and 𝛼 is 

the grating radiation strength, which is the power diffracted upwards 

per grating period [13] . The maximum theoretical overlap between 

this decreasing exponential profile and the Gaussian fiber mode, 𝐺(𝑥), 

is ~ 80 %, and thus limits the coupling efficiency [174]. To increase the 

modal overlap, 𝛼  can be varied along the grating, such that the 

diffracted field matches better with the Gaussian profile (see Fig. 4.10). 

Such gratings with varied 𝛼 are said to be apodized (or chirped). 

The grating radiation strength, 𝛼, can be controlled by varying the duty 

cycle [131,137,136,174–178] or the etch depth [179,180]. However, the 

etch depth is difficult to control and varying the duty cycle is generally 

the preferred solution. When apodizing the GC, the local grating index 

𝑛𝐵 changes, which also changes the diffraction angle 𝜃, as described 
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by Eq. (4.1). The grating period Λ  should therefore be adapted 

accordingly to maintain a fixed radiation angle along the grating.       

 
Fig. 4.10: Apodization increases modal overlap and hence coupling efficiency. Image 

from Halir et al. [168]. 

To produce a Gaussian mode, the grating strength should be low at 

the beginning and increase progressively along the grating. Hence, the 

ability to correctly apodize a GC is given by the minimum grating 

strength available, which is set by the minimum fabricable duty cycle, 

which is itself set by the minimum critical dimension of the lithography 

process (CDmin). By using SWGs, the minimum grating strength can be 

lowered for a given CDmin, yielding a better overlap with the desired 

Gaussian (see Fig. 4.11). By doing so, the record grating coupler 

efficiency at CEA-Leti has been established at -1.35 dB for a single etch 

grating with SWG-elements [181]. Other apodized SWG-engineered 

GCs are reported in [55,168,170,182].  
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Fig. 4.11:  Apodised (a) non-SWGs, (b) SWGs GC and their simulated electric fields. In 

both cases, CDmin = 120 nm, but the SWGs enabled a lower grating strength and 

increased the modal overlap. Images from Fowler et al. [181]  

4.3.4 Summary of the literature review and aim of our work 

Conventional shallowly etched gratings have shown efficiencies as 

high as -1.20 dB through the optimization of the etch depth, BOX 

thickness and apodization in both, laboratory demonstrations [137] 

and industrial CMOS fabrication lines [158]. However, some energy is 

still lost into the substrate. To mitigate such losses, very high 

directionality blazed gratings have been proposed [127,147,156]. They 

can be readily fabricated in a photonic CMOS line through the 

available multiple etch steps and controlled alignment. To further 

enhance the coupling efficiency, back-reflections need to be reduced 

and modal overlap needs to be increased through apodization. These 

can be simultaneously achieved using SWGs, which offer higher 

control on the index contrast and grating strength [168].  

A promising high efficiency blazed L-shaped and SWG-engineered 

grating coupler, was proposed by Benedikovic et al. [127], achieving a 

simulated coupling efficiency of ~ - 0.25 dB (94 %). This design is 

compatible with CEA-LETI’s CMOS pilot line, not requiring any 

additional material, or a modified process, and could potentially be 

fabricated at industrial scale. It is however more complicated to 

fabricate than the conventional shallow etched grating due to the two 

etch steps and small feature sizes of the SWGs. A similar grating, 
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fabricated by e-beam lithography, showed a measured coupling 

efficiency of -1.90 dB instead of a simulated value of - 0.70 dB [149].  

The aim of our works is therefore to design a SWG-engineered 

L-shaped grating coupler on CEA-LETI’s platform, fabricate it using 

immersion lithography, and experimentally characterize it, to study the 

industrial feasibility of this grating design approach.       

4.4 METHODOLOGY AND RESULTS  

This section presents the design, fabrication and experimental 

characterization of our SWG-engineered L-shaped grating coupler.     

4.4.1 Design  

Our aim is to maximize the coupling efficiency of a grating coupler at 

a wavelength of 𝜆  = 1550 nm, which couples the fundamental 

transverse-electric (TE) polarized mode from the photonic waveguide 

to a single mode fiber, SMF-28, which has a mode field diameter of 

MFD = 10.4 µm, at 𝜆 = 1550 nm (Corning [183]). 

 

Fig. 4.12(a) shows a schematic 3D-view of the SWG-engineered 

L-shaped grating coupler. The grating is apodised using 

SWG-metamaterials on the first five periods. On the remaining periods, 

the grating has a uniform period without any SWGs. Fig. 4.12(b) shows 

a 2D cross-section along the 𝑥-𝑧 plane of the L-shaped grating. The 

SWG-metamaterials are indicated by their equivalent index 𝑛𝑆𝑊𝐺,𝑖 with 

𝑖 = 1,2,3,4,5 being the number of the considered period.  

The design constraints given by CEA-LETI on its 300 nm-thick SOI 

platform are:  

• Silicon full thickness of ℎ𝑆𝑖 = 300 nm. 

• Silicon shallow thickness of ℎ𝑖𝑛𝑡 = 165 nm. 

• BOX thickness of ℎ𝐵𝑂𝑋 = 720 nm.  

• The critical dimension (minimum feature size) of CDmin = 70 nm.  

• Top encapsulation with SiO2. 

• Grating diffraction angle at the 1550 nm wavelength should be 

𝜃𝑆𝑖𝑂2
= 8° in the silica encapsulation.   
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The radiation angle constraint,  𝜃𝑆𝑖𝑂2
= 8°, comes from the need to be 

compatible with standard for fiber connectors (see Corning’s APC 

Connectors and Adapters datasheet [184]). This corresponds to a 

radiation angle in air 𝜃𝑎𝑖𝑟 = 11.5°, as per Snell’s refraction law: 

𝑛𝑎𝑖𝑟 sin(𝜃𝑎𝑖𝑟) = 𝑛𝑆𝑖𝑂2
sin(𝜃𝑆𝑖𝑂2

), where 𝑛𝑎𝑖𝑟 = 1 and 𝑛𝑆𝑖𝑂2
= 1.44 are the 

refractive indices of air and SiO2 respectively.  

 
Fig. 4.12: Schematic view of the SWG-engineered L-Shaped grating coupler (a) in 3D. 

(b) in 2D with the equivalent SWG indices, 𝑛𝑆𝑊𝐺 . The gradual color change indicates 

the gradual change in 𝑛𝑆𝑊𝐺 . The SiO2 encapsulation is not shown for clarity.     
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Our design procedure consists of three main steps:  

Step 1: Finding the L-shaped parameters in the uniform part (without 

SWGs)  

The first step is to find the required dimensions of the L-shaped profile 

(without SWGs) respecting the phase matching equation, Eq. (4.1), to 

achieve a radiation angle of 𝜃𝑆𝑖𝑂2
= 8° at 𝜆 = 1550 nm, while 

maximizing the grating directionality. As the heights are fixed, our 

design parameters in the L-shaped profile are 𝐿𝑑 , 𝐿𝑠 and 𝐿𝑏, as shown 

in the front-view of Fig. 4.12(a). 𝐿𝑑 is the length of the fully etched part 

(𝑑 stands for 𝑑𝑒𝑒𝑝), 𝐿𝑠 is the length of the partially etched part (𝑠 is for 

𝑠ℎ𝑎𝑙𝑙𝑜𝑤), and 𝐿𝐵 is the non-etched part (𝑏 is for 𝑏𝑙𝑜𝑐𝑘). The period of 

the grating is 𝑃 = 𝐿𝑑 + 𝐿𝑠 + 𝐿𝐵.  

To do so, 2D-FDTD simulations of a uniform L-shaped grating without 

SWGs are performed. In 2D-simulations, the 𝑦 -dimension is 

considered infinite, resulting in the geometry shown in Fig. 4.12(b). The 

background material is set to SiO2. The refractive indices are 

𝑛𝑆𝑖𝑂2 = 1.44 and 𝑛𝑆𝑖 = 3.48 at a wavelength 𝜆 = 1550 nm. The FDTD 

grid dimensions are 𝛿𝑥 = 𝛿𝑧 = 25 nm.  

In our simulations, the grating is implemented to outcouple the light 

from the waveguide towards the fiber, as shown in Fig. 4.12(b). The 

total number of periods in the uniform L-shaped grating, without 

SWGs, is 𝑁 = 30 such that negligible power is left in the waveguide 

after diffraction by the grating.    

Based on the design given in [127] and after optimization, the 

following parameters have been obtained: 𝐿𝑑 = 105 nm, 𝐿𝑠 = 265 nm 

and 𝐿𝑏 = 295 nm, giving 𝑃 = 665 nm. The radiation angle is 𝜃𝑆𝑖𝑂2 = 8° 

at 𝜆 = 1550 nm. These parameters have also been implemented in 

3D-FDTD simulations to verify the validity of the 2D simulations.  

In 3D, the grating has a width of 𝑊 = 15 µm (see Fig. 4.12(a)) such that 

the diffracted mode has a mode diameter of ~ 10.4 µm along the 

𝑦 -dimension and hence, optimizing the modal overlap along this 

direction. The FDTD grid is 𝛿𝑥 = 𝛿𝑦 = 𝛿𝑧 =  25 nm. To simplify our 

simulations, the taper between the 400 nm wide waveguide to the 
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𝑊 = 15 µm wide grating is not simulated. Instead, the TE-mode source 

was injected into a 15 µm wide waveguide ahead of the grating.  

 
Fig. 4.13: Comparison of 2D and 3D-FDTD simulation results of a uniform L-shaped 

grating without SWGs with the following parameters:  𝐿𝑑 = 105 nm, 𝐿𝑠 = 265 nm, 

𝐿𝑏 = 295 nm and 𝑃 = 665 nm. (a) Upwards transmission. (b) Back-reflections. 

(c) Modal Overlap. (d) Coupling efficiency.      

Fig. 4.13 shows a comparison of the 2D- and 3D-simulation results, 

which are in a relatively good agreement. At 𝜆  = 1550 nm, the 

difference in the 2D and 3D simulation results are around 2 – 4 % in 

the upwards transmission, 𝜂𝑢𝑝,  the back-reflections, 𝜂𝑟𝑒𝑓, and in the 

modal overlap, 𝜂𝑂𝐿 . Also, the same peak coupling efficiency, 𝜂𝐶𝐸 , is 

obtained but with a minor difference of 5 nm in the peak wavelength. 

This shows that the 2D-FDTD simulations of the L-shaped grating 

couplers without SWGs can provide good approximations. They are 

advantageous as they are faster and consume less computational 

resources.  

As for the performance of the uniform L-shaped grating without SWGs, 

the 3D-FDTD simulations show that at 𝜆 = 1550 nm, the grating has a 

high upwards transmission, 𝜂𝑢𝑝 ~  0.78, and a very low downwards 
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transmission (power lost into the substrate), 𝜂𝑑𝑜𝑤𝑛 ~ 0.01. The 

L-shaped grating has thus a very high directionality,  

𝜂𝑑𝑖𝑟 =  𝜂𝑢𝑝/(𝜂𝑢𝑝 + 𝜂𝑑𝑜𝑤𝑛)~ 0.99. However, the L-shaped grating has 

relatively large back-reflections, 𝜂𝑟𝑒𝑓 ~ 0.20. The modal overlap with 

the SMF-28 fiber mode is around 𝜂𝑂𝐿 ~  0.80 and the coupling 

efficiency was 𝜂𝐶𝐸 =  𝜂𝑢𝑝 × 𝜂𝑂𝐿 ~ 0.62, which gives, 𝜂𝐶𝐸  ~ -2.00 dB.  

Step 2: Apodization by using SWGs equivalent indices in 

2D- simulations 

Apodization was used to reduce back-reflections and increase modal 

overlap, simultaneously. As shown in Fig. 4.12(a), the grating is divided 

two sections: i) an apodized section implementing SWGs with varying 

𝑛𝑆𝑊𝐺 and 𝑃, comprising 𝑁𝑎 periods, and ii) a uniform section without 

SWG and fixed 𝑃 , comprising 𝑁𝑢  periods. We chose 𝑁𝑎  = 5 and 𝑁𝑢 

= 25 following the work of a Benedikovic et al. [127].    

The SWG-engineered L-shaped grating periods are simulated in 2D 

using their equivalent refractive indices, 𝑛𝑆𝑊𝐺  (see Fig. 4.12(b)). The 

𝑛𝑆𝑊𝐺 are obtained by the multilayer slab model [185]. In this model, 

the SWGs structures are considered as a multilayer slab and 𝑛𝑆𝑊𝐺 is 

obtained by finding the effective index of the fundamental TE mode 

propagating perpendicularly to the direction of periodicity of the 

multilayer slab. The SWG period is ΛSWG and the width of the silicon 

segments is 𝑊𝑠𝑖 (see the top view of Fig. 4.12(a)). Fig. 4.14(a) shows the 

𝑛𝑆𝑊𝐺  equivalent indices obtained as a function of 𝑊𝑆𝑖  for 

Λ𝑆𝑊𝐺 = 350 nm at a wavelength of 𝜆 = 1550 nm.    

When apodizing the L-shaped gratings with SWG-metamaterials, the 

grating pitch, 𝑃, should be changed to respect the phase matching 

condition, as per Eq. (4.1), such that the radiation angle is always 

𝜃𝑆𝑖𝑂2
 = 8° for different values of 𝑛𝑆𝑊𝐺 . If 𝑃 is not changed, different 

values of 𝑛𝑆𝑊𝐺 result in different Bloch effective indices in the grating, 

𝑛𝐵,  and result in different diffraction angles. To find the value of 𝑃 

which yields 𝜃𝑆𝑖𝑂2
 = 8°, various 2D-simulations of uniform L-shaped 

gratings with a given 𝑛𝑆𝑊𝐺 have been performed. In these simulations, 

the L-shaped parameter 𝐿𝑏  has been changed, and 𝐿𝑠  and 𝐿𝑑  were 

fixed, to change 𝑃 (as 𝑃 = 𝐿𝑑 + 𝐿𝑠 + 𝐿𝑏). Fig. 4.14(b) shows the values 

of 𝐿𝐵 to be used for different 𝑛𝑆𝑊𝐺 such that 𝜃𝑆𝑖𝑂2
  = 8°.      
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Fig. 4.14: (a) Multilayer slab simulation giving equivalent SWG indices, 𝑛𝑆𝑊𝐺 , as a 

function of 𝑊𝑆𝑖 for 𝛬𝑆𝑊𝐺 = 350 nm at 𝜆 = 1550 nm. (b) Finding the corresponding 𝐿𝐵 

for a given 𝑛𝑆𝑊𝐺 such that the phase matching condition is respected when apodizing 

the grating. The green arrows indicate the 𝑛𝑆𝑊𝐺 values used in the optimized 

structure in the 3D simulations.  

As a starting point for designing our apodised L-shaped grating 

coupler, a linear variation in the 𝑛𝑆𝑊𝐺 equivalent indices for the first 

five periods with 𝑛𝑆𝑊𝐺,𝑙𝑖𝑛 𝑣𝑎𝑟 = [3.00, 2.80, 2.60, 2.40, 2.20]  has been 

chosen. For each of these 𝑛𝑆𝑊𝐺  values, 𝐿𝐵  was adjusted to keep a 

constant angle of 𝜃𝑆𝑖𝑂2
 = 8°. The remaining periods 𝑁𝑢  = 25 are 

uniform.  

The 2D-simulation results of the linearly varied 𝑛𝑆𝑊𝐺  apodised 

structure are shown in Fig. 4.15. The SWGs provide a gradual change 

in the index contrast in the first five periods, reducing back-reflections 

from ~ 0.20 in a uniform L-shaped grating without SWGs, down to 

~ 0.01 at 𝜆 = 1550 nm. This increases the power diffracted upwards 

from ~ 0.80 without SWGs, to ~ 0.96 with SWGs. The modal overlap 

slightly increases from ~ 0.78 to ~ 0.83. Overall, the coupling efficiency 

increases from ~ -2.00 dB (60 %) without SWGs to ~ -1.00 dB (80 %) 

with SWGs. The L-shaped grating coupler with SWGs is further 

optimized by varying 𝑛𝑆𝑊𝐺 and adapting 𝐿𝐵 around the initial design 

point. Finally, the optimized 𝑛𝑆𝑊𝐺  values are 𝑛𝑆𝑊𝐺,𝑜𝑝𝑡 =

[3.00, 3.00, 2.80, 2.40, 2.20]. These values are indicated by the green 

dotted arrows in Fig. 4.14. The modal overlap of 0.86 is higher than the 

grating with the linear variation in 𝑛𝑆𝑊𝐺 , yielding a slight increase in 

the coupling efficiency from ~ -1.00 dB (80 %) with a linear variation 

in SWG index to ~ -0.83 dB (83 %) at 𝜆 = 1550 nm (see Fig. 4.15(d)).   



 

84 

 

 
Fig. 4.15: 2D-optimization. The equivalent SWG indices used as starting point follow 

a linear variation of 𝑛𝑆𝑊𝐺,𝑙𝑖𝑛 𝑣𝑎𝑟 = [3.00, 2.80, 2.60, 2.40, 2.20]. The optimized values 

are 𝑛𝑆𝑊𝐺,𝑜𝑝𝑡   = [3.00, 3.00, 2.80, 2.40, 2.20].              

Step 3: Optimizing in 3D-simulations 

As a final step, the grating geometry is optimized using the 3D-model 

shown in Fig. 4.12(a)). The SWG transversal period is Λ = 350 nm. The 

values of 𝑊𝑆𝑖  corresponding to each 𝑛𝑆𝑊𝐺  are chosen using the 

simulations in Fig. 4.14(a). The initial parameters for the 3D-geometry 

coming from the 2D design are: 𝑊𝑆𝑖,𝑜𝑝𝑡 2𝐷 = [300, 300, 280, 220, 190] 

nm for the corresponding 𝐿𝑏,𝑜𝑝𝑡 2𝐷 = [210, 210, 225, 250, 260] nm.  

The results of the 3D-simulations differ from the 2D-simulations, as 

shown in Fig. 4.16. For the 2D-simulations at 𝜆 = 1550 nm, 𝜂𝑢𝑝 ~ 0.96 

𝜂𝑟𝑒𝑓 ~  0.01 and 𝜂𝐶𝐸  ~  0.83 dB were obtained, while in the 

3D-simulations 𝜂𝑢𝑝 ~ 0.88, 𝜂𝑟𝑒𝑓 ~ 0.10 and 𝜂𝐶𝐸  ~ -1.25 dB were 

obtained. The modal overlap is very similar with 𝜂𝑂𝐿 ~  0.87 and 

𝜂𝑂𝐿 ~ 0.85 for 2D- and 3D- simulations, respectively. The differences in 

the simulation results can be attributed to differences between the 

𝑛𝑆𝑊𝐺 values obtained with the multilayer slab model and the values 

actually achieved in the 3D-structure.   
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Fig. 4.16: Comparison of 2D- and 3D-simulations: (a) upwards transmission, 

(b) back-reflections, (c) modal overlap and (d) coupling efficiency. Results from 

2D-simulations are shown with green solid lines. 3D simulations of the geometry 

optimized with the 2D-model are shown with green dotted lines. Red solid lines 

correspond to the geometry optimized in 3D. Discrepancies between 2D- and 

3D-simulations are attributed to the inaccuracy of the multilayer slab model in 

predicting the equivalent SWG refractive index, 𝑛𝑆𝑊𝐺 .      

The values of 𝑊𝑆𝑖 are re-optimized, based on 3D-simulations starting 

from the values from the multilayer slab model. The 𝑊𝑆𝑖  values are 

varied around this initial design point, and 𝐿𝐵 values are adapted for 

to yield a radiation angle of 𝜃𝑆𝑖𝑂2
 = 8°. Finally, the optimized design in 

3D has the following parameters in the SWG part: 

𝑊𝑆𝑖,𝑜𝑝𝑡 3𝐷  = [280, 280, 260, 180, 160]  nm and 𝐿𝑏,𝑜𝑝𝑡 3𝐷  = 

[220, 220, 230, 260, 265]   nm. The parameters of the L-shaped 

SWG-engineered grating coupler optimized in 3D-simulations are 

given in Table 4.2.  

The minimum feature size of the optimized design is 𝑊𝑆𝑖𝑂2
= 70 nm, for 

𝑊𝑆𝑖,𝑜𝑝𝑡 3𝐷 =  280 nm, respecting the CDmin = 70 nm. The calculated 

figures of merit for the optimized 3D-geometry are presented in Fig. 

4.16, showing a 𝜂𝐶𝐸  ~ -0.77 dB (84 %) at 𝜆 = 1550 nm. In this case, the 
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values obtained by 3D-optimization are closer to those obtained with 

the 2D-model.  

Parameter Symbol Value 

Partial silicon height ℎ𝑖𝑛𝑡 165 nm 

Full silicon height ℎ𝑆𝑖 300 nm 

BOX thickness ℎ𝐵𝑂𝑋 2 µm 

   

Number of apodized periods 𝑁𝑎 5 

Number of uniform periods 𝑁𝑢 25 

Total number of periods  𝑁 30  

   

Grating length 𝐿 ~ 19.7 µm  

Grating width 𝑊 15 µm 

   

Uniform part    

Length of the fully etched part 𝐿𝑑 105 nm 

Length of the partially etched 

part 
𝐿𝑠 265 nm 

Length of the non-etched part 𝐿𝑏 295 nm 

Grating period 𝑃 665 nm 

   

Apodized part   

Length of the non-etched part 𝐿𝑏,𝑎𝑝𝑜 
[220, 220, 230, 260, 265] 

nm 

Grating Period 𝑃𝑎𝑝𝑜 
[590, 590, 600, 630, 635] 

nm 

Si width per SWG period 𝑊𝑆𝑖 
[280, 280, 260, 180, 160] 

nm 

SiO2 per SWG period 𝑊𝑆𝑖𝑂2
 

[70, 70, 90, 170, 190] 

nm 

SWG period Λ𝑆𝑊𝐺 
[350, 350, 350, 350, 350] 

nm 

Table 4.2: L-shaped grating with SWGs parameters (optimized in 3D-FDTD). In the 

apodised part, 𝐿𝑑 and 𝐿𝑠 were the same as in the uniform part.  
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Comparison of the L-shaped gratings with and without SWGs  

Fig. 4.17 and Table 4.3 compare the 3D-optimized L-shaped gratings 

apodised with SWGs with the uniform L-shaped gratings without 

SWGs. The SWGs apodization increases the power radiated upwards, 

reduces the back-reflections and increases the modal overlap, yielding 

a coupling efficiency of 𝜂𝐶𝐸  ~  0.84 = -0.77 dB with 𝜃𝑆𝑖𝑂2  = 8° at a 

wavelength of 1550 nm. 

 
Fig. 4.17: 3D-simulation results of the L-shaped grating couplers with and without 

SWGs: (a) upwards transmission, (b) back-reflections, (c) modal overlap and 

(d) coupling efficiency.   
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Performance parameter Symbol 
With  

SWGs 

Without 

SWGs 

Central wavelength 𝜆 1550 nm 1550 nm 

Polarization – TE TE 

Radiation angle in SiO2 𝜃𝑆𝑖𝑂2
 8° 8° 

Power fraction radiated 

upwards 
𝜂𝑢𝑝 0.96 0.78 

Power fraction radiated 

downwards 
𝜂𝑑𝑜𝑤𝑛 0.01 0.01 

Directionality 𝜂𝑑𝑖𝑟 0.99 0.99 

Power fraction reflected 𝜂𝑟𝑒𝑓 0.02 0.20 

Modal Overlap 𝜂𝑂𝐿 0.87 0.80 

Coupling efficiency 𝜂𝐶𝐸 
0.84 = 

- 0.77 dB 

0.62 =  

-2.00 dB 

Table 4.3: Comparison of performance parameters between apodised L-shaped 

gratings with SWGs and uniform L-shaped gratings without SWGs at the central 

wavelength 𝜆 = 1550 nm. 

4.4.2 Fabrication  

The fabrication process used to define the L-shaped profiles is 

depicted in Fig. 4.18 (a)-(c). Silicon nitride is used as a hard mask for 

the etching. Two lithographic masks are used to define the non-etched 

(300 nm-thick) and the shallow etched (165 nm-thick) regions. The first 

mask level is used define the non-etched Si regions, with a thickness 

of 300 nm. The unprotected areas by the first mask are etched down 

till their thickness is 165 nm. Then the second mask level is used to 

define the partially etched features, which are 165 nm-thick. The areas 

protected by the second mask or the SiN hard mask are not etched, 

while the unprotected areas are fully etched.  

The second mask overlays the first mask by ~ 50 nm. This ensures that 

the L-shaped profile is preserved in case of a small misalignment to 

the right, as shown in Fig. 4.18 (d)-(e). If the misalignment is smaller 

than the overlay, the length of the unetched part (300 nm-thick) is 

unaffected. However, the length of the partially etched part 

(165 nm-thick) changes with the misalignment.  
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Fig. 4.18: Process flow used to fabricate the L-shaped profile. (a) The first mask level is 

used to define the 300 nm-thick features. After the first etch step, the areas which are 

not protected by the first mask have a height of 165 nm. (b) The second mask level is 

used to define the 165 nm-thick features. It has an overlay of around 50 nm with the 

first mask level. The role of the overlay is to give an L-shaped profile, in case of a 

small misalignment. After the second etch step, the areas which were not protected 

by the second mask or the SiN hard mask are fully etched. (c) The resulting L-shaped 

profile with nominal dimensions. (d) The second mask level is slightly misaligned to 

the right, with a misalignment smaller than the overlay of 50 nm. The misaligned 

position is indicated by the yellow lines and the nominal position by the purple lines. 

(e) The L-shaped profile has been preserved despite the misalignment. The length of 

the 300 nm-thick part is unaffected, but the length of the 165 nm-thick part is 

slightly longer than the nominal dimension.  

The fabrication process of interleaving full and shallow etch steps is 

mainly affected by two kinds of errors: the misalignment in between 

the two masks levels, and the over/under etching in the shallow step. 

The nominal mask misalignment error is in a range of 𝛿𝑥 = ± 30 nm, 

while the nominal error in the thickness of the shallowly etched areas 

is 𝛿ℎ𝑖𝑛𝑡 = ± 10 nm.  

The effects of the mask misalignment on the peak coupling efficiency 

and on the peak wavelength are shown in Table 4.4. Changes in 𝛿𝑥 

cause changes in the grating effective index 𝑛𝐵, and therefore lead to 

shifts in the peak transmission wavelength, as per Eq. (4.1). The worst 

coupling efficiency of -1.50 dB is predicted for 𝛿𝑥 = -30 nm.  
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The effects of the thickness errors in the shallow etched areas are 

shown in Table 4.5. The optimum wavelength is shifted, but the peak 

coupling efficiency is almost unaffected.  

𝛿𝑥 (nm) -30 0 +30 

Peak 𝜂𝐶𝐸 (dB) -1.50 -0.78 -0.78 

Peak wavelength (nm)  1510 1550 1590 

Table 4.4: Tolerance analysis as a function of masks misalignment, 𝛿𝑥 

𝛿ℎ𝑖𝑛𝑡 (nm) -10 0 +10 

Peak 𝜂𝐶𝐸 (dB) -0.76 -0.78 -0.82 

Peak wavelength (nm)  1540 1550 1560 

Table 4.5: Tolerance analysis as a function of deviations in the partial height, 𝛿ℎ𝑖𝑛𝑡 

The L-shaped GC with SWGs was fabricated using immersion 

lithography and an OPC model. Fig. 4.19 shows the original layout 

dimensions in red and the dimensions after OPC in blue. For small 

holes the OPC model increases the width at the center, while for larger 

holes it is mainly the corners that are corrected.   

 
Fig. 4.19: Comparison of layout before and after applying the OPC model. The 

original design layout is marked in red. The corrected layout is plot in blue.  

Fig. 4.20 and Fig. 4.21(a) show SEM images of one L-shaped grating 

after the two etching steps, before SiO2 encapsulation. The SWG 

rectangular holes have rounded corners, which have not been 

considered in our simulations. Fig. 4.21(b) shows an SEM image of the 

transversal section of the grating. The edges of the L-shaped holes are 

not perfectly vertical and the hard SiN mask etch has not been 

removed. These two effects have not been considered in the 

simulations for device optimization. The transversal section cut is 



 

91 

 

obtained by focus ion beam (FIB) etching along the red line in Fig. 

4.21(a).  The chip is cladded with metal to improve the contrast.   

 
Fig. 4.20: (a) SEM image of the L-shaped GC with SWGs fabricated by immersion 

lithography (b) zoomed in image 

 
Fig. 4.21: (a) Top view SEM image (b) FIBSEM image, taken in the middle of the SWGs 

holes, metal was deposited in the holes for better contrast 

4.4.3 Experimental characterization   

Fig. 4.22 shows a schematic representation of the characterization 

bench used to measure the grating coupler efficiency. A tunable laser 
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source is connected to a polarization maintaining (PM) fiber (Fiber 1). 

Fiber 1 is then connected to an 8° angle polished PM fiber (Fiber 2) via 

the fiber connector 1. The polished face of the fiber is parallel to the 

chip surface (see Fig. 7.1(a) in Appendix 7.1). Fiber 2 produces a 

Gaussian beam, propagating in air at an angle of 11.5°, which is then 

coupled to the on-chip waveguide via the input grating coupler. After 

propagation in the waveguide, the light is outcoupled to air via the 

output grating coupler. The gratings have been put in back-to-back 

configuration. The outcoupled light is then collected by an 8° angle 

polished single mode fiber (SMF), referred here as Fiber 3, which is 

then connected to another SMF fiber (Fiber 4) via the fiber connector 

2. Fiber 4 is finally connected to a power meter.  

The input laser power 𝑃𝑖𝑛 (dBm) and measured output power are 

recorded 𝑃𝑜𝑢𝑡 (dBm). The heights of the fibers above the chip surface 

are ℎ ~ 20 µm, which is within the Rayleigh range, 𝑧𝑅, of a Gaussian 

beam with a mode field diameter of 𝑀𝐹𝐷  = 10.4 µm.  

𝑧𝑅 = 𝜋𝑤0
2/𝜆 ~  55 µm, where 𝑤0  is the beam radius at the waist,  

𝑤0 = 𝑀𝐹𝐷/2, and 𝜆 is the wavelength, 𝜆 = 1.55 µm. At this height, a 

0.20 dB penalty in coupling efficiency per grating coupler can be 

induced as compared to when the fiber is in contact with the surface 

of the chip [181].  

 
Fig. 4.22: Characterization bench, PM = Polarization Maintaining, SMF = Single mode 

Fiber. 

Before measuring the coupling efficiency of the grating coupler, the 

bench intrinsic losses are calibrated by measuring the transmission 
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when the laser is directly connected to the power meter, that is, 

connecting Fiber 4 to Connector 1. In this configuration, the Fibers 2 

and 3, the grating couplers and the interconnecting waveguide are not 

included in the calibration circuit. The set-up losses, 𝑃𝑠𝑒𝑡−𝑢𝑝 (dBm), are 

then recorded. The calibrated input power,  𝑃𝑖𝑛,𝑐𝑎𝑙𝑖𝑏, is therefore given 

by:   

 𝑃𝑖𝑛,𝑐𝑎𝑙𝑖𝑏 (dBm) = 𝑃𝑖𝑛 (dBm) – 𝑃𝑠𝑒𝑡−𝑢𝑝 (dBm) Eq. (4.8) 

where 𝑃𝑖𝑛 is the input laser power and 𝑃𝑠𝑒𝑡−𝑢𝑝 are the set-up intrinsic 

losses.  

  

The coupling efficiency of the grating, 𝜂𝐶𝐸 , is extracted from the 

measured output power, 𝑃𝑜𝑢𝑡 (dBm) as:   

 𝜂𝐶𝐸(𝑑𝐵) =
𝑃𝑜𝑢𝑡(𝑑𝐵𝑚) − 𝑃𝑖𝑛,𝑐𝑎𝑙𝑖𝑏(𝑑𝐵𝑚) − 𝑃𝑤𝑔(𝑑𝐵)

2
 Eq. (4.9) 

where 𝑃𝑤𝑔  is the loss in the waveguide interconnecting the two 

gratings. Note that we are considering that the input and output 

grating couplers have the same coupling efficiency.  

The interconnection waveguides have a measured propagation loss of 

~  1 dB/cm. This value has been extracted from additional test 

structures included in the chip. The waveguide connecting the two 

grating has a length of 1.3 mm, resulting in a loss of 𝑃𝑤𝑔 ~ 0.13 dB. 

The change of fiber connectors during the calibration and 

measurement steps induced an estimated measurement error of 

± 0.20 dB per connector. As two connectors are changed, the 

measurement error in coupling efficiency is estimated to be 

Δ𝜂𝐶𝐸 = ± 0.40 dB.  

The measured coupling efficiency of a uniform L-shaped GC without 

SWGs, and an apodised L-shaped GC with SWGs are shown in Fig. 4.23. 

Without SWGs, the measured peak coupling efficiency is 

𝜂𝐶𝐸  (𝑁𝑜 𝑆𝑊𝐺𝑠)  = -2.70 ± 0.40 dB and is centered at around a 

wavelength of 1550 nm. For comparison, the simulated coupling 

efficiency is -2.10 dB. The difference between the simulated and 

measured coupling efficiency is 0.60 dB. Part of this difference (0.30 dB) 
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come from the Fresnel reflections at the air-SiO2 encapsulation 

interface, which was not considered in our simulations (see Appendix 

7.1). Part of the difference between the measured and simulated values 

of coupling efficiency might come from fabrication imperfections, such 

as the side wall angles in the L-shaped profile, which have not been 

considered in simulations. Also, part of this difference lies within the 

measurement uncertainties.   

 
Fig. 4.23: Measured coupling efficiency per grating, 𝜂𝐶𝐸 , of L-shaped GCs (a) without 

and (b) with SWGs. (c) and (d) are the corresponding zoomed in graphs. 

With SWGs, the measured peak coupling efficiency is 

𝜂𝐶𝐸  (𝑊𝑖𝑡ℎ 𝑆𝑊𝐺𝑠)  = -1.70 dB ± 0.40 dB and is centered around a 

wavelength of 1555 nm. This is 1 dB improvement compared with the 

case without SWGs. The simulated coupling efficiency is -0.77 dB at a 

peak wavelength of 1550 nm. The difference between the simulated 
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and measured coupling efficiencies is 0.93 dB, which included 0.30 dB 

losses due to the Fresnel reflections at the air-encapsulation interface. 

The remaining part of the difference can be attributed to the simplified 

simulation scheme, in which the sidewall angles, the SiN hard mask, 

the rounded corners of the SWGs and fabrication imperfections have 

not been considered.   

The oscillation ripples in the measured transmission spectrum come 

from the back-reflections in the input and output grating couplers that 

from a Fabry-Perot cavity. The measured free spectral range (FSR) of 

the oscillations near a wavelength 𝜆 = 1550 nm is 𝐹𝑆𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ~ 250 

nm for the grating with and without SWGs. The FSR can be calculated 

as:  

 𝐹𝑆𝑅𝑐𝑎𝑣𝑖𝑡𝑦 =
𝜆2

𝑛𝑔  ×  2𝐿𝑤𝑔
 Eq. (4.10) 

where 𝑛𝑔  is the group index, and 𝐿𝑤𝑔  is the waveguide length 

connecting the two gratings. For 𝐿𝑤𝑔 ~  1300 µm and a simulated 

group index of 𝑛𝑔 ~  4, the calculated free spectral range is 

𝐹𝑆𝑅𝑐𝑎𝑣𝑖𝑡𝑦 = 230 nm, in good agreement with the measured value.  

The amplitude of the oscillations in the transmission spectrum of a 

Fabry-Perot cavity, 𝐴𝑐𝑎𝑣𝑖𝑡𝑦, is proportional to the back-reflections, 𝑅, of 

a grating coupler as: 𝐴𝑐𝑎𝑣𝑖𝑡𝑦 =
4𝑅

(1+𝑅)2. The higher the reflections, the 

bigger the amplitude of the oscillations.  

Without SWGs, the amplitude of the oscillations in the transmission 

spectrum of a single grating coupler is 𝐴𝐺𝐶  (𝑁𝑜 𝑆𝑊𝐺𝑠) ~ 1.60 dB at a 

wavelength of 𝜆 = 1550 nm. This value corresponds to reflections of 

𝜂𝑟𝑒𝑓 (𝑁𝑜 𝑆𝑊𝐺𝑠) ~ 0.18. Detailed description of the mathematical 

determination of 𝜂𝑟𝑒𝑓 from the amplitude of the oscillations is given in 

Appendix 7.2. This value is close to the simulated value of 0.20. With 

SWGs, the amplitude in the single grating coupler spectrum is reduced 

to 𝐴𝐺𝐶  (𝑊𝑖𝑡ℎ 𝑆𝑊𝐺𝑠) ~ 0.60 dB, and the reflections corresponds to 

𝜂𝑟𝑒𝑓 (𝑊𝑖𝑡ℎ 𝑆𝑊𝐺𝑠) ~ 0.07. These measured reflections are higher than 

the simulated value of 0.02 and partially accounts for the lower 

measured coupling efficiency. The difference between the measured 
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and simulated reflectance might come the structural differences 

between the fabricated and simulated shapes (rounded corners of 

SWGs, sidewall angles in the L-shapes, …).  

The simulated and experimental results for the gratings with and 

without SWG are summarized in Table 4.6.  

 
No SWGs With SWGs 

Simu. Exp. Simu. Exp. 

𝜂𝐶𝐸 (dB) -2.10 -2.70 -0.80 -1.70 

𝜂𝑟𝑒𝑓  0.20 0.18 0.02 0.07 

Table 4.6: L-shaped grating coupler simulation (Simu.) and experimental (Exp.) results 

with or without SWGs at a wavelength 𝜆 = 1550 nm. 𝜂𝐶𝐸 is the coupling efficiency of 

a single grating and 𝜂𝑟𝑒𝑓 are the back-reflections.     

4.5 CONCLUSION AND PERSPECTIVES 

The simulation of the L-shaped grating couplers without SWG predict 

a high directionality 𝜂𝑑𝑖𝑟  ~  0.99, with strong back-reflections  

𝜂𝑟𝑒𝑓 ~ 0.20, limiting the coupling efficiency to 𝜂𝐶𝐸  ~ -2.00 dB near a 

wavelength of 1550 nm. To reduce back-reflections and increase the 

modal overlap simultaneously while maintaining a high directionality, 

the L-shaped grating couplers has been apodized with 

SWG-metamaterials. The optimized SWG-based design yields a very 

high simulated coupling efficiency 𝜂𝐶𝐸  ~ -0.80 dB. The experimental 

coupling efficiency is 𝜂𝐶𝐸  = -1.70 ±  0.40 dB, which is the highest 

measured efficiency for an L-shaped grating fabricated without 

e-beam lithography. The difference between the simulated and 

measured values may be attributed to fabrication imperfections which 

have not been considered in the simulations, including rounded 

corners in the SWGs, side wall angles in the L-shaped profile and the 

SiN hard mask.  

As a comparison, SWG-engineered grating coupler from CEA-Leti [181] 

exhibits a higher coupling efficiency of -1.35 dB at a central wavelength 

of 𝜆 = 1310 nm. In this case, only a single shallow-etch step is required 

to fabricate the grating. Our work shows that although the simulated 

efficiency of SWG-engineered L-shaped grating coupler can be better 

than -1 dB, the experimental values are closer to – 2 dB. The L-shaped 

geometry requires interleaving shallow and full etch steps, 
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complicating the fabrication process and adding additional 

uncertainties, like the misalignment between the two masks. This 

complexity, together with the tight fabrication tolerances of the design 

may be the cause to the limited experimental efficiency.           

For a next fabrication run, the L-shaped grating should be further 

optimized, considering the fabrication imperfections observed in this 

run. For example, corner rounding is unavoidable [186] and can be 

compensated in design by properly choosing the duty cycles in the 

SWGs. The side wall angles in the L-shaped profiles should be 

measured and the dimensions in the L-shaped could re-adapted if 

needed. The SiN hard mask should also be accounted in the 

simulations. The Fresnel losses at the air-encapsulation interface can 

be reduced by using an index matching liquid, which is generally the 

case in packaged devices [187].   
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5 SWG-ENGINEERED LOW DIVERGENCE ANTENNA FOR 

TWO DIMENSIONAL (2D) OPTICAL PHASED ARRAYS 

(OPAS) FOR FREE SPACE OPTICAL COMMUNICATIONS 

This chapter is dedicated to the design fabrication and experimental 

characterization of a novel optical antenna architecture providing low 

radiation divergence, which is a key parameter in integrated 

two-dimensional optical phased arrays (2D-OPAs) for applications in 

point-to-point free space optical (FSO) communications, also referred 

as long range optical wireless communications (OWCs) [188]. SWG 

engineering is used to control the radiation strength of gratings in the 

optical antenna, achieving a large aperture size and low radiation 

divergence. SWGs are also exploited to realize a compact transition 

between single-mode input waveguide and the large-area antenna. 

The outline of the chapter is as follows. First, an overview of FSO 

communications is given, describing the working principles, 

motivations and challenges. Then, the motivation for implementing 

OPAs for FSO communications is discussed. This is followed by the 

working principles of an integrated OPA and a corresponding literature 

review. The specifications of the designed OPA and of the designed 

low divergence SWG-engineered antenna are then given. Next, the 

simulation, fabrication and characterization results are reported, 

showing results of the single antenna and the 2D-OPA. Finally, we 

present the conclusions and perspectives.    

5.1 FREE SPACE OPTICAL (FSO) COMMUNICATIONS 

In FSO communications, data is carried by a laser beam typically in the 

near-infrared, 750 - 1600 nm wavelengths, through the atmosphere 

(also referred to as free space) between a transmitter and a receiver 

(see Fig. 5.1). The transmitter consists of an optical source (typically a 

laser) to produce an optical beam, a modulator to encode data onto 

the optical carrier signal, an optical amplifier to increase the amplitude 

of the signal and beam forming optics to transmit the output beam 

into the atmosphere. The beam then propagates through the 

atmosphere and is collected by the receiver. The receiver consists of 



 

99 

 

beam collecting optics which then send the light onto a photodetector 

which converts the optical signal into an electrical signal for 

processing.  

 
Fig. 5.1: Typical block diagram of a free space optical (FSO) communication link 

FSO communications are gaining significant interest as they have the 

following advantages [188–190]:  

1. They do not require licensing by regulatory authorities as 

opposed to the radio frequency (RF) communications, whose 

frequency bands are increasingly congested.    

2. High optical frequencies can provide high modulation 

bandwidths, that is, high information carrying capacity. For 

instance, optical frequencies could allow bandwidths of the 

order of hundreds of THz, which is 105 times the typical 

bandwidth using a RF carrier [189].  

3. The optical wavelengths are small and enable narrow beam 

divergence, which is proportional to 𝜆/𝐷  where 𝜆  is the 

wavelength and 𝐷 is the aperture diameter. For example, a 

typical optical divergence is around 0.34 µrad (with 

𝜆𝑜𝑝𝑡  = 1.55 µm and 𝐷𝑜𝑝𝑡  = 10 cm), while the typical RF 

divergence is around 67.2 mrad (with 𝜆𝑅𝐹 = 3 cm, 𝐷𝑅𝐹 = 1 m) 

[191]. The optical beam is therefore more directive for a given 

aperture size and can allow for long range data transmission 

with a major part of the emitted power being collected by the 

receiver [192]. Beams with narrower divergence are also less 

prone to interference with other links thanks to their spatial 

selectivity [190].    
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A significant and largely unsolved problem that hampers the 

performance of FSO communications is the atmospheric turbulence 

along the transmission path [193,194]. This turbulence results from 

local variations in air temperature and pressure, causing local changes 

in the refractive index of air and hence, scintillation.  Scintillation is the 

temporal variation in the intensity and phase of the propagating beam. 

The received signal quality is then degraded (see Fig. 5.2) [190]. This 

random intensity pattern is also known as intensity speckle. 

 
Fig. 5.2: (a) Transmitted Gaussian signal (b) Received signal, distorted due to 

atmospheric turbulence. Images from Henniger et al. [190].  

In addition, atmospheric turbulence also causes spatial beam 

deviations, also referred to as beam wander, and hence, misalignment 

between the transmitter and the receiver [195]. Losses due to 

atmospheric turbulence, also referred to as fading losses, can be as 

high as 10.7 dB on a 20 km link at a wavelength of 1.55 µm [190] (see 

Fig. 5.3, which also gives some other characteristics of such a link).     

 
Fig. 5.3: Typical FSO communication system parameters. Image from Henniger et al. 

[190].  
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One technique to compensate for atmospheric turbulence effects is to 

use an adaptive optics system. Fig. 5.4 shows such a system on the 

receiver side. A wavefront sensor analyses the received distorted 

wavefront and sends a signal to a deformable mirror to correct the 

wavefront [189]. 

 
Fig. 5.4: Typical adaptative optics system to compensate for phase front distortions 

induced by atmospheric turbulence. Image form Kaushal et al.[189].  

Other issues related to FSO communications are the building sway, 

produced by misalignment due to mechanical vibrations or the 

reduction of signal-to-noise ratio due to solar background radiation. 

A common mitigation technique is using a diversity scheme [196] in 

which the same signal is sent through multiple channels with different 

characteristics. Other mitigation techniques are discussed in [188,189]. 

5.2 OPAS FOR FREE SPACE OPTICAL COMMUNICATIONS 

Optical phased arrays are non-mechanical, solid-state, beam shaping 

and steering devices [197,198]. There are various subcategories of 

OPAs [199]: micro-electromechanical system (MEMS) OPAs [200,201], 

liquid crystal OPAs [202] and photonic integrated chip (PIC) OPAs 
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among others. In PIC-OPAs, all key components can be integrated on 

a single chip, reducing size and weight as compared to relatively bulky 

non-integrated beam forming systems. PIC-OPAs also have higher 

tuning speeds as compared to MEMS and liquid crystal OPAs [198]. 

Also, PIC-OPAs have been demonstrated on various material 

platforms, including III-V [203–205], SiN [206–208] and SOI [209–218]. 

However, the SOI platform offers potentially cheaper costs as it 

leverages standard CMOS fabrication processes. From now on in the 

manuscript, OPAs are referred as PIC-OPAs unless specified otherwise.  

OPAs have mainly been studied for beam steering in automotive light 

detection and ranging (LiDAR) applications [19,219,220], but are also 

well suited for point-to-point communications in free space [221–223]. 

In this case, OPAs can act within compact integrated optical beam 

transceivers [224–226], to compensate phase-front distortions caused 

by atmospheric turbulence through active phase tuning.  

Reference Speed 
Link 

Distance 
Performance 

2018 Poulton et 

al. [227] 

10 

Gbps 
50 m 

First lens-free  

OPA-OPA link 

2020 Rhee et al. 

[228] 

32 

Gbps 
3 m 

46° x 10°  

steering range 

2023 Li et al. 

[229] 

32 

Gbps 
54 m 

100° x 2°  

steering range  

2018 Wang et al. 

[230] 

12.5 

Gbps 
140 cm 

Indoor wireless 

communications 

Table 5.1: Reported optical phased arrays (OPAs) used for communications in free 

space. 

Table 5.1 gives a summary of the reported OPAs used for FSO 

communications. In [227], the first OPA-OPA link was demonstrated. In 

[228–230], the transmitter was an OPA and the receiver consisted of 

free space optics, fiber collimators and photodiodes. 

5.2.1 Working principles of a photonic integrated chip (PIC) OPA  

A typical OPA configuration is illustrated in Fig. 5.5. Light is first 

injected into the chip either by an integrated laser or externally via fiber 

coupling. The input beam is then divided into various channels by a 
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power splitting tree, which can be made up of several binary splitting 

stages. Each channel contains a phase modulator, placed ahead of an 

optical antenna. Each optical antenna then emits light into free space. 

Through constructive interference of the emitted fields, an optical 

beam is formed. By controlling the phase of the individually emitted 

fields with the phase modulators, the optical beam can be shaped or 

steered.   

 
Fig. 5.5. Working principles of a typical silicon photonics OPA.  

The optical antennas can be of two types. First, they can consist of 

surface diffractive structures, such as grating couplers [210], which 

diffract light out of the chip surface into free space. Surface-emitting 

OPAs are the most popular type. The other type of optical antenna 

consists of edge couplers, which emit light from the chip facet into free 

space. This type of OPA is known as an end-fire (EF) OPA [216,231]. 

Our work focuses on the more popular surface-emitting OPA.  

5.2.2 Far field emission profile of an OPA  

The far field emission of the OPA is determined by the sum of the 

emitted optical fields from each individual antenna. Mutual 

interference produces an optical beam in the far field region. The far 

field region is said to be fully formed beyond the Fraunhofer distance, 

𝑑𝐹 :  

 
𝑑𝐹 =

2𝐷2

𝜆
 Eq. (5.1) 

where 𝜆  is the wavelength and 𝐷 is the aperture size, that is, the 

surface over which all the antennas of the OPA emit. According to 
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Fresnel diffraction theory, the far field profile is given by the spatial 

Fourier transform of the near field [199].  

 

For illustration purposes, the 1D-array presented in Fig. 5.6 is 

considered. It is composed of square antennas of length 𝑙, separated 

by a constant array period Λ.  The square antennas each emit a uniform 

electric field, at the same wavelength, 𝜆 in free space. So, the size of 

the emitted field is 𝑙. The 1D-array fill factor, 𝐹𝐹1𝐷, is defined as the 

ratio between the antenna size, 𝑙, and the array period Λ, as 𝐹𝐹1𝐷 = 𝑙/Λ. 

 
Fig. 5.6: 1D-array of square apertures. 𝑙 is the antenna size, 𝛬 is the array period and 

𝜆 is the wavelength. The 1D-array fill factor is 𝐹𝐹1𝐷 =  𝑙/𝛬. 𝜃 is the circular 

coordinate angle in the far field pattern in the 𝑥-𝑧 plane    

The normalized angular distribution of the far field intensity , 𝐼(𝜃), in 

the 𝑥-𝑧 plane along the antenna array, marked with dashed lines in Fig. 

5.6, can be described as follows [223,232,233]: 

 𝐼(𝜃) = |𝐸𝐹(𝜃) × 𝐴𝐹(𝜃)|2 Eq. (5.2) 

where 𝜃 is the circular coordinate angle in the far field profile, defined 

as in Fig. 5.6, 𝐸𝐹(𝜃) is the element factor and is 𝐴𝐹(𝜃) is the array 

factor.  
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The element factor, 𝐸𝐹(𝜃) , is given by the far field pattern of the 

unitary antenna composing the array. For a rectangular aperture of 

length 𝑙, and uniform electric field, the element factor is a 𝑠𝑖𝑛𝑐 function:  

 

𝐸𝐹(𝜃) =  
sin (𝑘0

𝑙
2 sin 𝜃)

𝑘0
𝑙
2 sin 𝜃

 Eq. (5.3) 

where 𝑘0 = 2𝜋/𝜆 is the free-space wave vector 

 

𝐴𝐹(𝜃) is the array factor and describes the interference effects of the 

fields emitted by the antennas in the array as:  

 𝐴𝐹(𝜃) =
sin(

𝑁
2 𝑘0Λ sin 𝜃)

sin(
1
2 𝑘0Λ sin 𝜃)

 Eq. (5.4) 

where 𝑘0 is the free-space wave vector, 𝑁 is the number of antennas 

and Λ is the array period. 

Examples of far field profiles, calculated using Eq. (5.2), are presented 

in Fig. 5.7. The considered array has 𝑁  = 4 square apertures and 

operates at a wavelength of 𝜆 = 1550 nm. Two different regimes arise 

depending on the size of Λ relative to 𝜆/2.     

Fig. 5.7(a)-(c) show the 𝐸𝐹(𝜃), 𝐴𝐹(𝜃) and far field profiles, calculated 

for a fixed period Λ = 600 nm < 𝜆/2, and increasing 𝑙, yielding filling 

factors of 𝐹𝐹1𝐷 = 0.5, 0.75 and 1. In all the three cases, only a single 

lobe (peak) is present. Increasing 𝑙 reduces the angular width of the 

𝐸𝐹(𝜃), as they are related by a Fourier Transform. However, this has 

little effect on the overall far field profile. This Λ < 𝜆/2 configuration, 

providing a single radiation lobe, is ideal for point-to-point 

communications. However, implementing such a small period is 

challenging as it would require very small antenna gratings, capable of 

diffracting all the optical power on a distance < 𝜆/2 = 775 nm. For 

comparison, a single period in a typical grating coupler is near 600 nm.  
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Fig. 5.7: Far field intensity profiles with 𝑁 = 4 antennas, separated by a period 𝛬, 

operating at a wavelength 𝜆 = 1.55 µm. Two configurations are shown, with different 

1D-array fill factors, 𝐹𝐹1𝐷: (a) – (c) 𝛬 = 0.600 µ𝑚 < 𝜆/2, resulting in an 𝐴𝐹(𝜃) with a 

single radiation, and (d) – (f) 𝛬 = 3.325 µ𝑚 > 𝜆/2 in yielding three radiation lobes in 

the 𝐴𝐹(𝜃). The side lobe level in the far field is reduced by increasing the 𝐹𝐹1𝐷.          
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Fig. 5.7(d)-(f) present the 𝐸𝐹(𝜃), 𝐴𝐹(𝜃) and far field profiles calculated 

for a fixed period Λ = 1.5𝜆 = 2325 nm. The antenna length, 𝑙, is set to 

achieve filling factors of 𝐹𝐹1𝐷 = 0.5, 0.75 and 1. The 𝐴𝐹(𝜃) exhibits 

three lobes with equal amplitude. For small angles, the separation 

between side lobes,  δ𝜃, can be approximated as:    

 
δ𝜃 ≈

𝜆

Λ
 Eq. (5.5) 

where 𝜆 is the wavelength and Λ is the array period.   

 

The full width at half maximum (FWHM) of the peaks, δ𝜃𝐹𝑊𝐻𝑀  in 

radians, can be approximated for small steering angles by:    

 
δ𝜃𝐹𝑊𝐻𝑀 ≈

𝜆

𝑁Λ
 Eq. (5.6) 

where 𝜆 is the wavelength, 𝑁 is the number of antennas and Λ is the 

array period 

For Λ = 3𝜆/2 = 2.325 µm, the side lobes are separated by δ𝜃 ≈ 40° 

and the beamwidth is δ𝜃𝐹𝑊𝐻𝑀  ≈ 10°  in accordance with Eq. (5.5) and 

Eq. (5.6).  

The side lobe level relative to the maximum intensity in the far field 

profile, 𝑆𝐿𝐿, is defined as: 

 𝑆𝐿𝐿 (𝑑𝐵) = 10 × log10(
𝐼𝑠𝑖𝑑𝑒 𝑙𝑜𝑏𝑒

𝐼𝑚𝑎𝑥
) Eq. (5.7) 

where 𝐼𝑠𝑖𝑑𝑒 𝑙𝑜𝑏𝑒 is the intensity of the side lobe and 𝐼𝑚𝑎𝑥  is the 

maximum intensity in the far field pattern. 

The side lobes are not usually used in communications links and lead 

to a reduced energy efficiency [198]. To reduce the side lobe level, 𝑆𝐿𝐿, 

the angular width of the modulating 𝐸𝐹(𝜃) should be reduced. As the 

angular width of the 𝐸𝐹(𝜃) is inversely proportional to the size of the 

unitary emitter, 𝑙, the latter should be increased. For a given pitch Λ, 

an increase in 𝑙 leads to an increase in the array fill factor 𝐹𝐹1𝐷 =  𝑙/Λ. 

Hence, in the Λ > 𝜆/2 regime, the 𝑆𝐿𝐿 can be reduced by increasing 

the 𝐹𝐹1𝐷 (see Fig. 5.7(d)-(e)).  
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A particular case arises when 𝐹𝐹1𝐷 = 1, that is, when 𝑙 = Λ. The whole 

array behaves as a large single antenna and a single beam is obtained. 

The suppression of the side lobes arises from the coincidence of the 

zeros in the element factor with the higher orders of the array factor 

(see Fig. 5.7(c)). However, this case is unfeasible in practice as some 

space must be dedicated to route light to the antennas.  

 
Fig. 5.8: Side lobe level, 𝑆𝐿𝐿, as a function of the 1D-array fill factor, 𝐹𝐹1𝐷, with 

𝛬 = 3𝜆/2, where 𝛬 is the pitch and 𝜆 is the wavelength.  

A compromise should therefore be found between a high 𝐹𝐹 for low 

side lobe level, and practical implementations by leaving sufficient 

space for feeding the antennas. Fig. 5.8 shows the side lobe level as a 

function of the array fill factor for Λ = 3𝜆/2. A relevant target value for 

the 𝐹𝐹1𝐷 is 0.76 which gives an 𝑆𝐿𝐿 of -10 dB (10 %). 

To illustrate the effects of beam steering on the 𝑆𝐿𝐿 , the array 

configuration with pitch Λ = 3𝜆/2 and array fill factor 𝐹𝐹1𝐷 = 0.76 has 

been considered (see Fig. 5.9). To steer the beam, a phase gradient is 

applied between the fields emitted by the unitary antennas, causing an 

angular shift, Δ𝜃 in the far field pattern as shown in Fig. 5.9(a). When 

steered, the intensity in the main lobe decreases and the intensity of 

the side lobe increases, causing an increase in the side lobe level, 𝑆𝐿𝐿 

(see Fig. 5.9(b)-(c)). Thus, the considered array configuration, with 

Λ > 𝜆/2 and 𝐹𝐹1𝐷 = 0.76 yields a good 𝑆𝐿𝐿 ~ -10 dB for 𝜃 = 0°, but 

yields a narrow steering range. Yet, such small steering range is 

sufficient for the point-to-point communications envisioned in this 

work.  

 



 

109 

 

 
Fig. 5.9: Beam steering for an array with 𝛬 = 3𝜆/2 and 𝐹𝐹1𝐷 = 0.76. (a) Far field 

distribution, (b) the intensity of the main lobe and the side lobe, (c) side lobe level, 

𝑆𝐿𝐿, decreases as the beam steering angle 𝛥𝜃 increases. 

The 1D-array example illustrates the general principles governing 

side-lobe formation. The same general physical principles apply for a 

2D-array, which is the final objective of this work.    

5.3 LITERATURE REVIEW OF 2D-OPAS 

There are two main strategies to steer the optical beam in 2D. The first 

one consists of controlling the relative phase of the electric fields 

emitted by the antennas in 2D-arrays to control the radiation angles 𝜃 

and 𝜑, which along the 𝑥- and 𝑦-axis respectively. This is shown in Fig. 

5.10(a) [19]. The second one, presented in Fig. 5.10(b), consists in using 

a 1D-array [229,234]. In this case, the relative phase among the 

antennas is tuned to steer the beam angle 𝜑, along the 𝑦-axis, and 

wavelength tuning to scan the beam angle 𝜃, along the 𝑥-axis, as the 

radiation angle of a diffractive grating changes with the wavelength. 

2D-scanning using only wavelength tuning has also been 
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demonstrated using serpentine OPAs [235], but is an uncommon 

approach.  

 
Fig. 5.10: (a) 2D-array achieving 2D-beam steering by controlling the relative phase 

emitted by the antennas. (b)1D-array achieving 2D-beam steering with relative 

phase control along one direction and wavelength tunning along the other one. 

Images from Hsu et al. [220]. 

While the two configurations provide 2D-beam steering, only the 

2D-arrays allow the compensation of phase front errors due to 

atmospheric turbulences. Hence, the literature review is focused on 

2D-arrays, which can be classified according to the shape into and 

rectangular and circular, or according to the periodicity into periodic 

or sparse. 

5.3.1 Rectangular periodic arrays  

Fig. 5.11 shows two examples of 2D-periodic arrays and their produced 

far field patterns [210,236]. In both cases, the array pitch is around 

10 µm, which is greater than the operating wavelength of 1.55 µm. As 

the array fill factor is low, side lobes are present in the far field patterns. 
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Other periodic 2D-arrays can be found in [225,226,237–241], all with a 

pitch greater than the wavelength.  

 
Fig. 5.11: Examples of 2D-rectangular periodic arrays with pitch greater than the half 

wavelength, 𝛬 > 𝜆/2. The array fill factor was low. Side lobes were visible. (a) 64x64 

phased-array, pitch = 9 µm x 9 µm. Images from Sun et al. [210], (b) 2D-array with 

reduced number of phase shifters, pitch = 11 x 11 µm. Images from Ashtiani et al. 

[236] 

The smallest pitch to date in a 2D-OPA was reported by Zhang et al. in 

2023 (see Fig. 5.12(a)) [226]. Still, the pitch of 5.5 µm x 5.5 µm is larger 

than the wavelength of 1550 nm. Such small pitch was attained by 

reducing crosstalk using sinusoidal waveguides. The antenna size is 

2.34 µm x 3 µm, giving a low array fill factor of 0.42 x 0.55. Side lobes 

are therefore present in the far field (Fig. 5.12(b)).  

 

Fig. 5.12: (a) Smallest 2D-rectangular array pitch using sinusoidal waveguides to 

reduce crosstalk. (b) Its far field simulation. Images from Zhang et al. [226] 
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A pitch smaller than the half wavelength has only been demonstrated 

in 1D-arrays using dissimilar adjacent waveguides to limit crosstalk 

[216,218].  

No 2D-arrays with pitch (Λ ≫ 𝜆) and high fill factor with attenuated 

side lobes have been found in the literature.  

5.3.2 Rectangular sparse (aperiodic) arrays  

These are non-uniform arrays in which the antennas are irregularly 

placed (see Fig. 5.13(A)), so as to smear the side lobe emissions into 

the noise floor [212,213,242,243]. The energy that was contained in the 

side lobes is now scattered in various angles (see Fig. 5.13(B)) and do 

not increase the power fraction in the main lobe.  

 
Fig. 5.13: (A) Sparse array. Image from Fateli et al. [213] (B) Comparison of far field 

profiles of (a) uniform and (b) sparse arrays. Images from Yang et al. [243]. 

5.3.3 Circular arrays  

A few circular arrays have been reported in the literature [244–247]. Fig. 

5.14 compares the far field patterns of a rectangular array and circular 

arrays (periodic and sparse) [244]. The considered emitted wavelength 

is 1 µm. A radial pattern is observed in the circular OPA and is still 

showing significant side lobes, which are reduced using a sparse 

configuration.  
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Fig. 5.14: (a) 10x10 Rectangular array, with pitch = 2𝜆, (b) 73-element circular array 

with periodic radial spacing = 2𝜆, and (c) with sparse spacing (range : 1𝜆 to 3𝜆)  

(d)-(f) are the respective far field patterns. Images from Zhang et al. [244]       

However, to date, circular arrays are difficult to implement due to 

complex waveguide routing systems. Benedikovic et al. proposed a 

central circular grating coupler (Fig. 5.15) to feed a circular OPA, but 

this resulted in a minimum optical intensity at the center of the far field 

pattern [246,247].   

 
Fig. 5.15: (a) Circular OPA with central circular grating coupler as feeding system. 

(b) Corresponding far field profile. Images from Benedikovic et al [247]. 

5.4 AIM OF OUR WORK AND OPA DESIGN SPECIFICATIONS  

An unexplored strategy for reducing side lobe levels while increasing 

the optical power in the main lobe is to implement a periodic 

rectangular 2D-array, with a large array pitch and high array fill factor, 

as described in section 5.2.2. This configuration, however, comes at the 
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expense of a reduced, but sufficient steering range for point-to-point 

communications. The aim of our work is therefore to implement such 

an array, whose specifications are given in this section. 

The 2D-OPA schematic is shown in Fig. 5.16. The array period and 

antenna size are Λ𝑥,𝑦 and 𝑙𝑥,𝑦, along the 𝑥- and the 𝑦-axis, respectively. 

The linear fill factor corresponding to the 𝑥 - or 𝑦 -dimension is 

𝐹𝐹𝑥,𝑦 = 𝑙𝑥,𝑦/Λ𝑥,𝑦. A square OPA is considered with 𝑙𝑥 = 𝑙𝑦 and Λ𝑥 = Λ𝑦. 

The array fill factor, 𝐹𝐹2𝐷, can be defined as the square of either one 

of the linear fill factors: 𝐹𝐹2𝐷 = 𝐹𝐹𝑥
2 = 𝐹𝐹𝑦

2.  

The array is designed for CEA-Leti’s 300 nm-thick SOI platform to 

operate at 1.55 µm wavelength and TE polarization. For a small-scale 

proof of concept, the following OPA specifications have been made as 

shown in Table 5.2.  

𝑁𝑥 = 𝑁𝑦= 4 was chosen, giving 16 antennas in total. The array pitch 

was set to Λ𝑥  = Λ𝑦  = 90 µm, resulting in a lobe separation of 

δ𝜃𝑥 = δ𝜃𝑦 ≈ 1.0° in the far field as per Eq. (5.5). The full width at half 

maximum (FWHM) of the main lobe shall be around 

Δ𝛿𝐹𝑊𝐻𝑀,𝑥 = Δ𝛿𝐹𝑊𝐻𝑀,𝑦 ≈ 0.25° according to Eq. (5.6). Finally, the target 

value of the array fill factor has been set to 𝐹𝐹𝑥 = 𝐹𝐹𝑦 = 0.76, resulting 

in a side lobe level of 𝑆𝐿𝐿 ≈ -10 dB (10 %), as shown in Fig. 5.8 and for 

leaving space for interconnecting waveguides. The optical mode 

produced by an antenna in the near field should have a mode size of 

at least 𝑙𝑥 = 𝑙𝑦 = 0.76 × 90 µm = 68.4 µm, to achieve the desired fill 

factor. 

Thermo-optic phase shifters (heaters) are used to control the phase of 

the emitted field by each antenna [15]. The phase is controlled by 

passing a current through the resistive heater, changing the 

temperature of the adjacent waveguide, hence its effective index and 

the phase of the propagating mode. In our OPA, each antenna requires 

a phase shifter. The 16 heaters are driven simultaneously with a 

16-channel electric probe [248].  
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Fig. 5.16: Schematic of the proposed 4x4 OPA array. Phase shifters are not shown 

here for simplicity. 

 

Parameter Symbol Value 

Free space wavelength 𝜆 1.55 µm 

Number of Antennas 𝑁𝑥 = 𝑁𝑦 4 

Array Pitch Λ𝑥 =  Λ𝑦 90 µm 

Linear Fill Factor 𝐹𝐹𝑥 =  𝐹𝐹𝑦 0.76 

Near field mode size 𝑙𝑥 = 𝑙𝑦 68.4 µm 

   

Far field profile   

Lobe separation Δ𝜃𝑥 = Δ𝜃𝑦 1.00° 

FWHM of main lobe Δ𝜃𝐹𝑊𝐻𝑀,𝑥 = Δ𝜃𝐹𝑊𝐻𝑀,𝑦 0.25° 

Side Lobe Level 𝑆𝐿𝐿  -10 dB (10 %) 

Table 5.2: OPA specifications  

Each antenna is fed by a single mode waveguide. Hence, an optical 

mode converter is required between the single mode waveguide, with 

a width of 500 nm, and the optical antenna with a width of 68.4 µm. 

The converter is required to be compact to maximize the array fill 

factor.  
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5.5 LITERATURE REVIEW OF BEAM EXPANSION SOLUTIONS    

We consider here optical antennas implemented with diffractive 

gratings. The size of the radiated beam is determined by the grating 

width, in the direction perpendicular to the propagation, and its 

effective length, along the propagation axis. The effective length, 𝑙𝑒, 

refers to the length required to radiate all the power injected into the 

grating.  In the subsequent literature review, we present solutions to 

laterally expand the optical mode from a narrow single-mode 

waveguide and a wide grating coupler, and strategies to increase the 

effective grating length.   

 

2D-beam expansion is often performed in grating couplers, in which 

the beam diameter is typically expanded (in the near infrared 

wavelengths) from ~ 500 nm in a single mode waveguide to ~ 10 µm 

to match the mode field diameter of an optical fiber. 

 
Fig. 5.17: (a) Straight 1D-grating coupler with 700 µm long taper, (b) Focusing 

grating coupler with 22.5 µm long taper. Images from Van Laere et at. [134]. 

Diffraction gratings are generally used to couple light to an optical 

fiber. Hence, they generally have a width of ~ 15 µm. The transition 

between single-mode waveguide, of ~ 0.5 µm width and the taper can 

be done using a straight adiabatic taper, as shown in Fig. 5.17(a). 

However, the required taper length is very long (> 200 µm) [134], and 

would yield a low array fill factor if implemented in an OPA. 

Non-adiabatic tapers, like the one shown in Fig. 5.17(b), allow low loss 

mode conversion on a length ~ 20 µm  [134]. However, the tapers still 

occupy a footprint similar to that of the diffraction grating, limiting the 

achievable fill factor to less than 50 %. Demonstrated OPAs with 

non-adiabatic tapers have shown high side lobe levels in their far field 

patterns (see Fig. 5.11).  
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In 2018, Kim et al. reported a mode size converter to make the 

transition between a 500 nm-wide waveguide and a 140 µm-wide 

grating [249].  The converter, presented in Fig. 5.18, exploits 

evanescent coupling between the mode of the waveguide and the slab 

mode to achieve the size conversion. Due to the phase-matching 

conditions, the slab modes propagate with an angle of 28° with respect 

to the waveguide longitudinal axis, resulting in a large converter area 

that limits the potential array filling factor.  

 
Fig. 5.18: Mode size converter based on evanescent coupling. Image from Kim et al. 

[249]. 

Other on-chip mode expanders include graded-index (GRIN) lenses 

[250], semi-lenses [251] and hollow tapers [252]. Still, no solution has 

been found in the literature providing array fill factors > 50 %.   

In addition to on-chip mode expanders, several solutions have been 

proposed to implement weakly radiating gratings for beam expansion 

in free space. These solutions can achieve effective lengths of 

𝑙𝑒 =  100𝜆  − 10000 𝜆 , where 𝜆  is the wavelength. For comparison, 

conventional fiber-chip grating couplers typically have an effective 

length of 𝑙𝑒 = 10𝜆.  

To implement such weak diffraction gratings, shallow etch steps can 

be used [257]. Other strategies include SWG nanoholes [253], as shown 

in Fig. 5.19(a), and corrugated sidewalls [254], as shown in Fig. 5.19(b), 

which help to lower the index contrast and hence, reduce the grating 

radiation strength. Another strategy consists of placing radiative 

elements laterally next to the waveguide core to diffract the 

evanescent field of the propagating mode [255], shown in Fig. 5.19(c). 

By using an SWG-waveguide instead of a conventional solid 
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waveguide core, as shown in Fig. 5.19(d), the delocalization of the 

evanescent field can be controlled, thus enabling control of the grating 

radiation strength [256]. These four design approaches have enabled 

mm-long antennas (~1000𝜆).    

 
Fig. 5.19: Strategies for implementing weak gratings: (a) SWG nanoholes. Image from 

Li et al. [253], (b) Sidewall corrugations. Image from Yu et al. [254]. Laterally 

separated radiative elements with (c) solid waveguide core. Image from Chen et al. 

[255] (d) SWG waveguide. Image from Ginel-Moreno et al. [256]. 

5.6 ANTENNA STRUCTURE AND SIMULATION RESULTS 

Fig. 5.20 and Fig. 5.21 schematically show the suggested OPA antenna 

geometry, allowing the expansion between a 500-nm-wide waveguide 

and a 50-µm-wide grating along both directions. The antenna 

comprises two separate diffraction stages: i) a waveguide-to-slab 

expansion grating and, ii) a free space radiation grating. The device is 

designed for the CEA-Leti’s 300 nm-thick SOI platform at a wavelength 

𝜆 = 1.55 µm and TE polarization. It was intended to maximize the array 

fill factor of a 2D-OPA.  
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Fig. 5.20: 3D-view of the proposed OPA antenna, composed of a waveguide-to-slab 

expansion grating and of a free space radiation grating. The SiO2 cladding and the 

BOX are not shown for the sake of clarity. The beam has a size of ~ 50 × 50 µm in 

the near field. The far field full width at half maximum divergence is around 

𝛿𝜃𝐹𝑊𝐻𝑀 = 1.40° in both the 𝑥- and 𝑦-axis.       

  
Fig. 5.21: Top view of the OPA antenna and its geometrical parameters 
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The waveguide-to-slab expansion grating is made up of single sided 

fully etched sidewall corrugations with a triangular shape. The grating 

period and apodization are optimized to create a Gaussian slab mode 

with a diameter of ~  50 µm along the 𝑥-axis, propagating 

perpendicular to the waveguide, along the 𝑦 -axis. This way the 

radiation grating can be placed near the waveguide, maximizing the 

array fill factor when implemented in an OPA.  

The free-space radiation grating is implemented with shallow etched 

SWG-metamaterial ridges to minimize the grating radiation strength 

and maximize the effective grating length. The grating is apodized 

along the 𝑦-axis to yield a radiated field with a Gaussian profile. In the 

near field, the antenna radiates a Gaussian mode with a size of 

50 µm × 50 µm. This corresponds to an angular divergence in the far 

field of 1.40° both along the 𝑥- and 𝑦-axis. This antenna structure, 

which enables a high array fill factor in a 2D-OPA, as shown in Fig. 5.16, 

has been patented by CEA-Leti [258]. 

In the next sections, the design methodologies of the 

waveguide-to-slab expansion grating and of the free space radiation 

grating are presented. The simulations are carried out using 3D-FDTD. 

The refractive indices used at 𝜆  = 1.55 µm are 𝑛𝑆𝑖  = 3.48 and 

𝑛𝑆𝑖𝑂2
 = 1.44.  

5.6.1 Design of the waveguide-to-slab expansion grating  

 
Fig. 5.22: Optical power distribution by the waveguide-to-slab expansion grating. Its 

power efficiency is 𝜂𝑆𝑙𝑎𝑏,𝑐𝑜𝑟𝑟 . 
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The proposed waveguide-to-slab expansion grating geometry, as 

shown in Fig. 5.22, is inspired by the mode demultiplexer reported in 

[259,260]. A similar structure has been implemented as a compact light 

feeding circuit of a 1D-OPA [261] and is also referred to as a distributed 

Bragg deflector [262–265].  

The sidewall corrugations act as blazed gratings and diffract the input 

light into the adjacent slab [259]. Their operation is governed by the 

grating equation: 

 𝑛𝑠𝑙𝑎𝑏 sin(𝜃𝑚) = 𝑛𝑊𝐺 + 𝑚
𝜆

𝑃𝑐𝑜𝑟𝑟
  Eq. (5.8) 

where 𝑛𝑠𝑙𝑎𝑏  and 𝑛𝑊𝐺  are the effective indices of the slab and input 

waveguide modes respectively, 𝜃𝑚 is the radiation angle (with respect 

to the 𝑦-axis) for the diffraction order 𝑚, 𝜆 is the wavelength and 𝑃𝑐𝑜𝑟𝑟 

is the period of the corrugation.  

By controlling 𝑤𝑐𝑜𝑟𝑟, the grating strength of the corrugation can be 

tuned. This gives control over the length over which the light is 

extracted. Also, by choosing the appropriate values of 𝑤𝑐𝑜𝑟𝑟 and 𝑃𝑐𝑜𝑟𝑟, 

the emission angle 𝜃𝑐𝑜𝑟𝑟  can be set to 0°, allowing the free space 

radiation grating to be placed close to the waveguide and hence, to 

maximize the array fill factor of an OPA.      

 
Fig. 5.23: (a) Triangular corrugation, 𝛼 is acute and not allowed by fabrication design 

rules (b) 𝛽 is obtuse thanks to the additional length 𝑙𝑐𝑜𝑟𝑟,𝑡𝑜𝑝.  

For compatibility with the fabrication design rules of CEA-Leti, a 

section of length  𝑙𝑐𝑜𝑟𝑟,𝑡𝑜𝑝 = 80 nm is included in the blazed grating 

geometry (see Fig. 5.23), thereby avoiding an acute angle.   

The waveguide width is 𝑤𝑊𝐺 = 600 𝑛𝑚.  The grating is designed to 

maximize diffraction into the 𝑚 = -1 order, with a radiation angle of 
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𝜃𝑚=−1 = 0°. To further maximize the diffraction into the -1st order, the 

corrugations have been blazed using an angle 𝜃𝑐𝑜𝑟𝑟 = 30°.  

 
Fig. 5.24: Apodization of grating by (a) varying 𝑤𝑐𝑜𝑟𝑟 , the width in the corrugations 

along the 𝑥-axis and (b) setting the corresponding period in the corrugations, 𝑃𝑐𝑜𝑟𝑟 , 

such that each corrugation grating radiates at an angle of 0°  

To obtain a Gaussian profile in the slab mode with a diameter of 

around 50 µm, the grating is apodised as shown in Fig. 5.24. To do so, 

a procedure similar to the one described in [259] is followed. The 

corrugation width, 𝑤𝑐𝑜𝑟𝑟 , is varied between 𝑤𝑐𝑜𝑟𝑟,𝑚𝑖𝑛  = 80 nm and 

𝑤𝑐𝑜𝑟𝑟,𝑚𝑎𝑥 = 300 nm for 𝑥 < 60 µm, where 𝑥 is the position along the 

grating. The apodization function is a Gaussian:  

𝑤𝑐𝑜𝑟𝑟(𝑥) = 𝑤𝑐𝑜𝑟𝑟,𝑚𝑎𝑥𝑒
−𝑥2

2𝜎𝑐𝑜𝑟𝑟
 2

, where 𝜎 = 60 µm is the standard deviation 

of the Gaussian function. If 𝑤𝑐𝑜𝑟𝑟(𝑥) < 𝑤𝑐𝑜𝑟𝑟,𝑚𝑖𝑛, then 𝑤𝑐𝑜𝑟𝑟(𝑥) is set to 

𝑤𝑐𝑜𝑟𝑟,𝑚𝑖𝑛 to respect fabrication design rules. For 𝑥 > 60 µm, the grating 

is uniform with 𝑤𝑐𝑜𝑟𝑟(𝑥) = 𝑤𝑐𝑜𝑟𝑟,𝑚𝑎𝑥 . However, different 𝑤𝑐𝑜𝑟𝑟  values 

with fixed period, 𝑃𝑐𝑜𝑟𝑟 , result into different radiation angles and 

non-parallel wavefronts. Several simulations have been run to 

determine the corresponding 𝑃𝑐𝑜𝑟𝑟  for various values of 𝑤𝑐𝑜𝑟𝑟  which 

give a diffraction angle of 0°. Then, the following has been fitted using 

a second order polynomial: 𝑃𝑐𝑜𝑟𝑟 = 0.0002𝑤𝑐𝑜𝑟𝑟
2 + 0.0543𝑤𝑐𝑜𝑟𝑟 + 540. 

Following this polynomial, 𝑃𝑐𝑜𝑟𝑟 has been adapted along the grating 

for the various 𝑤𝑐𝑜𝑟𝑟. The number of corrugations, 𝑁𝑐𝑜𝑟𝑟, is set to 120. 

The electric field intensity of the resulting slab mode is shown in Fig. 

5.25, exhibiting a quasi-Gaussian profile along the 𝑥 -axis. Its 

corresponding far field simulation pattern presented a propagation 

angle of 𝜃𝑆𝑙𝑎𝑏 = -0.30° in silicon, close to the targeted 0°.  
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Fig. 5.25: (a) Electric field in the Si slab (b) 1D-profile taken at the point of maximum 

intensity (indicated along the dotted lines in (a)). 

This waveguide-to-slab expansion grating, however, has a relatively 

low power efficiency, 𝜂𝑐𝑜𝑟𝑟,𝑆𝑙𝑎𝑏 , which is defined as the ratio of the 

optical power transmitted to the slab to the optical power in the input 

waveguide (see Fig. 5.22). According to our simulations, the efficiency 

is 𝜂𝑐𝑜𝑟𝑟,𝑆𝑙𝑎𝑏 = 0.58 = -2.37 dB. Energy is mainly lost in radiative modes 

with 𝜂𝑐𝑜𝑟𝑟,𝑏𝑒ℎ𝑖𝑛𝑑 = 0.17 (in the opposite direction of propagation of the 

slab mode), 𝜂𝑐𝑜𝑟𝑟,𝑠𝑢𝑏𝑠 = 0.11 (towards the substrate), 𝜂𝑐𝑜𝑟𝑟,𝑐𝑙𝑎𝑑 = 0.10 

(towards the cladding). The residual transmission after propagation in 

the waveguide and the back-reflections were both negligible 

( 𝜂𝑐𝑜𝑟𝑟,𝑤𝑔   = 𝜂𝑐𝑜𝑟𝑟,𝐵𝑅  = 0.02). The energy efficiency of our 

waveguide-to-slab expansion grating can be improved with further 

optimization. Also, additional SWGs-metamaterials can be 

implemented for the waveguide-to-slab expansion grating to operate 

in the single beam condition [266].    

The slab mode then travels a distance of 𝑙𝑆𝑙𝑎𝑏 = 5 µ𝑚 along the 𝑦-axis 

before being diffracted into free space by the free space radiation 

grating.  

5.6.2 Design of the SWG-engineered free space radiation grating 

The free space radiation grating (see Fig. 5.26) diffracts the slab mode, 

producing a 2D-Gaussian mode in free space. SWGs are used here to 

create an equivalent grating ridge with a lower index contrast as 

compared to a continuous Si grating ridge [253]. Light is therefore 

diffracted over a longer distance, producing a larger mode in the near 
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field along the 𝑦-axis and hence, a narrower angular divergence is 

obtained in the far field. The geometrical parameters of the radiation 

grating are shown in Fig. 5.21.  

It is important to note that diffraction only occurs along the 

propagation 𝑦-axis. The SWG pitch is set to Λ𝑆𝑊𝐺= 350 nm and the 

silicon width is fixed to 𝑤𝑆𝑖  = 120 nm in every SWG-metamaterial 

ridge.   

 
Fig. 5.26: Optical power distribution of the free space radiation grating. Its power 

efficiency is 𝜂𝑆𝑊𝐺,𝐹𝑟𝑒𝑒 𝑆𝑝𝑎𝑐𝑒 . 

The working principle of this grating is also governed by Eq. (5.8), 

except that here, diffraction occurs into free space (instead of a silicon 

slab) at an angle 𝜃𝑦 (see Fig. 5.26). The apodization methodology is 

similar to the one used for the waveguide-to-slab expansion grating 

(see Fig. 5.27).  

 

 
Fig. 5.27: (a) Apodization function (b) Corresponding period P such that the radiation 

angle is 11.5° in air for every SWG-equivalent grating ridge. 
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The grating strength is varied by varying the longitudinal length 𝑙𝑆𝑊𝐺 . 

The apodization function is 𝑙𝑆𝑊𝐺(𝑦) = 𝑙𝑆𝑊𝐺,𝑚𝑎𝑥𝑒
−(𝑦−𝑦0)2

2𝜎𝑆𝑊𝐺
2

 where 

𝑙𝑆𝑊𝐺,𝑚𝑎𝑥 = 300 nm, 𝑦0 = 𝑙𝑠𝑙𝑎𝑏= 5 µm as the free space radiation grating 

starts after the slab, 𝜎𝑆𝑊𝐺  = 90 µm is the standard deviation of the 

Gaussian. The grating longitudinal period, 𝑃, is adapted such that each 

SWG-equivalent grating ridge radiates at an angle of 𝜃𝑦 = 11.5° in air 

and is given by the following polynomial:  

𝑃 =  −6 × 10−5𝑙𝑆𝑖
2 − 0.0337𝑙𝑆𝑖 − 637. This diffraction angle was chosen 

to minimize back-reflections from the m = -2 grating diffraction order, 

which can be coupled back into the slab if 𝜃𝑦 = 0°. The number of SWG 

equivalent ridges, 𝑁𝑆𝑊𝐺 , has been set to 100.   

 

Fig. 5.28 shows the simulated emitted near field in free space, which is 

quasi-Gaussian along both the 𝑥 and 𝑦 axes. The mode field diameter 

(MFD) is around 50 µm in both directions.  

Fig. 5.29 shows the far field simulation results. The beam is emitted at 

angles 𝜃𝑥 = -1.0° and 𝜃𝑦 = 12.2° in the air. These values are close to 

the targeted ones of 𝜃𝑥,𝑡𝑎𝑟𝑔𝑒𝑡 = 0° and 𝜃𝑦,𝑡𝑎𝑟𝑔𝑒𝑡 =11.5°. The far field 

profile is Gaussian with a full width at half maximum (FWHM) 

divergence of 𝛿𝜃𝐹𝑊𝐻𝑀  = 1.40° along 𝑥  and 𝑦  directions. This 

divergence corresponds to a beam waist of around 𝑤0 = 24 µm at a 

wavelength 𝜆 = 1.55 µm, calculated from:  

 
𝑤0 =

√2 ln 2

𝜋 δ𝜃𝐹𝑊𝐻𝑀
𝜆 Eq. (5.9) 

where δ𝜃𝐹𝑊𝐻𝑀 is the FWHM divergence of the Gaussian beam and 𝜆 is 

the wavelength.   

The beam diameter (or mode field diameter, MFD) is therefore 

MFD = 2 × 𝑤0 = 48 µm. The emitted MFD is less than the targeted 

68.4 µm (see Table 5.2) and is less than the geometric antenna 

dimensions, 𝐿𝐴𝑛𝑡 ×  𝑊𝑎𝑛𝑡 ≈  70 µm ×  70 µm. If implemented in a 

2D-array of pitch Λ𝑥  × Λ𝑦 = 90 µm × 90 µm as per our specifications, 

the array fill factor along the 𝑥 and 𝑦-axes is 𝐹𝐹𝑥 = 𝐹𝐹𝑦 = 48/90 = 0.53, 

resulting in an 𝑆𝐿𝐿 ≈ - 5 dB instead of the targeted -10 dB. 
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Fig. 5.28: (a) Near field in free space, with 1D-profiles (indicated by the dotted lines) 

(b) along the 𝑥-axis and (c) 𝑦-axis.  

 
Fig. 5.29: (a) Far field profile of the emitted beam with associated 1D-profiles taken at 

the position of maximum intensity (b) along 𝜃𝑥 and (c) along 𝜃𝑦. 
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The simulated transmission efficiency of the free space radiation 

grating, defined as the transmitted optical power into free space 

relative to the optical power injected into the slab is  

𝜂𝑆𝑊𝐺,𝐹𝑟𝑒𝑒 𝑆𝑝𝑎𝑐𝑒  = 0.57 = -2.53 dB. Power losses to the substrate are 

𝜂𝑆𝑊𝐺,𝑆𝑢𝑏𝑠 = 0.20. The directionality of the grating should be optimized. 

Another 𝜂𝑆𝑊𝐺,𝑅𝑖𝑔ℎ𝑡 = 0.20 was lost in the plane of the chip, towards the 

positive 𝑥-axis. These can be extracted into free space by increasing 

the number of SWG periods in each grating ridge which was set to 120. 

A negligible residual transmission 𝜂𝑆𝑊𝐺,𝑤𝑔  = 0.03 was left after 

diffraction by the gratings.   

The overall simulated efficiency of the whole antenna is 

𝜂𝐴𝑛𝑡  = 𝜂𝑐𝑜𝑟𝑟,𝑆𝑙𝑎𝑏 × 𝜂𝑆𝑊𝐺,𝐹𝑟𝑒𝑒 𝑆𝑝𝑎𝑐𝑒  = 0.33 = -4.81 dB and should be 

further optimized.  

5.6.3 Summary of the design parameters of the antenna  

Table 5.3 summarizes the OPA antenna parameters. 

Corrugations Value SWGs Value 

𝑤𝑊𝐺 600 nm Λ𝑆𝑊𝐺  350 nm 

𝑁𝑐𝑜𝑟𝑟 120 𝑤𝑆𝑖 120 nm 

𝜃𝑐𝑜𝑟𝑟 30° 𝑁𝑆𝑊𝐺  100 

𝑙𝑐𝑜𝑟𝑟,𝑡𝑜𝑝 80 nm 𝑙𝑆𝑊𝐺  107 – 300 nm 

𝑤𝑐𝑜𝑟𝑟 80 – 300 nm 𝑃 621- 633 nm 

𝑃𝑐𝑜𝑟𝑟 543 – 575 nm 𝜃𝑥 -1.00° in air 

𝑙𝑠𝑙𝑎𝑏 5 µm 𝜃𝑦 12.24° in air 

𝜃𝑆𝑙𝑎𝑏 -0.30° in Silicon Δ𝜃𝐹𝑊𝐻𝑀 1.40° 

  MFD 48 µm 

𝜂𝑐𝑜𝑟𝑟,𝑆𝑙𝑎𝑏 0.58 (-2.32 dB) 𝜂𝑆𝑊𝐺,𝐹𝑟𝑒𝑒 𝑆𝑝𝑎𝑐𝑒 0.57 -2.53 dB) 

𝐿𝐴𝑛𝑡 × 𝑊𝑎𝑛𝑡 ~ 70 µm × 70 µm 𝜂𝐴𝑛𝑡  0.33 (-4.81 dB) 

Table 5.3: OPA antenna parameters   

In our simulations, a 2D quasi-Gaussian beam is obtained in the near 

field. The far field radiation angles are 𝜃𝑥 = -1.0° and 𝜃𝑦 =12.2° in air. 

The far field FWHM divergence is 1.40°, along both directions. This 

corresponds to an MFD = 48 µm in the near field. If arrayed with a 

pitch of 90 µm × 90 µm in an OPA, the array fill factor would be 
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0.53 × 0.53 and the side lobe level would be ~ -5 dB. The antenna 

power efficiency is 𝜂𝐴𝑛𝑡 = 0.33 ~ -5 dB.  

5.7 ANTENNA FABRICATION 

The antenna was fabricated using immersion lithography. Fig. 5.30 

shows the design and OPC layouts of the structures (staircase fashion 

for side wall corrugations, bigger squares in SWGs). Fig. 5.30 also 

shows the associated SEM images before cladding deposition. The 

minimum feature sizes are 80 nm in the corrugations and 100 nm in 

the SWG elements.  

 
Fig. 5.30: Nominal design and OPC layouts with associated SEM images of (a) the 

free space radiation grating and (b) the waveguide-to-slab expansion grating. 

5.8 ANTENNA CHARACTERIZATION 

In the following sections, experimental determinations of the OPA 

antenna far field divergence, absolute emission angles and power 

efficiency of the fabricated antenna are described.  

5.8.1 Divergence characterization set up 

The characterization set up is schematically represented in Fig. 5.31. A 

laser with wavelength 𝜆  = 1550 nm is injected into a photonic 

waveguide via the input grating coupler. The light is then fed to the 

OPA antenna which diffracted the light into free space. The diffracted 

beam is imaged using an angularly calibrated camera (see section 5.8.2 
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for the calibration procedure). The camera is placed at a height 

ℎ ~ 40 mm above the antenna surface. At this height, the camera is in 

the far field, beyond the expected Fraunhofer distance, given by Eq. 

(5.1): 𝑑𝐹 ~  3 mm considering an aperture size of 𝐷 ~ 50 µm. The 

camera is then connected to a computer to save the images.  

 
Fig. 5.31: Far field imaging set up.  

The images are recorded in 8-bit format, meaning that the pixel 

intensities were in the range 0-255. Care is taken not to saturate the 

image by setting the exposure time of the camera such that the 

maximum pixel intensity was around 230 while taking the images. The 

background noise level is subtracted in the image and the pixel 

intensities are then normalized (by dividing by the maximum pixel 

intensity), which make the new range of pixel intensities from 0-1.  

5.8.2 Angular calibration of the camera 

The procedure (see Fig. 5.32) for calibrating the camera angularly 

(°/pixel) is as follows [248]: 

1. A passive OPA is used as a reference structure. This OPA consists 

of antennas with a known array pitch, and results in an angular 

separation of 10° in the far field profile between two radiation 

lobes.  

2. The distance between the two lobes is measured in pixels. To 

obtain the angular scale in °/pixel, the known angular 

separation of 10° is divided by the measured pixel distance, 

obtaining 0.02°/pixel.  
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Fig. 5.32: Angular calibration of the camera.  

5.8.3 Measurement protocol of the antenna emission angles  

Fig. 5.33 shows the experimental protocol used to determine the 

absolute emission angle of the antenna, 𝜃𝑥 . Moving the camera 

vertically upwards by Δℎ =  ℎ2 − ℎ1 , the image of the beam is 

horizontally translated by Δ𝑥 = 𝑥1 − 𝑥2. The angle 𝜃𝑥 can therefore be 

determined as 𝜃𝑥 = 90° −
Δℎ

Δ𝑥
. The same procedure is also done to find 

the angle 𝜃𝑦.  

 
Fig. 5.33: Experimental protocol used to determine the absolute emission angle of the 

antenna. 

This method gives an approximation of the absolute value of the 

emission angle. For higher accuracy, the axes of the camera should be 

perfectly aligned with the axes of the antenna.  
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5.8.4 Measured divergence and emission angles 

Fig. 5.34(a) shows the far field image of the produced beam by the 

OPA antenna. 𝜃𝑥 and 𝜃𝑦 are the angular axes as defined in Fig. 5.20, 

with 𝜃𝑥 being along the direction of the input waveguide.  

The measured emission angles are 𝜃𝑥 ≈  0.5° and  𝜃𝑦 ≈  8.1°. These 

values are close to the simulated values of -1.0° and 12.2° respectively.  

Fig. 5.34(b) and (c) show the experimental and simulated far field 

cross-sections which are taken at the point of maximum intensity. The 

simulated curves have been translated to superpose the experimental 

and simulated maxima. This operation does not change the angular 

divergence. Experimental and simulated results are in good 

agreement, showing that the FWHM divergence of the antenna is 

around 1.40°, corresponding to a MFD = 48 µm.  

 
Fig. 5.34: (a) Experimental far field image of the OPA antenna. (b)-(c) Far field 

intensity 1D cross-sections taken at the point of maximum intensity. The simulation 

curves have been translated to superpose the curves at the same maximum.      
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5.8.5 Power measurement 

 

Fig. 5.35: Power-meter calibration setup. 

To measure the optical power emitted by the antenna, a portable 

sensor connected to a power-meter is used. The power-meter is 

calibrated by directly measuring the output power of the laser, set to 

emit an optical power of 0 dBm =1 mW (see Fig. 5.35). The measured 

power is -0.012 dBm at a wavelength 𝜆 = 1.55 µm. These very close 

values indicate that the calibration of the power-meter is adequate.  

The optical power emitted by the antenna is measured experimentally 

using a similar set up as in Fig. 5.31, but instead of using the camera, 

the portable sensor connected to the power-meter is used. The sensor 

is placed at an approximate height of 45 mm above the wafer surface 

(beyond the Fraunhofer distance) and is clamped to a stable support 

on a bench.  

The power of the input laser is set to 𝑃𝑙𝑎𝑠= 0 dBm and the wavelength 

is set to 𝜆 = 1550 nm. The measured power is 𝑃𝑚𝑒𝑎𝑠 = -12.6 dBm. The 

transmission at 𝜆 = 1550 nm between the fiber and the input grating 

is 𝑇𝑓𝑖𝑏−𝐺𝐶  = -4.30 dB (obtained from a previous grating-fiber loss 

measurement). The power efficiency of the antenna, 𝑇𝐴𝑛𝑡 , which is 

defined as the power transmission from the input waveguide to free 

space is therefore given by:   

𝑇𝐴𝑛𝑡(𝑑𝐵) = 𝑃𝑚𝑒𝑎𝑠(𝑑𝐵𝑚) − 𝑃𝑙𝑎𝑠(𝑑𝐵𝑚) − 𝑇𝑓𝑖𝑏−𝐺𝐶(𝑑𝐵) 

We obtain 𝑇𝐴𝑛𝑡 ≈ -8.30 dB. The simulated efficiency is 𝜂𝐴𝑛𝑡 = -4.80 dB. 

The antenna is therefore more lossy than expected by 3.50 dB. These 

losses could come from either the waveguide-to-slab expansion 

grating, or the free space radiation grating.  
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Fig. 5.36: Waveguide-to-slab expansion gratings placed in a back-to-back 

configuration to measure their power transmission.  

The losses of the waveguide-to-slab expansion gratings are measured  

in a back-to-back configurations (see Fig. 5.36). Conventional 

fiber-chip grating couplers are used to couple light in and out of the 

chip. We measure the power of the outcoupled from the up and down 

output grating couplers, 𝑃𝑢𝑝  and 𝑃𝑑𝑜𝑤𝑛  respectively. These are given 

by:  

𝑃𝑢𝑝(𝑑𝐵𝑚) =  𝑃𝑖𝑛(𝑑𝐵𝑚) + 2 × 𝑇𝑓𝑖𝑏−𝐺𝐶(𝑑𝐵) + 2 × 𝑇𝑐𝑜𝑟𝑟−𝑠𝑙𝑎𝑏(𝑑𝐵) 

𝑃𝑑𝑜𝑤𝑛(𝑑𝐵𝑚) =  𝑃𝑖𝑛 (𝑑𝐵𝑚) + 2 × 𝑇𝑓𝑖𝑏−𝐺𝐶(𝑑𝐵) +  𝑇𝑐𝑜𝑟𝑟−𝑊𝐺 

where 𝑃𝑖𝑛 is the input power of the laser, 𝑃𝑖𝑛 = 0 dBm, 𝑇𝑓𝑖𝑏−𝐺𝐶 is the 

transmission between fiber and grating coupler, 𝑇𝑐𝑜𝑟𝑟−𝑠𝑙𝑎𝑏  is the 

transmission of the waveguide-to-slab expansion grating, 𝑇𝑐𝑜𝑟𝑟−𝑊𝐺 is 

the residual transmission in the waveguide after diffraction by the 

corrugations.  

 
Fig. 5.37: Measured transmissions of the waveguide-to-slab expansion grating. 
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Fig. 5.37 shows the determined 𝑇𝑐𝑜𝑟𝑟−𝑠𝑙𝑎𝑏 and 𝑇𝑐𝑜𝑟𝑟−𝑊𝐺 . 𝑇𝑐𝑜𝑟𝑟−𝑊𝐺  is 

very low ≈ -17 dB, which shows that little power is left after the in-

plane diffraction. At 𝜆 = 1550 nm, 𝑇𝑐𝑜𝑟𝑟−𝑠𝑙𝑎𝑏 ≈ - 6.00 dB. The simulated 

value is 𝜂𝑐𝑜𝑟𝑟,𝑆𝑙𝑎𝑏  = -2.32 dB. The corrugations are more lossy than 

expected, by 3.68 dB. The difference between the simulated and 

measured overall antenna efficiency, of 3.50 dB, can be attributed to 

the additional loss in the waveguide-to-slab expansion grating.    

5.8.6 Comparison of SWG and non-SWG antenna  

Two other antennas with the same waveguide-to-slab expansion 

grating, with different free space radiation gratings have been 

designed and characterized. The free space radiation gratings are both 

unapodised, but one is made up of SWGs-ridges and the other one is 

made up of continuous silicon ridges (non-SWGs), as shown in Fig. 

5.38(a), (b). The geometrical fill factors in the gratings are almost the 

same (𝑙𝑆𝑊𝐺/𝑃𝑆𝑊𝐺  ≈ 𝑙𝑆𝑖 𝑏𝑙𝑜𝑐𝑘/ 𝑃𝑆𝑖 𝑏𝑙𝑜𝑐𝑘).  

 

 
Fig. 5.38: (a) Schematic of SWG-ridge antenna and (b) non-SWG (Si ridge) antenna 

(c) Far field images of SWG and (d) non-SWG antennas. The measured divergence of 

the SWG antenna (~ 1.40°) was smaller than the measured divergence of the 

non-SWG antenna (~ 4.41°). 
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The respective imaged far fields are shown in Fig. 5.38(c) and (d). The 

divergence along 𝜃𝑥  is the almost the same for both the antennas, 

Δθ𝐹𝑊𝐻𝑀,𝑥  ≈  1.40°. This was expected since the waveguide-to-slab 

expansion gratings are the same in both the antennas. Along 𝜃𝑦, the 

divergence was smaller for the SWGs-metamaterial free space 

radiation gratings as compared to the non-SWGs counterpart, 

Δ𝜃𝐹𝑊𝐻𝑀,𝑦(𝑆𝑊𝐺𝑠) ≈ 1.40° < Δ𝜃𝐹𝑊𝐻𝑀,𝑦(𝑛𝑜𝑛 − 𝑆𝑊𝐺𝑠) ≈ 4.41°.  

This indeed shows that the emitted near field mode size is larger with 

the SWGs–metamaterials, which have indeed reduced the index 

contrast and the grating radiation strength.  

5.8.7 Antenna characterization summary 

The experimentally angular divergence of our OPA antenna is 

Δ𝜃𝐹𝑊𝐻𝑀 ≈  1.40° in both the 𝑥  and 𝑦  directions, and is in good 

agreement with our simulations. This divergence corresponds to an 

MFD = 48 µm in the near field. The MFD is lower than the targeted 

value, resulting in a lower array fill factor for the intended array with a 

pitch along both directions of 90 µm. This should result in a side lobe 

level of 𝑆𝐿𝐿 ~ -5 dB, which is worse than the targeted value of -10 dB.    

The power efficiency of the antenna was measured to be 

𝑇𝐴𝑛𝑡 ≈ - 8.30 dB. The simulated transmission is 𝜂𝐴𝑛𝑡  = -4.80 dB. The 

antenna is 3.50 dB more lossy than expected. Separate measurements 

determined that the origin of these differences mainly come from the 

waveguide-to-slab expansion grating.  

Finally, the divergence of an antenna made up with SWG-equivalent 

ridge lines and the divergence of an antenna with continuous Si 

grating ridge lines were experimentally compared. Both gratings had 

the same geometric duty cycle. The beam produced by the 

SWG-equivalent ridges showed a smaller divergence than the full Si 

ridges, showing that the use of SWGs-metamaterials lead to a grating 

with reduced index contrast and enabled light emission over a longer 

distance.    
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5.9 OPA FABRICATION AND CHARACTERIZATION  

 
Fig. 5.39: OPA microscope image, with metal thermo-optic phase shifters and the 

4×4 array of antennas. Light was injected into the OPA circuit from an external laser 

source at a wavelength 𝜆 = 1550 nm via an input grating coupler. 

A passive OPA (without phase shifters) was fabricated on the same 

wafer as the previously studied antenna onto which thermo-optic 

phase shifters (metal heaters) were added at the C2N facilities. The 

heaters were defined using e-beam lithography, followed by a lift off 

process. A microscope image of the fabricated OPA with the metal 

heaters is shown in Fig. 5.39.   

A similar set up, as shown in Fig. 5.31, is used to image the far field 

profile of the whole OPA. In addition, a multi-channel electrical probe 

was used to contact the 16 phase shifters simultaneously [248]. The 

phase shifters are operated individually using a series of 

digital-to-analog convertors (DACs). When no voltage is applied, the 

phase of the emitted fields of each of the antennas is random, owing 

to the random input waveguide lengths combined with 

fabrication-induced dimensional variations [226], and lead to a 

random pattern in the far field profile as shown in Fig. 5.40(a). The OPA 

is calibrated by tuning the phase of all 16 channels to maximize the 

optical power into the main lobe. The phase-calibrated far field profile 

is shown in Fig. 5.40(b). Similar phase correction was demonstrated in 

[267]. Using the relative amplitude of the secondary emission lobes, 

the unitary antenna far field profile, which is the element factor, can be 

distinguished.  
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Fig. 5.40: (a) Phase-uncalibrated and (b) phase-calibrated OPA  

The far field cross section of the phase-calibrated OPA is shown in Fig. 

5.41. The lobes are separated by 1.00° and the FWHM divergence of 

the main lobe is around 0.25°, in good agreement with the design (see 

Table 5.2). The OPA is not perfectly calibrated as the intensity of the 

two side lobes is not the same (see Fig. 5.9). This is probably because 

3 phase shifters out of the 16 have been damaged during the 

experiment, limiting the phase calibration.  

The side lobe level, 𝑆𝐿𝐿, is determined using the highest side lobe 

intensity along both axes. The largest 𝑆𝐿𝐿  appears along 𝜃𝑦 , 

𝑆𝐿𝐿(𝜃𝑦) = -2.60 dB. Along 𝜃𝑥 , 𝑆𝐿𝐿(𝜃𝑥) = -5.22 dB is obtained. This 

value of 𝜃𝑥 is expected as the measured MFD = 48 µm of the near field 

of the unitary antenna leads to an array fill factor of 0.53 (see section 

5.8.7).  

 
Fig. 5.41: Calibrated-OPA 1D-cuts along (a) 𝜃𝑥 (b) 𝜃𝑦. 
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Hence, our work shows that it is indeed possible to attenuate side lobe 

levels in a 2D-periodic OPA with a large array period by maximizing 

the array fill factor. However, further studies should be carried out to 

further maximize the array fill factor to further attenuate the side lobe 

levels and to improve the efficiency of the unitary antenna.   

5.10 CONCLUSIONS AND PERSPECTIVES 

The aim of our study was to design a 2D-OPA with a novel antenna 

structure for FSO communications. In such systems, the OPAs act as 

integrated-on-chip beam phase front modulators, which can actively 

compensate phase front distortions induced by atmospheric 

turbulence.  

However, if the array pitch in the OPAs is larger than half the 

wavelength, side lobes are present in the far field. These side lobes are 

not generally used in communication links and result in energy loss. 

To date, no 2D-OPA with a pitch smaller than half the wavelength has 

been demonstrated. Such small pitch is very challenging to implement 

due to the small wavelength size (very short antennas with high grating 

strengths will be required and optical crosstalk needs to be 

suppressed). Sparse arrays, with variable pitch greater than the 

wavelength, can be used to suppress side lobes, but the energy once 

contained in the side lobes is not transferred to the main lobe, but lost 

in noise instead.  

In our work, a periodic 2D-OPA with a pitch larger than the wavelength 

and with a high array fill factor is studied. By maximizing the array fill 

factor, the side lobe levels can be reduced and the optical power in the 

main lobe can be increased, on a small, but sufficient angular steering 

range for point-to-point communications.  

Such a high array fill factor can be achieved by using our compact 

antenna structure consisting of 2 separate diffraction stages: a 

wavelength-to-slab expansion grating and a free space radiation 

grating. The wavelength-to-slab expansion grating diffracts the input 

light at a right angle, allowing the free space radiation grating to be 

placed close to the waveguide and hence, allowing the maximization 

of the array fill factor of an OPA. The free space radiation grating 
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consists of SWG-equivalent grating ridges which lowered the index 

contrast and enabled diffraction on a longer distance. The angular far 

field divergence was thus lowered.     

The antenna was fabricated using immersion lithography and OPC. Its 

measured far field FWHM divergence is 𝜃𝐹𝑊𝐻𝑀 ≈  1.40° along both 

directions, in good agreement with simulations. The corresponding 

MFD is 48 µm, which yields a linear fill factor of 0.53 along both 

dimensions. The measured side lobe level in the OPA far field profile is 

around -5 dB, as expected from its determined array fill factor. 

However, the side lobe level still needs to be attenuated for practical 

implementation.  

Our antenna suffers from large optical losses. The measured efficiency 

is around -7 dB, while the simulated efficiency is near - 4 dB. This 3 dB 

difference is induced by the waveguide-to-slab expansion grating, with 

measured additional 3 dB loss. The antenna power efficiency should 

be further be increased. For instance, the wavelength-to-slab 

expansion grating can be optimized to work in the single beam 

condition using SWGs-metamaterials. The directionality of the free 

space radiation grating needs to be further optimized.            

In conclusion, our work shows that the proposed compact antenna can 

be used as a unitary emitter in an OPA. Two directions of improvement 

have been identified. First, the array fill factor still needs to be 

increased for further side lobe level reduction. Second, the power 

efficiency of the antenna should also be increased. The capability of 

the OPA to compensate phase front distortions induced by 

atmospheric turbulence should also be studied.      

These results on the passive OPA antenna have been presented at the 

Optical Wireless Communications Conference in Eindhoven, 

Netherlands in December 2023 [268].  

A scientific article presenting the work of this study is being written at 

the moment of writing the PhD manuscript.  
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6 CONCLUSION AND PERSPECTIVES OF THE PHD 

Silicon photonics enables optical device integration at the chip-level, 

leveraging the maturity of the semi-conductor fabrication processes 

for high yield, large volume and low-cost production of complex 

optoelectronic circuits. SWG-metamaterials can be used to engineer 

silicon photonics devices by controlling key properties like light 

confinement and dispersion. These properties are tuned through the 

design of the grating geometrical parameters at the subwavelength 

scale. The SWG-metamaterials provide additional degrees of freedom 

when designing silicon photonics devices. At the usual telecom 

wavelength of 𝜆 = 1550 nm, SWGs have a period, ΛSWG < 300 nm, and 

usually have feature sizes ~ 100 nm. Due to their small sizes, most SWG 

demonstrations relied on e-beam lithography. However, immersion 

lithography with OPC has recently emerged as a promising tool to 

pattern such small dimensions at an industrial scale.  

The main goal of this PhD is to assess the feasibility of fabricating 

SWG-engineered silicon photonics devices on a large volume 

production line. Three representative SWG-based devices have been 

designed, fabricated using immersion lithography and OPC on the 

CEA-Leti pilot line, and have been characterized.     

The first device is an ultrabroadband SWG-engineered 2x2 MMI 3-dB 

coupler. Broadband MMIs are one of the most successful 

demonstrations of SWGs for the engineering of passive devices. In this 

case, SWGs are used to tune modal dispersion to achieve a flat and 

broadband device response. Such device relies on a single full-etch 

step and periodic nanostructures with minimum feature size of 95 nm. 

We experimentally demonstrated excess losses < 1 dB, a power 

imbalance < 1 dB and phase errors < ± 5° on a 1330 – 1680 nm 

wavelength range, resulting in a bandwidth of 350 nm. These results 

are comparable with previous demonstrations using e-beam 

lithography [56]. These results illustrate the potential of immersion 

lithography for the realization of SWG devices requiring a single etch 

step. As shown in chapter 3, OPC plays a key role in achieving 

reasonably good agreement between the intended and realized 



 

141 

 

shapes. However, our 3D-FDTD simulations predicted that such 

performance should have been obtained on a larger wavelength range 

of 1250-1680 nm. For wavelengths 𝜆 < 1400 nm, resonance effects 

have been observed experimentally, limiting the bandwidth of the 

SWG-engineered MMI. The origins of these resonance effects are still 

unknown and should be investigated. Yet, the measured bandwidth of 

the SWG-engineered MMI was larger than the bandwidth that can be 

achieved using a conventional design without SWG-metamaterials, 

which is around 100 nm. 

The second device is a high efficiency SWG-apodised L-shaped grating 

coupler. In this case, two etch steps are combined with longitudinal 

and transversal periodic structures to achieve destructive interference 

of the field radiated to the substrate and constructive interference of 

the field radiated to the air, key to maximizing fiber-chip coupling 

efficiency. In addition, SWGs are used to finely control the grating 

radiation strength to maximize the overlap between the light radiated 

upwards and the mode of an SMF-28 fiber. The experimental coupling 

efficiency between the TE polarized on-chip waveguide mode with an 

optical fiber mode of field diameter ~ 10.4 µm of a fiber placed at an 

angle of 𝜃 = 11.5° was 𝜂𝐶𝐸,𝑒𝑥𝑝(𝑆𝑊𝐺𝑠) ~ – 1.70 dB (68 %). This is the 

best experimental efficiency for an L-shaped grating fabricated 

without e-beam lithography. The simulated coupling efficiency is 

𝜂𝐶𝐸,𝑠𝑖𝑚(𝑆𝑊𝐺𝑠) ~ – 0.80 dB (83 %) at a wavelength of 𝜆 = 1550 nm. 

0.30 dB of this 0.90 dB difference between the simulated and 

measured values, comes from the Fresnel reflection losses at the 

air-encapsulation interface, which have not been considered in the 

simulations. The remaining 0.60 dB could come from fabrication 

imperfections, which have not been considered in our simulations, 

such as the rounded corners in the SWG-elements or the sidewall 

angles in the L-shaped profile after etching. The SWG-metamaterials 

were crucial in these L-shaped gratings as they have enhanced the 

coupling efficiency. Without SWGs, the measured coupling efficiency 

of the L-shaped grating coupler was 𝜂𝐶𝐸,𝑒𝑥𝑝(𝑁𝑜 𝑆𝑊𝐺𝑠) ~ – 2.70 dB 

(54 %) at a wavelength of 𝜆 = 1550 nm, which is 1.00 dB lower than the 

measured value with SWGs. By providing a gradual index contrast 

between the silicon waveguide and the L-shaped grating region, the 

SWG-metamaterials have reduced back-reflections. With SWGs, the 



 

142 

 

measured back-reflections at 𝜆 = 1550 nm were 𝜂𝑟𝑒𝑓,𝑒𝑥𝑝(𝑆𝑊𝐺𝑠) ~ 7 %, 

which were smaller than the back-reflections measured without SWGs, 

𝜂𝑟𝑒𝑓,𝑒𝑥𝑝(𝑁𝑜 𝑆𝑊𝐺𝑠) ~ 18 %. Yet, the SWG-apodised L-shaped grating 

coupler shows a comparable efficiency to the SWG-apodised 

single-etch grating coupler from CEA-Leti [181], with an efficiency of 

~ – 1.35 dB at a wavelength of 𝜆 ~ 1310 nm. Our works have shown 

that although the SWGs-engineered L-shaped grating coupler could 

potentially exhibit a sub-decibel efficiency, its fabrication processes are 

still too complex, limiting its coupling efficiency to one which is 

comparable to a single-etched grating engineered with SWGs.    

The third device is a new architecture for a SWG-engineered 2D-OPA 

antenna designed for free space optical communications. The 

antenna’s architecture enabled a high array fill factor in both 

dimensions, which allowed for reducing the side lobe levels and for 

increasing the optical power in the main lobe. It consisted of a 

waveguide-to-slab expansion grating, with a closely placed free space 

radiation grating, for maximizing the array fill factor. The free space 

radiation grating was engineered using SWG-metamaterials which 

have helped in lowering the angular divergence of the antenna. The 

measured divergence of the optical antenna was Δ𝜃𝐹𝑊𝐻𝑀  ~  1.40° 

along both dimensions and agreed with the simulated values. 

However, the measured power efficiency of the antenna was – 8.30 dB, 

which was 3.50 dB less than its simulated value, 𝜂𝐴𝑛𝑡 = – 4.80 dB. This 

difference was most probably caused by a more lossy 

waveguide-to-slab expansion grating, with a measured transmission 

being 3.68 dB lower than its simulated value. The side lobe level of the 

2D-OPA was measured to be around -5 dB. This study has 

demonstrated a proof-of-concept of an antenna capable of 

maximizing the array fill factor in both dimensions of a uniform 

2D-OPA for reduced side lobe levels. However, for practical free space 

optical communications, both its power efficiency and its array fill 

factor and should still be increased.      

The three silicon photonic devices studied in this PhD showed high 

performance, illustrating the potential of immersion lithography for 

the large-volume fabrication of SWG-engineered devices. However, 

there is still a gap between simulated and measured results. For 
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example, the measured SWG-MMI bandwidth was 100 nm smaller than 

simulated, the measured coupling efficiency of the SWG-engineered 

L-shaped grating coupler was 0.90 dB less than simulated and the 

measured power efficiency of the SWG-engineered OPA antenna was 

3.50 dB less than simulated. These differences might come from the 

lithographic and etching effects, such as rounded corners in the SWGs 

or side wall angles, which have not been considered in our simulations. 

Advanced SEM metrology techniques [269,270] could be implemented 

to accurately measure the fabricated dimensions and would enable the 

quantification of the fabrication effects on the performance of silicon 

photonics devices.  

To enhance the performance of the designed SWG-engineered 

devices, the fabrication processes (lithography, OPC and etching for 

example) could be optimized to better match the fabricated shapes 

with the designed ones. However, there is a limit in these optimizations 

and some effects then become unavoidable. For example, it is almost 

impossible to obtain perfectly perpendicular corners, resulting in 

rounded corners to some extent [186]. Hence, it would be judicious to 

consider the lithographic effects during the simulation stage and to 

adapt the design to compensate such effects. As such, lithographic 

simulation tools [78] could become very insightful and useful tools.  
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7 APPENDIX       

7.1 FRESNEL REFLECTIONS AT THE AIR INTERFACES DURING 

CHARACTERIZATION OF GRATING COUPLERS  

The usual measurement configuration includes air between the fiber 

and the chip surface (SiO2 encapsulation). Fresnel reflections occur at 

the fiber-air and air-chip surface interfaces (see Fig. 4.23(a)). These 

have not been considered in our simulations.  

At one interface, the reflectance is 𝑅 = (
𝑛𝑆𝑖𝑂2 cos(𝜃𝑆𝑖𝑂2) − 𝑛𝑎𝑖𝑟 cos(𝜃𝑎𝑖𝑟)

𝑛𝑆𝑖𝑂2 cos(𝜃𝑆𝑖𝑂2) + 𝑛𝑎𝑖𝑟 cos(𝜃𝑎𝑖𝑟)
)

2

≈ 

0.03 with 𝜃𝑆𝑖𝑂2 = 8° and 𝜃𝑎𝑖𝑟 = 11.5°. The transmittance after the two 

interfaces is 𝑇 = (1 − 𝑅)2 ≈ 0.94. The Fresnel reflections at the two 

interfaces thus cause a loss of −10 log(𝑇) ~ 0.30 dB.  

 
Fig. 7.1: (a) Usual characterization set up with air (b) water added to reduce Fresnel 

reflections at air-fiber and air-chip interfaces  

To experimentally measure the losses caused by the Fresnel reflections 

at the air interfaces, the L-shaped grating with SWGs was characterized 

with water added in between fiber and chip surface (see Fig. 7.1(b)). 

Water acts as an index-matching liquid and mitigates to a certain 

extent, the Fresnel reflections. The results were compared to ones 

obtained in the usual configuration in which air is present instead of 
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water (see Fig. 7.2). A 0.25 dB gain in coupling efficiency was obtained 

using water, close to the theoretical gain of 0.30 dB. 

 
Fig. 7.2: (a) Coupling efficiency measurements with water or air in between the fiber 

and the chip surface. (b) Zoom on the graph.   
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7.2 DETERMINATION OF THE REFLECTION OF THE GRATING COUPLER 

FROM THE AMPLITUDE OF A FABRY-PEROT CAVITY 

 
Fig. 7.3: Amplitude of the Fabry-Perot cavity, A, as a function of the grating coupler’s 

reflection, R.  

During the experimental characterization of the grating coupler’s 

coupling efficiency, the input and output grating couplers act as 

partially reflecting mirrors, with reflection 𝑅, and created a Fabry-Perot 

cavity. The amplitude of the Fabry-Perot cavity made up of the two 

gratings, 𝐴, is well known and is given by 𝐴 =
4𝑅

(1+𝑅)2, which is evaluated. 

in Fig. 7.3. The higher the reflection, 𝑅, the larger the amplitude, 𝐴. 

𝐴 and 𝑅 are in linear units. 

To obtain the value of 𝑅 from the measured coupling efficiency of a 

single grating coupler, in dB, as the one shown in Fig. 4.23, the 

efficiency is multiplied by 2, to retrieve the transmission of two grating 

couplers. Then, the measured transmission is converted from dB to 

linear units and the normalized amplitude is calculated. The value of 𝑅 

is obtained from Fig. 7.3.  
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For example, let us consider the coupling efficiency curve for a grating 

couplers without SWGs shown Fig. 4.23(c). The maximum coupling 

efficiency for a single grating is 𝜂𝐶𝐸  = -2.70 dB and the minimum 

efficiency is 𝜂𝐶𝐸 = -4.30 dB. The transmission of 2 gratings is retrieved 

multiplying the coupling efficiency by two. Then, the maximum 

transmission for two gratings is 𝑇𝑚𝑎𝑥(2 𝐺𝐶)  = -3.40 dB and the 

minimum transmission is 𝑇𝑚𝑖𝑛(2 𝐺𝐶) = -8.60 dB. In linear units, these 

correspond to 𝑇𝑚𝑎𝑥(2 𝐺𝐶) = 0.29 and 𝑇𝑚𝑖𝑛(2 𝐺𝐶) = 0.14. These values 

are normalized by dividing both values by 𝑇𝑚𝑎𝑥(2 𝐺𝐶) , giving 

𝑇𝑚𝑎𝑥,𝑛𝑜𝑟𝑚(2 𝐺𝐶)  = 1 and 𝑇𝑚𝑖𝑛,𝑛𝑜𝑟𝑚(2 𝐺𝐶)  = 0.14/0.29 = 0.48. The 

amplitude of the oscillations is 𝐴  = 𝑇𝑚𝑎𝑥,𝑛𝑜𝑟𝑚(2 𝐺𝐶) −

𝑇𝑚𝑖𝑛,𝑛𝑜𝑟𝑚(2 𝐺𝐶) = 1 - 0.48 = 0.52. From Fig. 7.3, this value of 𝐴 = 0.52 

corresponds to reflections, 𝑅 = 𝜂𝑟𝑒𝑓 = 0.18, as indicated by the blue 

arrows.  

The same steps are followed to find the reflections with SWGs. The 

normalized amplitude in linear units is 𝐴 = 0.25, which corresponds to 

𝑅 = 0.07, as indicated by the red arrows in Fig. 7.3.     
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