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de Caen (ENSICAEN), Caen, France.

> 20 heures eq. TD sur 2 ans.

Création d’un cours et enseignement sur les techniques de mesures optiques
en Licence professionnelle «Capteur, Instrumentation et Métrologie» ITUT
de Mesures physiques, Université de Nantes, Saint-Nazaire, France.
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e Co-encadrement de thése de M. Alexandre Fafin, soutenance prévu en
2014.
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e Co-encadrement du stage de M1 recherche de M. Alexandre Fafin 2009-
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I’Université de Nantes, France.
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Publications avec comité de lecture

1.

10.

11.

12.

13.

14.

15.

SiN, :Th3*-Yb?*, an efficient downconversion layer compatible with silicon solar cell process,
L. Dumont, J. Cardin, P. Benzo, M. Carrada, C. Labbé, A.L. Richard, D.C. Ingram, W.M.
Jadwisienczak, F. Gourbilleau, Solar Energy Materials and Solar Cells, 145(2), 84-92, 2016.

. The Copper Fluorene phosphonate Cu(PO3-C13H9).H20 : A layered antiferromagnetic hy-

brid, N. Hugot, M. Roger, J.-M. Rueff, J. Cardin, O. Perez, V. Caignaert, B. Raveau, G. Ro-
gez, P-A. Jaffrés, European Journal of Inorganic Chemistry, DOI : 10.1002/ejic.201501041,
2015.

Photochemical preparation of silver nanoparticles supported on zeolite crystals, M. Zaarour,
M. El-Roz, B. Dong, R. Retoux, R. Aad, J. Cardin, C. Dufour, F. Gourbilleau, J.-P. Gilson,
S. Mintova, Langmuir, 30 (21), 6250-6256, 2014.

Theoretical investigation of the more suitable rare earth to achieve high gain in waveguide
based on silica containing silicon nanograins doped with either Nd3+ or Er3-+ ions, A. Fafin,
J. Cardin, C. Dufour, F. Gourbilleau, Optics Express 22 (10), 12296-12306, 2014.

Annealing effects on the photoluminescence of terbium doped zinc oxide films, A. Ziani, C.
Davesnne, C. Labbé, J. Cardin, P. Marie, C. Frilay, S. Boudin, X. Portier, Thin Solid Films
553, 52-57, 2014.

Correlation between matrix structural order and compressive stress exerted on silicon nano-
crystals embedded in silicon-rich silicon oxide, G. Zatryb, A. Podhorodecki, J. Misiewicz, J.
Cardin, F. Gourbilleau, Nanoscale Research Letters 8 (1), 1-7 1, 2013.

Structural and optical characterization of pure Si-rich nitride thin films, O. Debieu, R.P.
Nalini, J. Cardin, X. Portier, J. Perriére, F. Gourbilleau, Nanoscale Research Letters 8 (1),
1-13 1, 2013.

Modeling of the electromagnetic field and level populations in a waveguide amplifier : a
multi-scale time problem, A. Fafin, J. Cardin, C. Dufour, F. Gourbilleau, Optics Express
1 (20), 24171-24184, 2013.

Highly Efficient Infrared Quantum Cutting in Th3+-Yb3+ Codoped Silicon Oxynitride for
Solar Cell Applications, Y.T. An, C. Labbé, J. Cardin, M. Morales, F. Gourbilleau, Ad-
vanced Optical Materials, 2013.

Evidence of two sensitization processes of Nd3—+ ions in Nd-doped SiOx films, C.-H. Liang,
J. Cardin, C. Labbé, F. Gourbilleau, Journal of Applied Physics, 114 (3), 033103, 2013.

Sensitization of Er3+ Infrared Photoluminescence Embedded in a Hybrid Organic-Inorganic
Copolymer containing Octahedral Molybdenum Clusters, Y. Molard, C. Labbé, J. Cardin,
S. Cordier, Advanced Functional Materials, 2013.

Effect of the Si excess on the structure and the optical properties of Nd-doped Si-rich sili-
con oxide, C.-H. Liang, O. Debieu, Y.-T. An, L. Khomenkova, J. Cardin, F. Gourbilleau,
Journal of Luminescence, 132 (12), 3118-3121, 2012.

SiOx/SiNy multilayers for photovoltaic and photonic applications, R.P. Nalini, L. Khomen-
kova, O. Debieu, J. Cardin, C. Dufour, M. Carrada, F. Gourbilleau, Nanoscale Research
Letters, 7 (1), 124, 2012.

Enhancing The Optical And Electrical Properties of Si-based Nanostructured Materials,
R.P. Nalini, P. Marie, J. Cardin, C. Dufour, P. Dimitrakis, P. Normand, M. Carrada, F.
Gourbilleau, Energy Procedia, 10, 161-166, 2011.

Effects of the thickness on the properties of erbium-doped silicon-rich silicon oxide thin films,
S. Cueff, C. Labbé, J. Cardin, K. Hijazi, J.-L. Doualan, O. Jambois, B. Garrido, R. Rizk,
physica status solidi (C), 8 (3), 1027-1032, 2011.
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Texture effect of neodymium doped gallium oxide thin films on their optical properties, C.
Lecerf, P. Marie, J. Cardin, F. Jomard, X. Portier, Optical Materials, 3 (7),1131-1134,
2011.

On the nature of the stretched exponential photoluminescence decay for silicon nanocrystals,
G. Zatryb, A. Podhorodecki, J. Misiewicz, J. Cardin, F. Gourbilleau, Nanoscale research
letters, 6 (1), 106, 2011.

New Si-based multilayers for solar cell applications, R.P. Nalini, C. Dufour, J. Cardin, F.
Gourbilleau, Nanoscale research letters, 6 (1), 156, 2011.

Electromagnetic modeling of waveguide amplifier based on Nd 3+ Si-rich SiO 2 layers by
means of the ADE-FDTD method, C. Dufour, J. Cardin, O. Debieu, A. Fafin, F. Gour-
billeau, Nanoscale research letters, 6 (1),1-5, 2011.

Effect of the Nd content on the structural and photoluminescence properties of silicon-rich
silicon dioxide thin films, O. Debieu, J. Cardin, X. Portier, F. Gourbilleau, Nanoscale
research letters, 6 (1), 1-8, 2011.

Cathodoluminescence and photoluminescence comparative study of erbium-doped silicon-
rich silicon oxide, S. Cueff, C. Labbé, B. Dierre, J. Cardin, L. Khomenkova, F. Fabbri, T.
Sekiguchi, R. Rizk, Journal of Nanophotonics, 5 (1), 051504, 2011.

Effect of annealing and Nd concentration on the photoluminescence of Nd3+ ions coupled
with silicon nanoparticles, O. Debieu, D. Bréard, A. Podhorodecki, G. Zatryb, J. Misiewicz,
C. Labbé, J. Cardin, and F. Gourbilleau, Journal of Applied Physics, 108 (11), 113114,
2010.

Influence of neodymium concentration on excitation and emission properties of Nd doped
gallium oxide nanocrystalline films, A. Podhorodecki, M. Banski, J. Misiewicz, C. Lecerf, P.
Marie, J. Cardin, X. Portier, Journal of Applied Physics, 108 (6), 063535, 2010.

Efficient energy transfer from Si-nanoclusters to Er ions in silica induced by substrate heating
during deposition, S. Cueff, C. Labbé, J. Cardin, J.-L. Doualan,L.. Khomenkova,K. Hijazi,O.
Jambois,B. Garrido,R. Rizk, Journal of Applied Physics, 108 (6), 064302, 2010.

Thermal stability of high-k Si-rich HfO2 layers grown by RF magnetron sputtering, L. Kho-
menkova, X. Portier, J. Cardin and F. Gourbilleau, Nanotechnology, 21, 285707, 2010.

High Energy Excitation Transfer from Silicon Nanocrystals to Neodymium lons in Silicon-
Rich Oxide Film, A. Podhorodecki, J. Misiewicz, F. Gourbilleau, J. Cardin, and C. Dufour,
Electrochemical Solid-State Letters., 13, K26-K28, 2010.

Optically active Er3+ ions in SiO2 codoped with Si nanoclusters, D. Navarro-Urrios, Y.
Lebour, O. Jambois, B. Garrido, A. Pitanti, N. Daldosso, L. Pavesi, J. Cardin, K. Hijazi,
L. Khomenkova, F. Gourbilleau, R. Rizk, Journal of Applied Physics, 106 (9), 93107, 2009.

Towards an optimum coupling between Er ions and Si-based sensitizers for integrated active
photonics, K. Hijazi, R. Rizk, J. Cardin, L. Khomenkova and F. Gourbilleau, Journal of
Applied Physics, 106 (2), 24311, 2009.

Towards an enhanced coupling between the Er ions and Si nanoclusters, L. Khomenkova,
F. Gourbilleau, J. Cardin and R. Rizk, Physica E : Low-dimensional Systems and Nano-
structures, 41 (6), 2009.

Enhanced fraction of coupled Er in silicon-rich silicon oxide layers grown by magnetron co-
sputtering, K. Hijazi, L. Khomenkova, F. Gourbilleau, J. Cardin and R. Rizk, Journal of
Luminescence, 129 (12), 1886-1889, 2009.

Structural and optical characteristics of Er-doped SRSO layers deposited by the confocal
sputtering technique, K. Hijazi, L. Khomenkova, J. Cardin, F. Gourbilleau and R. Rizk,
Physica E : Low-dimensional Systems and Nanostructures, 41 (6), 2009.

Long lifetime and efficient emission from Er3+ ions coupled to Si nanoclusters in Si-rich
Si02 layers, L. Khomenkova, F. Gourbilleau, J. Cardin, O. Jambois, B. Garrido and R.
Rizk, Journal of Luminescence, 129 (12), 1519-1523, 2009.
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33.

34.

35.

36.

37.

38.

39.

Growth and characterization of gallium oxide thin films by radiofrequency magnetron sput-
tering, P. Marie, X. Portier and J. Cardin, Physica Status Solidi (A), 205 (8), 1943-1946,
2008.

Determination of refractive index, thickness, and the optical losses of thin films from prism-
film coupling measurements, J. Cardin and D. Leduc, Applied Optics, 47, 894-900, 2008.

A method to retrieve optical and geometrical characteristics of three layer waveguides from
m-lines measurements, T. Schneider, D. Leduc, C. Lupi, J. Cardin, H. Gundel, and C.
Boisrobert, Journal of Applied Physics, 103, 063110, 2008.

Optical characterisation of a three layer waveguide structure by m-lines spectroscopy, T.
Schneider, D. Leduc, J. Cardin, C. Lupi, H. Gundel, Ferroelectrics, 352 (1), 50-60, 2007.

Optical properties of PZT thin films deposited on a ZnO buffer layer, T. Schneider, D. Leduc,
J. Cardin, C. Lupi, N. Barreau, H. Gundel, Optical Materials, 29 (12), 1871-1877, 2007.

Optical characterization of PZT thin films for waveguide applications, J. Cardin, D. Leduc,
T. Schneider, C. Lupi, D. Averty, H. Gundel, Journal of the European Ceramic Society, 25
(12), 2913-2916, 2005.

Wet Chemical Etching of Pb(Zr,Ti)O3 Ferroelectric Thin Films for Optical Waveguide Ap-
plication, H. Gundel, J. Cardin, D. Averty, L. Godet, D. Leduc, and C. Boisrobert, Ferroe-
lectrics, 288 (1), 303-313, 2002.

Actes de congrés avec comité de lecture

1.

Modeling of optical amplifier waveguide based on silicon nanostructures and rare earth ions
doped silica matrix gain media by a finite-difference time-domain method : comparison
of achievable gain with Er3+ or Nd3-+ ions dopants, J. Cardin, A. Fafin, C. Dufour, F.
Gourbilleau, Proc. of SPIE, Physics and Simulation of Optoelectronic Devices XXIII, 935709,
2015

Effect of annealing treatment on Nd-SiOx thin film properties, C.-H. Liang, J. Cardin, L.
Khomenkova, F. Gourbilleau,Proc. SPIE 8431, Silicon Photonics and Photonic Integrated
Circuits III, 84311Y, Juin 2012.

Optical and structural properties of Si02 co-doped with Si-nc and Er3— ions, S. Cueff, C.
Labbé, B. Dierre, J. Cardin, L. Khomenkova, F. Fabbri, T. Sekiguchi, R. Rizk, Proc. of
SPIE, 7766, 77660Z, 2010.

Impact of the annealing temperature on the optical performances of Er-doped Si-rich silica
systems, S Cueff, C Labbé, J. Cardin and R. Rizk, IOP Conference Series : Materials
Science and Engineering, 6, 012021, 2009.

Photoluminescence Activity of Neodymium-doped Gallium Oxide Thin films, C. Lecerf, P.
Marie, C. Frilay, J. Cardin, X. Portier, MRS Proceedings, Fall meeting, Boston, Janvier
2008.

Widely tunable directional coupler filters with 1D photonic crystal, B. Jaskorzynska, Z.J.
Zawistowski, M. Dainese, J. Cardin, L. Thylen, Proc. of 7th International Conference on
Transparent Optical Networks 1, 136-139, 2005.

Pb(Zr,Ti)O3 ceramics thick films for optical device applications, J. Cardin, D. Leduc,
C. Boisrobert, and H. Gundel, Proc. of SPIE, Advanced Organic and Inorganic Optical
Materials 3, 5122, 374-379, 2003.

Synthesis and characterization of polymers for nonlinear optical applications, V. Boucher, J.
Cardin, D. Leduc, R. Seveno, R. Le Ny, H. Gundel, C. Boisrobert, S. Legoupy, F. Legros, V.
Montembault, F. Odobel, C. Monnereau, E. Blart, D. Bosc, A. Goullet, and J.Y. Mevellec,
Proc. of SPIE, Advanced Organic and Inorganic Optical Materials 3, 5122, 209-212, 2003.
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Actes de congreés et résumé

1.

Rare Earth-Doped Si-Based Thin Films, F. Gourbilleau, A. Fafin, P. Benzo, L. Dumont, J.
Cardin, C. Labbe, C. Dufour, Proceeding of 225th ECS Meeting, Orlando, Etats Unis, Mai
2014.

(Invité) Rare Earth Sensitization in Si-Based Structures for Photonic Applications, F.
Gourbilleau, C.-H. Liang, Y.-T. An, A. Fafin, J. Cardin, L. Khomenkova, C. Labbé, M.
Morales, C. Dufour, Proceeding of ECS Meeting 223rd, Mai 2013.

Imagerie en champ proche optique a 1,55pum de guides d’onde plasmoniques par rétro-
injection sur laser a fibre, M. Roblin, S. Girard, H. Gilles, M. Laroche, J. Cardin, C.
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Chapitre 1

Introduction

1.1 Contexte général : Etat de Part des matériaux
pour 'optique

Depuis une cinquantaine d’années, le développement de matériaux aux propriétés op-
tiques particulieres accompagne celui d’applications dans des domaines technologiques va-
riés comme dans ’éclairage (lampes, DEL, OLEDS), les afficheurs (LCD, OLED écrans),
I'énergie (photovoltaique), les procédés industriels (découpe laser, lithographie), la méde-
cine (ophtalmologie, endoscopie, chirurgie), les télécommunications optiques (fibre, am-
plificateur optique), les technologies de l'information (disque optique, imprimante laser,
caméras) et la défense (imagerie IR, furtivité, guidage).

L’usage de ces matériaux dans ces applications est gouverné par leurs propriétés et
leurs caractéristiques. Ces matériaux peuvent avoir des propriétés passives ou bien ac-
tives. Les propriétés optiques passives sont par exemple : la réflectivité, la transmittivité,
I’absorptivité, les propriétés modales d’un guide d’onde constitué de films minces, les pro-
priétés de diffusion de nanostructures en films minces, les propriétés de modification de la
polarisation.

Les propriétés actives different selon leur nature et la nature de la grandeur extérieure
appliquée. Parmi celles-ci on trouvera les effets électro-optiques et magnéto-optiques qui
permettent de moduler I'indice de réfraction par application d’un champ électrique ou ma-
gnétique et ainsi d’exercer un contréle de la phase d’une onde traversant ce milieu. Les
matériaux luminescents excités de différentes manieres (photoluminescence, électrolumi-
nescence...) trouvent de nombreuses applications dans les sources lumineuses (laser, DEL,
lampes).

De nombreux autres phénomenes optiques surviennent en interaction avec les matériaux
et il serait difficile de tous les décrire dans cette introduction. Citons toutefois les grandes
catégories telles que les phénomenes basés sur la diffraction, la dispersion chromatique, les
interférences, les anisotropies optiques, les phénomenes de diffusion, les effets photo-induits
(électrique, thermique, Zeeman, Stark, réfractifs, dissociation, ionisation, ...) et les effets
non-linéaires optiques (génération de seconde (SHG) et troisieme harmonique (THQG)).
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Afin d’étudier les propriétés optiques de ces matériaux, il est nécessaire de mettre
en ceuvre des méthodes de caractérisation diverses. On pourra citer les méthodes basées
sur l'imagerie optique (microscopie en champ proche optique), U'interférométrie (réflec-
trométrie en lumiere incohérente OLCR), les techniques de spectroscopies (photolumines-
cence, photoluminescence d’excitation, M-lines), les techniques basées sur la polarisation
(ellipsométrie, réflectométrie), la photométrie, la colorimétrie, I’holographie. Outre ’aspect
fondamental que peuvent apporter ces techniques de caractérisation, elles permettent de
quantifier et de qualifier les matériaux optimaux pour la mise au point d’applications.

Enfin les méthodes et outils de calculs et de modélisation permettent de pousser plus
avant la compréhension des phénomenes physiques étudiés. Elles sont basées sur des des-
criptions plus ou moins complexes des interactions lumiere-matiere allant de l'optique géo-
métrique a 'optique quantique en passant par 'optique ondulatoire, 1’électromagnétisme,
I'optique des milieux anisotropes et /ou non-linéaires...Leurs implémentation peut étre com-
plétement analytique (calcul d’optique géométrique) ou totalement numérique (FDTD).
Outre 'aspect descriptif et explicatif de ces méthodes, celles-ci apportent un soutien im-
portant a la réalisation d’applications a partir de matériaux optiques optimisés. Le cercle

Synthese
matériaux

Caractérisation Modélisation

—

FIGURE 1.1 — cercle vertueux

vertueux de I'étude et de la mise en ceuvre des matériaux pour 'optique serait la combi-
naison de la synthese de ces matériaux, de leur caractérisation et de I'implémentation des
méthodes et outils de calculs et de modélisation.

Les travaux réalisés ces dernieres années m’ont amené a combiner ces trois aspects :
synthese de matériaux, caractérisations et modélisation. A propos de la synthese de maté-
riau, j’ai utilisé la synthese par voie chimique pendant ma these (film mince de PZT) et
mon postdoc (film mince polymere). A Caen, les méthodes de synthese utilisées sont des
méthodes physiques comme la pulvérisation cathodique magnétron. Mes activités directes
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sont actuellement plus centrées sur la caractérisation et la modélisation des matériaux op-
tiques, réalisés au sein de ’équipe NIMPH ou étudiés par I'intermédiaire de collaborations.

Dans la suite du manuscrit, je vais détailler les travaux post-doctoraux expérimen-
taux et théoriques réalisés en Suede, a Caen et en collaboration avec des laboratoires
partenaires. Certains sujets ayant fait 'objet de publications détaillées seront brievement
abordés d’autres sujets ayant fait 1’objet de moins de publications seront plus densément
développés.
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Chapitre 2

Travaux expérimentaux en
spectroscopie des matériaux et
applications.

2.1 Guide d’onde planaire a base de matériaux non-
linéaires optiques.

Les matériaux étudiés dans ces travaux post-these sont issus pour certains de mon
travail de these sur les matériaux ferroélectriques en couche mince de zirconate-titanate de
plomb (PZT) mais également de projets de recherches amorcés pendant ma these sur les
polymeres électro-optiques. Ces matériaux étaient développés dans le but de réaliser des
applications basées sur I'optique guidée et sur les effets non-linéaires optiques. De plus, des
études sur des films de ZnO, issus de collaboration avec N. Barreau (Equi. CESES, IMN,
Nantes), ont également été réalisées. Ces films ont été fabriqués dans la perspective de
servir d’électrodes transparentes pour le développement de cellules solaires CIGS en film
mince ou d’électrodes de commande sur des systemes électro-optiques.

La densité de polarisation électrique P peut se voir comme la réponse d'un matériau
soumis a l'interaction d’une radiation électromagnétique (lumiere) avec celui-ci. Cette den-
sité de polarisation est donnée par la relation générale (2.1) décrivant sa dépendance au
champ électrique E ainsi qu'aux coefficients de susceptibilité électrique ) développés a
Iordre 1.

P=e (xVE+x?EE+XxPEEE+...) (2.1)

Les susceptibilités x(!) sont des grandeurs tensorielles qui donnent la mesure de la rigidité
des liaisons électroniques avec le réseau nucléaire. Plus "souple" sera la liaison, plus les élec-
trons pourront s’éloigner des noyaux et par conséquent donner lieu a une polarisation plus
importante. Les termes d’ordre 2 et plus ne sont exaltés que pour des champs électriques
de forte amplitude (107! V.m™!) nécessitant souvent I'usage de lasers. Les termes d’ordre
pair (2, 4) existent seulement dans les matériaux ne présentant pas de centre de symé-
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trie. Des études théoriques ainsi que des observations expérimentales ont établi que plus
grande est la délocalisation électronique, plus grandes seront les valeurs des susceptibilités
non-linéaires x™ avec (n > 1).

Parmi les matériaux non-linéaires optiques (NLO), on trouve des composés de nature
inorganique ou organique. Pour les premiers, le niobate de lithium (LiNbO3) est un re-
présentant des matériaux NLO inorganiques cristallins les plus étudiés. Le PZT en tant
que matériau ferroélectrique fait également partie de cette catégorie, avec notamment des
études sur les composés dopés au lanthane [1]. Pour les polymeres électro-optiques orien-
tés, les propriétés optiques non linéaires, contrairement a celles des composés inorganiques,
sont dues a la délocalisation électronique dans les molécules et polymeres conjugués (liai-
son/orbitales m-électrons) [2]. La flexibilité de synthese de la chimie organique est un avan-
tage certain dans la production de matériaux organiques non-linéaires optiques. Cependant
ceux-ci présentent des inconvénients majeurs tels que la faible résistance au flux laser et
le photoblanchiment qui en font des produits a plus courte durée de vie que les matériaux
non-linéaires optiques inorganiques [3].

Ces non-linéarités de la réponse électronique a une interaction optique peuvent se ma-
nifester expérimentalement de différentes manieres : (i) Ueffet électro-optique (EO) qualifie
la dépendance de l'indice de réfraction au champ électrique, (ii) la génération de seconde
harmonique ou mélange a quatre ondes, (iii) les diffusions inélastiques optiques Raman,
Brillouin et Stokes. L’effet électro-optique (EO) peut étre exploité pour moduler la phase,
la polarisation, ou l'intensité d’une onde électromagnétique, et se trouve a la base du trai-
tement d’un signal optique dans de nombreux composants comme les modulateurs électro-
optiques. La réalisation de ces derniers sous forme de guide d’onde a partir de films minces
(de l'ordre du pm) réduit considérablement leur taille et leur cofit. La configuration gui-
dée permet d’obtenir une propagation de 'onde sur une longueur nécessaire a 'interaction
(EO) (>10A). De plus, de par le confinement des modes guidés dans la structure guidante
planaire, des densités d’énergie importantes peuvent étre atteintes et ceci avec des fac-
teurs de recouvrement optique 1 qui peuvent étre grands (proches de 1). Pour rappel, les
deux configurations de la modulation électro-optique sont représentées sur la figure(2.1).
Dans le cas d’applications en optique guidée, la configuration transversale (figure(2.1)a)
est privilégiée. Dans ce cas la tension nécessaire a l'obtention d’un déphasage de 7w (V)
dépend alors du facteur géométrique %. Cette configuration guidée, de faible épaisseur d,
permet donc de minimiser les tensions de polarisation appliquées pour commander 'effet
électro-optique.

De plus, la micro-nano structuration des films minces ouvre également la voie a la réa-
lisation de composants actifs, électriquement accordables, complexes comme des filtres ou
des composants a bandes interdites photoniques accordables. Néanmoins la mise en ceuvre
de ces films dans des applications utilisant 'effet électro-optique reste un challenge. Les
difficultés étant de différentes natures : (i) conservation de l'ordre cristallin/moléculaire a
l'origine de l'effet EO (ii) intégration avec des matériaux de natures différentes (conducteur,
semi-conducteur, organique/inorganique) (iii) toxicité des composés chimiques (Plomb, Li-
thium,...)

Avant le design et la réalisation de ces structures guide d’onde a effet électro-optique,
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electrodes

(b)

(a) || d

L=d

FIGURE 2.1 — Deux configurations possibles pour l'effet EO (Pockels) (a) configuration
transversale (b) configuration longitudinale.

la connaissance approfondie des indices de réfraction et des épaisseurs des matériaux mis
en ceuvre est nécessaire. Pour rappel, la connaissance de I'indice complexe avec une grande
précision est primordiale lorsque ’on souhaite développer une application basée sur 1’op-
tique guidée dans laquelle les sauts d’indice sont parfois aussi faibles que 1072 & 10~* [4].
L’intégration de matériaux multiples pour la réalisation de guides d’onde peut elle aussi
se révéler complexe. En effet, les propriétés des matériaux individuels ne se retrouvent pas
nécessairement a l’identique dans les structures composites qui forment le guide d’onde. 11
est donc parfois nécessaire de pouvoir accéder a la connaissance des indices de réfraction
ni, Ny = ng+1iky, ng et des épaisseurs dy, dy, d3 de systemes multi-couches intermédiaires a
la réalisation de guide d’onde modulateur électro-optique. La connaissance de I’absorption
des matériaux mis en ceuvre est également cruciale a la bonne réalisation/optimisation
de la structure. L’objectif de réaliser la mise en ceuvre de ces matériaux non-linéaires op-
tiques en couche mince dans des applications basées sur 'optique guidée planaire nous a
conduit a souhaiter caractériser les propriétés optiques linaires que sont les parties réelle et
imaginaire de l'indice de réfraction. Nous souhaitions également pouvoir déterminer avec
précision les épaisseurs des couches minces individuellement et dans les empilements réa-
lisés pour le dispositif. Ce besoin de déterminer les indices de réfraction, les épaisseurs
ainsi que I'absorption de matériaux en film mince de mono- bi- et tricouche m’a conduit a
m’intéresser a la technique de spectroscopie M-lines.

2.1.1 Caractérisation M-lines de matériaux en film mince.

Dans le cadre de ma these, j’ai été amené a mettre en ceuvre la technique de caractéri-
sation M-lines ou spectroscopie de lignes noires, sur des échantillons de zirconate-titanate
de plomb (PZT) développés pour des applications basées sur 'optique guidée (modulateur
électro-optique d’intensité ou de phase). Cette technique présente 1'avantage de permettre
la détermination de l'indice de réfraction avec une précision de 'ordre de celle de I'indice
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FIGURE 2.2 — Schéma de principe d'un guide d’onde a trois couches a effet EO (Pockels)
en configuration de l'effet EO transversal.

du prisme (1073-107%) et la détermination de 1'épaisseur & quelques nanometres preés. A
contrario de 'ellipsométrie spectroscopique, cette technique ne nécessite pas de modele de
dispersion de I'indice de réfraction des matériaux étudiés mais un modele modal de propa-
gation. Cette technique développée aux Bell labs dans les années 1970 [5-8] est basée sur
I'excitation sélective de modes de propagation dans une structure planaire guidante. Les
modes excités peuvent étre de nature guidée totalement ou a pertes (lorsqu’une interface
de la couche caractérisée permet des fuites par réfraction). Pratiquement, ceci est réalisé
par un couplage par champ évanescent obtenu lors d’une réflexion totale frustrée dans un
prisme d’indice n, quasiment au contact de la structure planaire a caractériser (Figure
(2.4). La variation d’angle d’incidence de I'onde incidente de vecteur d’onde kg = iior, avec
Ao la longueur d’onde dans le vide, permet de parcourir une plage de constante de propa-
gation 0 < B = n,.sin ko < nyky . La mesure s’effectue généralement a I'air, donc I'indice
supérieur est n, = 1. Selon que l'indice de réfraction de la couche mince 7. est supérieur
ou inférieur a celui du substrat ng, et selon les valeurs de la constante de propagation [,
plusieurs régimes de guidage sont possibles : des modes guidés ou bien des modes a pertes
radiatives de substrat (Figure 2.3). Un mode d’ordre m et de constante de propagation
£ est excité sélectivement lorsque 'accord de phase entre ce mode et 'onde incidente est
réalisé. Connaissant la longueur d’onde de travail et I'indice de réfraction du prisme, cet
angle ™ interne au prisme est relié a la constante de propagation du mode ™.

B(ny,, 0™, ko) = ™ (2.2)
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FI1GURE 2.3 — Différents régimes de guidage selon les valeurs des indices de réfraction et
les valeurs de constante de propagation : (a) Pour n,ko<nsko<n.ko selon la valeur de (
les modes sont guidés ou a pertes radiatives de substrat (b) Pour n,ko<n.ko<nsko, quelle
que soit la valeur de (3, les modes sont a pertes radiatives de substrat.

Les considérations de choix de prisme (angle et indice) sont détaillés dans ma these [9]
et dans les travaux précurseurs [5,6,8]. Deux configurations de mesure sont couramment

prisme
) 0
Ac couche | fi¢
As As
substrat
(a) (b)
—_ ] —_—

FIGURE 2.4 — M-lines en configuration : (a) en transmission et (b) en réflexion .

utilisées comme indiqué sur la figure 2.4 selon que ’on souhaite utiliser le mode transmission
ou réflexion. Dans le cas d’'une monocouche a saut d’indice, selon la configuration de mesure
on obtient un spectre M-lines en transmission ou en réflexion (figure (2.5). Sur cette figure,
la position des maxima (R) ou des minima (T) permet de déterminer I’angle d’incidence sur
la face d’entrée du prisme ¢,, qui conduit a la détermination de la constante de propagation
du mode B™ excité par la relation :

B = ny.sin b, ko = . sin ko = ko (sin G cos Ay + /02 — sin? ¢, sin Ap> (2.3)

L’approche classique considere une monocouche sans perte d’indice n,. d’épaisseur d sur
substrat sans perte considéré comme semi-infini. Dans le cas ou la couche mince est moins
réfringente que le substrat, il s’agira de résoudre numériquement les équations des modes
a perte ("leaky modes") [10,11]. Dans le cas contraire, il s’agira de résoudre les équations
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FIGURE 2.5 — Spectre M-lines d’une couche mince d’indice 1,8+0,01i de 2,7um sur un
substrat de type verre d’indice 1,504-0,00001i, longueur d’onde 632,8nm, prisme Ap=45°.

des modes guidés [8]. Selon la polarisation de 'onde incidente de mesure, les équations de
dispersion des guides d’onde plan seront choisis TE ou TM. Comme la résolution numérique
de ces équations nécessite deux modes minimum, les mesures comportant un nombre de
modes Nm supérieurs a deux entrainent une surdétermination qui conduira a C%,,, couples
de solution (7., d). Une procédure d’optimisation pourra alors étre menée afin de réduire
la dispersion des résultats. A la conclusion de mes travaux de theése en 2004, j'avais mis
au point différentes approches originales qui permettaient I’obtention des solutions (n.., d)
optimisées avec leurs incertitudes généralisés :

» Critere d’indexation des modes permettant d’attribuer 'ordre des modes mesurés

9,12,
» Optimisation par simplex des couples de solution (n., d) [9],
» Calcul des erreurs sur (7., d) [12].

Détermination du coefficient d’extinction par la méthode M-lines.

La méthode M-lines conventionnelle permet la détermination de I’épaisseur et I'indice de
réfraction (partie réelle) de films minces. A partir des angles des pics relevés sur les spectres
expérimentaux, on résout numériquement ’équation de dispersion des guides d’onde plan
correspondant a l'expérience (modes guidés ou a perte et polarisation TE/TM). En 1973,
R. Ulrich et R. Torge mentionnaient le lien entre la largeur des pics M-lines et 1’absorption
dans les films minces mesurés [8]. En effet, plus I'absorption augmente et plus le facteur de
qualité des pics M-lines diminue, ceci pouvant conduire a la quasi disparition de ces derniers.
Partant de cette constatation expérimentale, nous avons cherché a savoir s’il était possible,
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a partir de mesures M-lines, de déterminer le niveau de perte dans les couches minces
étudiées. Le calcul numérique de la figure (2.6) illustre la modification des spectres M-lines
obtenus avec différentes valeurs de coefficient d’extinction. Lorsque ce dernier augmente,

R

0.2

—— k=0.0001
1— k=0.001
k=0.01

0.0 -

-40 ' -20 ' 0
4 (%)

FIGURE 2.6 — Spectre M-lines d'une couche mince d’indice 1,8+ik de 2,7um sur un substrat
de type verre d’indice 1,504+0,00001i, longueur d’onde 632,8nm, prisme Ap=45°.

on observe une diminution du facteur de qualité de ces pics M-lines conduisant a leur
élargissement. Pour rendre compte de cet élargissement (ou diminution de leur facteur de
qualité) il fallait une technique qui permette de modéliser les spectres dans leur totalité.
Nous avons donc utilisé une approche basée sur les matrices de transfert pour modéliser
les spectres expérimentaux.

Nous avons développé une méthode d’analyse de mesure M-lines basée sur I’analyse de la
réflectivité totale du systeme formé par le prisme et ’ensemble constitué du gap d’air de la
couche mesurée et du substrat. L’apport de cette méthode est la détermination de grandeurs
supplémentaires par rapport a la méthode conventionnelle. En effet, en plus de la partie
réelle de I'indice de la couche mince mesurée n., on détermine le coefficient d’extinction
k. de celle-ci, ce qui permet de calculer le coefficient d’absorption a. = 4”71“0. Avec cette
méthode, nous considérerons des films homogenes, isotropes et de rugosité négligeable
devant la longueur d’onde. Cette méthodologie développée dans I'article [13] est basée sur
deux aspects importants :

» La modélisation qui consiste a calculer la réflectivité angulaire du systeme formé
par le prisme, le gap d’air, le film et le substrat par une méthode de matrice de
transfert [14, 15]. La réflectivité théorique décrivant les spectres M-lines est une
fonction des grandeurs suivantes : 'angle A, et l'indice n, du prisme, I'épaisseur e
et l'indice n, du gap d’air, I’épaisseur d et l'indice 7. de la couche mince et 'indice
n, du substrat.

» Le modele de réflectivité présenté précédemment aboutit a une description numé-
rique non-linéaire de la réflectivité avec de nombreux parametres (A,, n,, e, Mg, d,
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e, Ns). De plus, il s’agit d’'un modeéle avec des contributions expérimentales (fonc-
tion de transfert) et analytiques (Matrices). Le choix d’'une méthode numérique
déterministe comme par exemple Newton-Raphson se serait révélé problématique.
Nous avons donc développé une méthode numérique basée sur un algorithme évo-
lutionnaire (algorithme génétique) pour permettre les ajustements des réflectivités
angulaires expérimentales par la réflectivité théorique précédemment décrite.

prisme
. Gap d'air
n, /
e
Ac=n_+ik i>\
C [+ C : Hm d
couche
As=n +ik,
substrat
-_— e

FIGURE 2.7 — Configuration de mesure M-lines dans le cas du prisme droit (mesure en
réflexion) avec le prisme d’angle A, et d’indice n,, le gap d’air d’épaisseur e et d’indice 7,
la couche mince d’épaisseur d et d’indice n.., le substrat d’indice n.

Pour permettre une bonne détermination des grandeurs recherchées a partir de mesures
expérimentales, il est nécessaire de considérer une fonction expérimentale phénoménolo-
gique dans les calculs. Celle-ci est déterminée par un rapport de la réflectivité expérimentale
sur la réflectivité théorique du prisme a vide (c’est-a-dire sans échantillon en contact). De
plus, une estimation statistique de la propagation de 'incertitude a été menée au moyen de
la méthode évolutionnaire d’ajustement. Cette méthode consiste a ré-échantillonner des er-
reurs sur les mesures selon une distribution choisie (Gaussienne) et de les réintroduire dans
la méthode évolutionnaire afin de déterminer I'intervalle de confiance des résultats obtenus.
Cette technique, proche des techniques de Monte Carlo, est appelée Bootstrap [16].

Cette méthode d’analyse a été employée avec succes sur des films de nature différente.
il s’agissait de films de résine photosensible (S1818), de films d’oxyde de zinc dopé Alumi-
nium (ZnO :Al) déposé par pulvérisation cathodique magnétron [17] et de films d’oxyde
d’indium-étain commercial (ITO) [18]. Les mesures ont été réalisées avec un systeme M-
lines commercial de la société Metricon [19] en polarisation TE a 632,8 nm. Les résultats
des ajustements par la méthode évolutionnaire sont reportés dans les tableaux 2.1 et 2.2
ci-dessous. Le tableau 2.1 comporte les résultats obtenus par la méthode classique de réso-
lution de I’équation modale de dispersion (EMD), ainsi que par la méthode évolutionnaire
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FIGURE 2.8 — Spectres M-lines mesurés (o) et ajustés (—) en mode TE.

utilisant I'algorithme génétique (AG). Le tableau 2.2 ne comporte que les valeurs obtenues
par la nouvelle méthode évolutionnaire puisque ces parametres ne sont pas décrits par les
approches classiques pour les modes guidés ou a pertes.

n d (pm)

Echantillon AG EMD AG EMD
S1818 #1  1.640 +2.10° 1.6401 + 1.10~* 3.407 +9.10~° 3.80 £ 2.10~2
S1818 #2 1.638 +2.107%  1.6381 4+ 1.107* 3.408 + 9.10~% 3.41 + 2.1072
S1818 #3 1.639 £ 2.107%  1.6387 + 1.107* 3.281 £ 9.10~% 3.28 + 2.1072
7n0 #1  1.9310 £ 4.10°F 1.934 + 1.10°  0.870+ 3.10° 0.830+ 3.107
7m0 #2 1.9270 + 4.107%  1.930 + 1.1073®  0.9044+ 3.10~® 0.8324+ 3.1073
7m0 #3 1.8600 £+ 4.107% 1.861 4+ 1.1073  0.587+ 3.10~® 0.5544+ 3.1073
ITO 1.80 £3.10~* 1.78 £3.102 0.17 +£2.1072 0.1842.102

TABLE 2.1 — Caractéristiques des différents films minces obtenues par ’algorithme géné-
tique (AG) et par la résolution de I’équation modale de dispersion (EMD).

Dans le cas du S1818 et du ZnO, les spectres obtenus se composent respectivement de
modes a pertes et de mode guidés. Les spectres sont ajustés de facon satisfaisante par le
modele numérique. Les valeurs de n,. et d’épaisseur d sont relativement en accord entre les
deux méthodes EMD et AG. Les pertes obtenues sous la forme du coefficient d’extinction
sont en accord avec celles communément admises pour la photorésine S1818 et le ZnO.

Le troisieme type de mesure réalisée sur une couche fine d’'oxyde d’indium-étain ITO
déposé sur verre révele un avantage supplémentaire de notre méthode sur 'approche clas-
sique. En effet, dans celle-ci la résolution numérique impose de mesurer deux modes (guidés
ou a pertes) au moins afin de pouvoir résoudre les équations numériquement. Or 1'ap-
proche consistant a ajuster la réflectivité par I’algorithme génétique permet d’obtenir les
parametres n., k., d et e pour une mesure ne comportant qu’'un seul mode. Les valeurs
obtenues sont en accord avec celles communément admises pour 'I'TO.

Outre le bon accord avec les méthodes classiques de résolution des équations de disper-
sion, cette méthode permet donc de déterminer des grandeurs supplémentaires comme le
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Echantillon k e (um)
S1818 #1  0.0028 £710~* 0.105+5 1073
S1818 #2  0.0012 71074 0.145+5 1073
S1818 #3  0.0021 71074 0.15245 1073
ZnO #1  0.00067+610° 3.310724+2107°
ZnO #2  0.00071+£6107° 1.710734+£21073
ZnO #3  0.00260+£6 107> 2.710724+21073

ITO 0.015+1 102 0.19£0.17

TABLE 2.2 — Caractéristiques des différents films minces obtenues par ’algorithme géné-
tique (AG).

coefficient d’extinction k. représentatif des pertes du milieu. De plus cette méthode évolu-
tionnaire permet d’obtenir des résultats dans des cas particuliers ou la méthode classique
fait défaut comme le cas des films tres minces supportant un seul mode. L’approche matri-
cielle utilisée pour la modélisation de la réflectivité nous a ouvert la voie a d’autres types
d’analyse pour les systémes bicouches et tricouches, que je vais expliciter par la suite.

Publications
e J. Cardin, D. Leduc, Determination of refractive index, thickness, and the optical

losses of thin films from prism-film coupling measurements, Applied optics, 47(7),
894-900, 2008.
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Méthode M-lines adaptée pour I’analyse des bicouches et tricouches

La réalisation de systéme/application planaire a base de couches minces multiples né-
cessite la caractérisation des structures multicouches a différentes étapes. En effet au cours
de I’élaboration d’un systeme multicouches, on peut étre amené a caractériser les structures
intermédiaires au cours du processus de fabrication. C’est pourquoi partant du formalisme
des matrices de transfert utilisé pour la modélisation de la réflectivité dans I’approche par
un algorithme génétique, nous avons proposé des formulations d’équation de dispersion des
guides d’ondes plan dans le cas de systémes bicouches et tricouches formés de matériaux
différents. Ces travaux ont été réalisés dans le cadre des travaux de these de Mr Thomas
Schneider qui a poursuivi mon sujet de recherche de these a 1I'Université de Nantes. Ils ont
fait I’objet de plusieurs publications [17,20, 21].

Superstrat n,

d; Zn0

d; PZT

d; zn0

4 Substrat /
_

FIGURE 2.9 — Schéma d’un guide d’onde plan tricouches.

Nous avons limité ’étude au cas sans perte avec les indices de réfraction réels suivant :
Ng > N1,N3 > Ng, Ny (24)

La méthode est basée sur la méthode des matrices de transfert dans le formalisme de F.
Abeles [14] et sur une approche de modélisation des systemes multicouches de matériaux
d’indices de réfraction différents présentés par Chilwell et al [22]. Cette description ma-
tricielle permet de relier les amplitudes des champs aux interfaces supérieure et inférieure
d’un film mince. Les films minces seront considérés comme linéaires, non-magnétiques, ho-
mogenes, isotropes, d’épaisseur d; et d’indice de réfraction n; = n; (sans perte optique

C,
y

F1GURE 2.10 — Champs incident et réfléchi dans les milieux i-1 et i+1.
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Ui

) dans le milieu 7 — 1 au point
Vica

Il est possible de lier les amplitudes des champs (

Uita
Vit
avec la matrice transfert de la forme suivante (Eq. 2.6) :

Ui+1> (U’L> F
= M; [ cos(kid;) ~-sin (kid;)
<Vi+1 Vi (2.5) M; = (i%- sin (k;d;)  cos (Kd;) (2.6)

Nous considérerons dans le milieu d’indice n;, I’onde de vecteur d’onde dans le vide
ko et la constante de propagation [ qui est la composante selon Oz du vecteur d’onde
dans le milieu i. La composante transverse du vecteur d’onde dans le milieu ¢ selon Ox k;
s’obtient par la relation suivante k7 = (n?kj — 3%). Selon le signe de k7, on exprime cette

composante en fonction de la grandeur a = y/|n2k3 — 32| :

» 2> 0alors k; = a

» k7 <0 alors k; = —ia

Le tableau (2.3) donne les correspondances du parametre ; dépendant de la polarisa-
tion.

x; a amplitude des champs ( dans le milieu 7 + 1 au point x;,; par la relation 2.5

Polarisation | ~;

TE i
0]
™ konf

Ri

TABLE 2.3 — Parametre v; dépendant de la polarisation.

En considérant un guide multicouches comme un empilement de N couches différentes
(Fig. 2.9), la relation reliant les amplitudes des champs E et H dans le superstrat a celles
des champs dans le substrat est issue du produit des matrices M; représentant chaque film

(Eq. 2.7).
Usup o N i Usub . Usub
(%up) N Zl_‘[ MZ (%ub) a Mtot (‘/Zeub <27)

=1

Dans ces travaux, nous souhaitions étudier uniquement les solutions modes guidés.
C’est pourquoi apres avoir écrit le systeme matriciel (Eq.2.7) nous devons considérer des
conditions de champ évanescent aux interfaces avec le substrat et le superstrat pour éta-
blir le systeme d’équations décrivant le guide multicouches. La condition de nullité du
déterminant de ce systeme conduit & 1’équation (2.8) :

Yamir + YaYomiz + may + Yomae =0 (2.8)

Les coefficients m;; sont les éléments de la matrice M. Cette équation générale décrit la
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dispersion des modes guidés du systéme guide d’ondes tricouches 2.9 (en polarisation TE) :

o M1 + 77 tan(wpoy di)
L7172 — 10 72 tan(wpoeyr di) |

as dy 4+ arctan

(2.9)
i3 Y4 + 73 tan(wpgys d3)

- —mm=0
| Y23 — 72 V4 tan(wpoys ds) |

+ arctan

Selon la nature de ’'onde dans la couche 7, les valeurs de ~; peuvent étre réelles ou imagi-
naires. Une analyse dans le plan complexe pourrait étre nécessaire pour étudier les solutions
de ce systeme (équation 2.9). Cependant, basé sur des arguments physiques nous pouvons
séparer le probléeme en plusieurs sous-problemes élémentaires. Les conditions de 1’équa-
tion 2.4 sont a l'origine de quatre conditions de guidage distinctes par ’ordre des modes
explicités ci-dessous :

» Les modes d’ordre les plus faibles (0 < m < m;) se propagent seulement dans la
couche centrale #2. Les champs décrivant ces modes sont évanescents dans toutes
les couches autres que la couche #2 (seul 7, € R). L’équation de dispersion générale
(2.9) devient :

[ ap ay + a3 tanh(a; dy) 1
as dy — arctan
aj as + ag as tanh(ay dy) (2.10)

az aq + a3 tanh(as ds)

—arctanl 1—m7r:0

as a3 + Qo ay tanh(a3 dg)

» L’ordre des modes augmentant jusqu’a un mode m; < m < mo, deux cas sont
possibles :
» Dans le cas ou n3 > n; 'onde est guidée dans les couches #2 et #3 et I'équa-
tion 2.9 devient :

[ ag a; + a? tanh(ay dy) ]
as dy — arctan
a1 a9 + ag s tanh(a1 dl) (2 11)

az as — a3 tan(az dz)

—arctan[ ]—mﬂ:()

QAo a3 + Q2 ay tan(ag dg)

» Dans le cas ou n; > ng 'onde est guidée dans les couches #1 et #2 et I'équa-
tion 2.9 devient alors I'Eq. 2.12.

2
4y dy — arctan [ ap ai + aj tan(ay dy) ]
ay as + ag as tan(ay d ) (2.12)

as ay — a3 tanh(as ds)

—arctan[ ]—mW:O

s a3 + Qo Gy tanh(a3 dg)

» Les modes d’ordre supérieur (mo < m) se propagent dans les trois couches du guide
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FIGURE 2.11 — (a) Image MEB d’un guide d’onde planaire a trois couches (b) Spectre M-
lines obtenu avec 1’échantillon observé en MEB (figure 2.11a) mesuré & 29 mm du centre
du substrat en mode TE [21]

d’onde, I’équation de dispersion devient alors :

2

ap ay — a2 tan(a, dy)
do — t

asdy — arctan l a1 az + ag as tan(ay d;) (2.13)

as ay — ag tan(as dy) |

—arctan[ ]—mﬂzo

Ao Q3 + Ao Ay tan(a3 dg)
La résolution de ces équations est détaillée dans les travaux de T. Schneider et al.
[17,20,21,23]. Dans le cas présent, la structure tricouches étudiée est représentée sur la figure
2.9. 1l s’agissait d'un projet de réalisation d'un dispositif modulateur électro-optique. Le
systeme était composé d’une couche de PZT déposée sur une couche de ZnO et surmontée
d’une couche de ZnO. Les indices des couches sont supposés supérieurs a ceux du substrat
et du superstrat. Le matériau utilisé pour la réalisation des électrodes transparentes est
du ZnO dopé aluminium, dont l'indice de réfraction donné par la littérature est égal a
1,988 & 632,8 nm [24]. Le matériau constituant le cceur de la couche guidante est du PZT
de composition brute Pby 4(Zrg4Tip )O3 dont I'indice est compris entre 2,22 et 2,25 [9] a
632,8nm.
Cette étude a mis en évidence plusieurs choses concernant la méthode d’analyse et la
synthese des matériaux multicouches :
» La méthode d’analyse M-lignes des guides planaires trois couches donne des résultats
en accord avec ceux obtenus par la méthode d’analyse M-lines a deux couches.
Les différences observées entre les valeurs obtenues avant et apres le dépot de la
troisieme couche restent inférieures a l'incertitude de la technique de mesure ainsi
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qu’a la variabilité induite par la technique d’élaboration.

» Une augmentation de I'indice de réfraction du PZT de 2,22274+5.107% 4 2,36104+5.10~*
entre un dépdt sur verre (Corning 1737F) et un dépot sur ZnO sur le méme substrat
de verre a été observé. Ce comportement met en évidence un changement structural
induit par la croissance sur le film de ZnO.

» L’indice de réfraction de la couche inférieure de ZnO est quasi constant. Il reste
compris entre 1,9667+6.10~* et 1,991+5.1073. Au contraire, I'indice de réfraction
de la couche supérieure de ZnO montre de fortes variations de 2,015+8.1073 &
2,123+8.1073. Cette variabilité pourrait provenir de la co-existence de deux phases
cristallines différentes dans les couches minces de ZnO d’épaisseur inférieure a 500
nm [25].

ny dy (pm)  ng  dy (pm) mg  ds (pm)
2 couches 1,978 1,11 2,360 1,02
3 couches 1,979 1,09 2,368 0,96 1,987 0,13

TABLE 2.4 — Mesure des grandeurs caractéristiques d’un guide d’ondes avant et apres ajout
de la troisieme couche de superstrat de ZnO.

Publications

e T. Schneider, D. Leduc, J. Cardin, C. Lupi, N. Barreau, and H. Gundel, Optical
properties of PZT thin films deposited on a ZnO buffer layer, Optical Materials,
29(12), 1871-1877, 2007.

e T. Schneider, D. Leduc, J. Cardin, C. Lupi, and H. Gundel, Optical characterisation
of a three layer waveguide structure by M-lines spectroscopy, Ferroelectrics, 352(1),
50-60, 2007.

e T. Schneider, D. Leduc, C. Lupi, J. Cardin, H. Gundel, and C. Boisrobert, A method
to retrieve optical and geometrical characteristics of three layer waveguides from M-
lines measurements, Journal of Applied Physics, 103(6), 063110-063110, 2008.
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2.1.2 Développement d’un coupleur directionnel accordable a

base de polymere électro-optique et de cristaux photonique
1D.

J’ai réalisé un séjour postdoctoral a I'Institut Royal de Technologie (Kungliga Tekniska
Hogskolan, KTH) a Stockholm en Suéde au sein du laboratoire d’Optique et Photonique
(KTH/ICT/Optics and Photonics/FMI) sous la direction du Professeur Bozena Jaskor-
zynska. L’objectif de mes recherches était la réalisation et le développement de nouveaux
dispositifs optiques intégrés actifs basés sur les matériaux a base de Silicium (Silicium et
Silice amorphe déposés par PECVD) et de matériaux actifs comme des polymeéres ou des
cristaux liquides a effets électro-optiques. Au sein de ce laboratoire, j’ai co-développé le
concept de coupleur directionnel optique possédant la propriété d’étre un filtre accordable
en longueur d’onde et mis en place le développement de films de polymere électro-optique.
Ce dispositif composé d'un guide d’onde a réflexion de Bragg (BRW) et d'un guide d’onde
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FIGURE 2.12 — Le coupleur directionnel réalisé a partir d’'un guide d’onde a réseau de
Bragg et d’un guide d’onde canal enterré dans de la silice (a gauche). Transmission optique
mesurée dans le guide d’onde en silice dans la plage spectrale du couplage (a droite).

canal conventionnel forme un filtre sélectif en longueur d’onde compatible avec le couplage
a faible perte par fibre optique. La largeur de bande transmise a travers le dispositif est de
l'ordre de 2 & 3 nm a mi-hauteur (figure 2.12).

L’objectif de rendre cette structure accordable en longueur d’onde nous a conduits a
modéliser ce coupleur directionnel en simulant la présence d'un matériau électro-optique
dans deux configurations possibles (Figure 2.13). En s’appuyant sur le formalisme des
matrices de transfert [15], de 'analyse modale développée par Visser et al. [26] et sur le
concept de coupleur directionnel de Alferness et al. [27], nous avons pu déterminer les
conditions de couplage entre les modes du guide canal et les modes du guide a réflexion
de Bragg ainsi que les propriétés de réflexion, de transmission et de dispersion de ces
structures. L’optimisation d’un coupleur directionnel repose sur le compromis entre la
largeur de bande A\X_34p et 'accordabilité de celui-ci. Ce travail a notamment permis de
montrer que, dans le cas d'une variation d’indice de réfraction du coeur du guide a réflexion
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Easier to incorporate EO material (overlay)
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FIGURE 2.13 — Vue en coupe du coupleur directionnel accordable : a) avec un guide a
réseau de Bragg complet b) avec un simple réseau de Bragg.

de Bragg de An=0,006, il était possible d’obtenir une accordabilité spectrale de la bande
transmise a travers le dispositif de 120 nm [28].

1462 +
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1456 1

Effective Refrastionindex
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1452 t } t t } t + 1
147 149 15 153 155 157 159 161 163

Wavelength

FI1GURE 2.14 — Dispersion des modes du coupleur dans la plage spectrale du couplage.

Dans le but de réaliser un dispositif accordable basé sur ce principe, j’ai proposé 1'uti-
lisation de matériaux polymeres possédant des propriétés électro-optiques (EQO) avec des
structures Si/SiO, amorphes déposées par PECVD. J’ai ainsi initié les études avec un
matériau de référence dans un systéme "guest-host', le polyméthylméthacrylate (PMMA)
dopé par le colorant Disperse Red 1 (DR1) et un polymere thermoréticulable synthétisé
par F. Odobel et al. [29,30]. Ce dernier est plus performant du point de vue de la stabilité
dans le temps et de 'effet électro-optique. Afin d’obtenir une susceptibilité non linéaire
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quadratique non nulle et donc un effet électro-optique dans les films de polymere, j’ai mis
en place un dispositif de polarisation sous champ couronne ("'Corona poling") en configura-
tion triode avec chauffage et régulation du courant couronne [31]. J’ai pu vérifier Uefficacité
de ce dispositif pour polarisation sous champ couronne des polymeres électro-optiques par
des mesures de biréfringence induite de 'ordre de ||n, —n.|| = 1072 dans les films minces de
PMMA-DRI1. Ces matériaux uniaxes positifs présentent une symétrie Cy,,, c’est a dire une
infinité de plans de symétrie colinéaires avec I’axe du poling (en général perpendiculaire
aux interfaces du film). L’ellipsoide des indices est présenté sur la figure 2.15 et est décrit

FI1GURE 2.15 — Film de PMMA-DRI1 orienté sous champ avec son ellipsoide des indices de
réfraction.

par I'équation 2.14. Le tenseur électro-optique (r;;) des polymeres Guest-host en notation
réduite est représenté (équation2.15)

0 0 13
0 0 13
{E2 y2 22 0 0 33
7’7(2) + 7’7(2) -+ ;g =1 (214) (Tij) = O s 0 (215)
T13 0 0
0O 0 O

Suivant la direction selon les axes Ox(Oy) et Oz, les variations d’indice obtenues sont don-
nés par 1'équation (2.16) :
ng =ny = n, — snirisEz

N, = Ne — %ng’rggEz (2.16)

Afin d’avoir une connaissance plus approfondie de ces matériaux électro-optiques or-
ganiques pour permettre la simulation du dispositif plus avant, j’ai mis en place un banc
de caractérisation des effets électro-optiques de films minces. Ce banc de caractérisation
fonctionne en mode transmission dans des structures Fabry-Pérot réalisées a partir de films
minces de polymere électro-optique munis d’électrodes semi-transparentes métalliques [32].
Des impulsions électriques alternatives sont appliquées au modulateur ainsi constitué qui
est mis en rotation par rapport a son axe vertical. Un faisceau laser incident est transmis
a travers le modulateur, son intensité est modulée par effet EO. Celle-ci est enregistrée
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FIGURE 2.16 — Montage interférométrique de type Fabry-Pérot : DL Diode Laser, S Echan-
tillon, W prisme Wollaston, PDs PDp Photodiode pour la polarisation S et P, LA Détection
synchrone, D Moteur, V Tension AC, PC Ordinateur, P Polariseurs.

par l'intermédiaire d’une détection synchronisée sur les impulsions électriques alternatives.
Les analyses par le formalisme des matrices de transfert et par une méthode numérique
d’ajustement du type Simplex [33] de ce signal modulé en fonction de 1’angle d’incidence
conduisent a la détermination des coefficients électro-optiques ri3 et r33 du polymere carac-
térisé. Dans le cas du PMMA-DRI (figure 2.17), nous avons obtenu des valeurs en accord
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2.2 Etude des matériaux luminescents.

Les interactions lumiere - matiere se partagent entre les phénomenes de diffusion (élas-
tique et inélastique) et les phénomenes a absorption comme la luminescence. La lumines-
cence est une émission de photons ultraviolets, visibles ou infrarouges a partir d’une espece
excitée électroniquement. Elle se produit dans de nombreux matériaux inorganiques (verre
dopé terres rares) comme organiques (noyaux aromatiques : naphtaléne, anthracéne) et
dans les trois phases solide, liquide, gazeuse de la matiere. Les différents types de lumines-
cence sont classés selon leur mode d’excitation (voir Tableau (2.5) ci-dessous :

Nom formes d’excitation
Photoluminescence (fluo. et phosph.) Absorption de lumiére (photons)
Electroluminescence courant ou champ électrique
Cathodoluminescence faisceau d’électrons
Thermoluminescence flux de chaleur (excitation antérieure)
Radioluminescence (scintillation) rayonnement ionisant (RX, «, 3, 7)
Chemiluminescence réaction chimique (ex. oxydation)
Triboluminescence friction mécanique

Sonoluminescence son (ultrason)

Bioluminescence processus biochimique

TABLE 2.5 — Les différents types de luminescence d’apres [34].

La photoluminescence est une luminescence ou le mode d’excitation est réalisé par
I’absorption d'un photon, ce qui conduit I’espéce luminescente dans un état électronique
excité. La désexcitation électronique s’accompagne d’une émission de photons qui est soit
une fluorescence soit une phosphorescence.

Nous allons particulierement discuter des propriétés de photoluminescence de matériaux
solides en films minces dans lesquels on peut distinguer une matrice hote (par exemple un
oxyde ou un semi-conducteur) contenant le luminophore (par exemple un puits quantique
ou un ion de terre rare).

2.2.1 Matrices hotes.

La matrice hote contient le luminophore ; elle permet son excitation par voie optique
dans le cas de la photoluminescence et favorise son excitation et son émission. Selon les pro-
priétés de la matrice hote (mécanique, chimique, thermique. . . ), celle-ci favorise également
la mise en forme pour la réalisation d’applications spécifiques (ex : matrices polymeres ther-
modéformables). En général, les matrices hotes performantes doivent présenter certaines
caractéristiques spécifiques favorisant la photoluminescence :

» Une faible absorption devant le gain sur la plage spectrale comprenant les longueurs

d’onde de pompage ainsi que celles d’émission.
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» Les canaux de désexcitation non-radiatifs doivent étre limités devant les voies ra-
diatives. Ces sources de déclin non-radiatifs ont de multiples origines (densité et
énergie de phonons, défauts. . .)

» Les matrices jouent parfois le role de sensibilisateur en exacerbant I'excitabilité des
luminophores qu’elles contiennent via des mécanismes d’excitation indirecte (trans-
ferts d’énergie vers les populations de luminophores). Il s’agit d’un cas particulier
ou les matrices doivent étre absorbantes sur la gamme spectrale d’excitation.

Les matrices étudiées au CIMAP sont des matériaux semi-conducteurs ou isolants princi-
palement de nature inorganique que 'on peut regrouper dans les catégories ci-dessous :

» Les matrices de silice non stoechiométrique (SiO,) contenant un exces de Si pouvant
conduire, apres un recuit adapté, a des nanostructures de Si,

» Les matrices de nitrure de silicium non stoechiométrique (SiN,),

» Les oxydes transparents conducteurs a grand gap comme GayO3 et ZnO,

» Des matrices organiques de type polyméthacrylate de méthyle (PMMA),

» Quelques composés ont été étudiés sous forme liquide pour des études spécifiques.

2.2.2 Centre émetteur/luminophore.

Les centres émetteurs/luminophores présentent pour caractéristiques communes des
niveaux d’énergie électroniques qui peuvent étre discrets comme dans le cas des terres
rares ou densément rassemblés en bandes d’énergie dans les matériaux massifs comme les
semi-conducteurs. Le diagramme de Perrin-Jablonski (Figure 2.18) représente de maniere
schématique les mécanismes d’absorption et de désexcitation survenant dans un processus
de photoluminescence.

» L’absorption de photons incidents (pompage optique) conduit les électrons vers un
état excité. C’est le phénomene le plus rapide des processus présentés avec des temps
caractéristiques de 10~1%s. Plusieurs mécanismes sont alors possibles pour dépeupler
ces états excités vers des états de plus basse énergie :

» Une transition non-radiative vibrationnelle (TRNV) qui entraine un dépeuple-
ment des états excités en fournissant de I’énergie a la matrice hote par génération
de phonons. Ce phénomeéne présente des temps caractéristiques de 10710 4 10712
S.

» Une transition non-radiative directe (TNRD) sans conversion d’état de spin (état
singulet — état singulet). Les temps caractéristiques sont de ordre de 107! &
1079 s.

» Une désexcitation radiative de type fluorescence avec des temps caractéristiques
de l'ordre de 10719 & 107 7s.

» Une transition non-radiative indirecte (TNRI) avec conversion d’état de spin
(état singulet — état triplet). Les temps caractéristiques sont de I'ordre de 1071°
a 1078 s.

» Une transition radiative de type phosphorescence avec des temps caractéristiques
de l'ordre de 1079 & 1 s.
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FIGURE 2.18 — Diagramme de Perrin-Jablonski.

Il est d’usage de distinguer expérimentalement les deux processus luminescents par un
temps de déclin plus long pour la phosphorescence que pour la fluorescence. Cependant
certaines phosphorescences présentent des durées de vie comparables a celles de la fluores-
cence, donc la distinction des deux phénomenes par la seule durée de vie n’est pas suffisante.
[’émission de phosphorescence de par les transferts/transports d’énergie conduisant a la
conversion de spin sera généralement de plus basse énergie que celle de fluorescence. Une
photoluminescence sera observée lorsque les processus radiatifs seront majoritaires devant
les non-radiatifs, ce qui se traduit par la relation 2.17 donnant 'efficacité de recombinaison
radiative en fonction des probabilités de recombinaison radiative W, et non-radiative W,,..

W

=—" 2.17
W, + Wy, ( )

n

Les matériaux luminescents sont souvent des matériaux présentant une bande interdite
d’énergie, dont la largeur est supérieure a I’énergie moyenne des phonons présents dans la
matrice. C’est la raison pour laquelle, a ’état massif, les métaux ne luminescent pas alors
qu’a I'état subnanométrique (r<0,5 nm longueur d’onde de Fermi) une luminescence est
observée [35]. Celle-ci est due a leur nouvelle structure électronique présentant des niveaux
d’énergie discrets avec un espacement entre les niveaux d’énergie supérieur a l’énergie
d’activation thermique kgT.

45



2.2.3 Le silicium nanostructuré.

Le silicium étant massivement utilisé en micro-électronique, ¢’est un matériau abondant
et a la technologie bien maitrisée. Afin de développer des applications mélant microélectro-
nique et photonique/optique, de nombreuses recherches ont été entreprises afin d’exalter
les propriétés optiques du silicium dont la luminescence. Cependant, a 1’état massif le
silicium est un semi-conducteur a gap indirect dans lequel les recombinaisons radiatives
entre bande de conduction et bande de valence s’accompagnent nécessairement de 1’émis-
sion ou de I’absorption d’'un phonon pour assurer la conservation de I'impulsion. La faible
probabilité d’occurrence de ce processus radiatif assisté par phonon rend les transitions
non-radiatives vibrationnelles prépondérantes dans le mécanisme de désexcitation des ni-
veaux ¢lectroniques du silicium. La figure 2.19 représente schématiquement le phénomene
d’absorption et d’émission de photons dans les semi-conducteurs a gap direct et indirect.
Par conséquent, la luminescence du silicium est de plusieurs ordres de grandeur moins effi-
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FIGURE 2.19 — Représentation schématique des phénomenes d’absorption et d’émission de
photons dans les semi-conducteurs & (a) gap direct et (b) indirect.

cace que dans un matériau a gap direct comme 1'InP. L’efficacité de recombinaison radiative
du silicium massif est ng; ~ 1075 [36].

Dans les années 1990, les travaux de L.T. Canham [37] ont montré que le silicium
nanostructuré (appelé silicium poreux) présentait des propriétés de luminescence exaltée
par rapport au silicium massif, et ceci & température ambiante. Par la suite, des travaux
sur des nanoparticules de silicium (Nps-Si) en matrice diélectrique ont montré également
des propriétés de luminescence importantes avec une plus grande stabilité dans le temps
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due a la réduction de I'oxydation par rapport au silicium poreux. Ces nanoparticules de
silicium présentent une luminescence avec une bande large dont ’énergie du maximum
évolue selon la relation ELL ~ - avec d le diametre de la nanoparticule et la puissance
p [38]. Par exemple, Zacharias et al. [39] ont montré une variation de cette énergie dans une
plage 1,25 a 1,55 eV pour une variation de diametre d de 3,8 a 2 nm et avec une valeur de

p=0,6 (Figure 2.20). Récemment, une efficacité quantique externe de 30 & 70% et interne

diameter equal or below
3.8nm 2.0nm

PL intensity [a.u. ]

0 PR IR N S N SR N S By
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energy [eV]

FIGURE 2.20 — Spectres de photoluminescence normalisés montrant un décalage vers le
bleu corrélé avec la taille des cristaux [39)].

tendant vers 100% a été obtenue sur des nanocristaux de silicium passivés par des ligants
en solution, par le groupe de J. Linnros [40] en Suede.

Cette propriété de luminescence exaltée dans les nanostructures de silicium par rapport
au silicium massif est communément attribuée au phénomeéne de confinement quantique
des excitons (paire électron-trou) formés lors de I’absorption d’un photon dans les nano-
structures. Le confinement quantique excitonique apparait soit lorsque la taille de 1'objet
confinant devient plus petite que le rayon de 'exciton dans un matériau massif (rayon de
Bohr de 'exciton), soit lorsque cette taille limite le libre parcours moyen de diffusion de
I’exciton dans une ou plusieurs dimensions. Selon que 'on ait un confinement dans une,
deux ou trois dimensions, on parle d'un puits quantique, d’un fil quantique ou d’une boite
quantique. Dans le cas des nanostructures de silicium, le confinement quantique induit éga-
lement une augmentation de 1’énergie de la bande interdite ainsi que du rayon de courbure
des bandes, provoquant une relaxation des regles de sélection qui conduit a une plus grande
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efficacité de recombinaison radiative. On dit couramment que le silicium nanostructuré est
un matériau a gap quasi direct. Cependant, des observations plus détaillées de la lumi-
nescence des nanostructures de silicium ont montré : (i) des temps de déclin de PL longs
comparés a ceux d'un semi-conducteur a gap direct, (ii) un fort couplage de la luminescence
avec les phonons, (iii) une largeur spectrale importante et (iv) un temps de recombinai-
son radiatif non-exponentiel. Ces observations conduisent a une explication alternative de
Iefficacité de luminescence des nanostructures de silicium. En effet, les nanostructures de
silicium limiteraient le transport excitonique de par la barriere de potentiel formée par
I'interface Si/SiO,. Le transport excitonique étant fortement réduit, ceci conduit a une
réduction drastique de la probabilité de recombinaison non-radiative W, sur des défauts,
ce qui a pour conséquence une augmentation de l'efficacité de recombinaison radiative
= W Cette derniere explication est minoritaire dans la communauté mais apporte
cependant des éléments d’interrogation significatifs au débat scientifique.

Dans les travaux effectués au CIMAP de Caen, nous observerons principalement des na-
nostructures de types boites quantiques, sous forme de nanoparticules de silicium (Nps-Si).
Celles-ci sont fréquemment fabriquées par la synthese de matrices de SiO, non-stoechiométriques
contenant un exces de silicium par rapport a la stoechiometrie de la silice (x < 2). Un trai-
tement thermique approprié¢ permet, par la suite la migration et 'agglomération de I'exces
de Si sous forme de Nps-Si.

2.2.4 Les terres rares.

Les terres rares sont des éléments métalliques remarquables de par leur structure élec-
tronique : en effet, leur couche interne 4™ (1<n<14) est incompleéte, tandis que les couches
externes bs et Hp sont, quant a elles, entierement remplies. Les terres rares utilisées pour
leurs propriétés d’émission dans des matrices d’oxyde ou de nitrure sont dans un état d’oxy-
dation III+ qui est le plus stable. Les configurations électroniques dans I’état fondamental

et I’état 111+ des principales terres rares étudiées dans ces travaux sont répertoriées dans
le tableau 2.6 :

Nom Symbole Configuration électronique
fondamental 111+
Néodyme Nd [Kr]-4d°4 f45525p55d%6s% | [Kr]-4d'°4 f35525p55d°6s°
Europium Eu [Kr]—4d104?75825p65d0632 [Kr]—4d104f65325p65d0630
Terbium Tb [Kr]-4d1°4 f95525p55d%6s2 | [Kr]-4d'°4 f85525p55d°65°
Erbium Er [Kr]-4d°4 f125525p55d96s2 | [Kr]-4d'%4 f115525p554°6s"
Ytterbium Yb [Kr]—4d104fl45825p65d0632 [Kr]—4d104f135325p65d0680

TABLE 2.6 — Configuration électronique des terres rares étudiées.

De cette anomalie de remplissage des couches électroniques résultent les propriétés
particulieres qui font l'intérét de ces éléments. Cette propriété, qui est un inconvénient
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pour la séparation des terres rares par voie chimique, devient un avantage pour le dopage.
En effet, les terres rares peuvent s’insérer de maniere quasi identique dans des matrices
hotes de compositions chimiques différentes. Leurs propriétés optiques, étant liées aux
transitions entre les niveaux électroniques de la couche 4f protégée de I'extérieur par les
couches pleines 5s et H5p, ont un comportement plus proche de celui des atomes libres
(comme dans les gaz) que de celui des atomes insérés dans un cristal. Ainsi les niveaux
d’énergie des ions terres rares dans un solide ne vont pas s’organiser en bandes comme dans
tout autre solide, mais restent sous forme discréte a position moyenne prévisible et fixe.
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FIGURE 2.21 — Niveaux d’énergie de l'ion Er** en fonction des interactions électroniques
considérées décrites par leur Hamiltonien respectif.

Le degré de dégénérescence des niveaux électroniques 4 f" des ions de terre rare est
donné par la combinaison C7, avec n variant de 0 a 14. La dégénérescence peut étre par-
tiellement ou totalement levée par les interactions suivantes, décrites par un Hamiltonien
spécifique :

» Interactions électrons-noyau, Hy,

» Interaction Coulombienne de répulsion électron-électron, He.,

» Interaction spin-orbite, H,,,

» Interaction avec le champ cristallin, H...

Les niveaux d’énergie de l'ion libre sont caractérisés par les nombres quantiques corres-
pondants donnés en notation spectroscopique suivante :

25, (2.18)

avec L = "1 le moment orbital total et le moment S = 3° & total de spin, desquels résulte
par sommation le moment total J = S+ L (|[L — S| < J < |L+ 9)).

Comme mentionné préalablement, ’écrantage des électrons de la couche 4f par les
couches externes pleines 552 et 5p® réduit trés fortement l'influence du champ cristallin.
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Cette propriété fait que les niveaux d’énergie d’un ion de terre rare au sein d’un matériau
hote dépendra tres peu de la nature et de la qualité du site. On considéra donc souvent
que les niveaux d’énergie d’un ion de terre rare au sein d’un matériau hote sont identiques
aux niveaux d’énergie de l'ion libre (c’est-a-dire soumis aux interactions électron-noyau,
électron-électron et couplage spin-orbite). La qualité de la matrice hote, contrairement au
cas des autres ions dans un solide (semi-conducteur), n’a que peu d’influence sur les pro-
priétés optiques. Ces ions sont ainsi peu sensibles au désordre, méme au désordre extréme
d’un verre.

L’influence du champ cristallin sur I'ion de terre rare n’est détectable que dans un ma-
tériau cristallin refroidi a basse température [41]. Il se manifesterait par une levée supplé-
mentaire de la dégénérescence due a 'effet Stark provoquant ’apparition de sous-niveaux
dont I’écartement est fonction du champ local et de la symétrie du site de la terre rare. Les
transitions des ions terres rares trivalents, habituellement mis en jeu dans les émissions qui
nous intéressent, ont lieu dans la configuration 4 f", ¢’est-a-dire entre états de méme parité.
De ce fait, elles sont interdites au premier ordre pour les émissions dipolaires électriques
et permises au premier ordre pour les transitions dipolaires magnétiques par la Regle de
Laporte [42]. Les transitions magnétiques et électriques dans les ions de terre rare sont
cependant observables avec des probabilités équivalentes. Ceci est dii a une relaxation des
regles de sélection liée a un mélange de parité avec des configurations de parité opposée et
d’énergies plus élevées [43].

La transition entre niveaux d’énergie a une probabilité d’occurrence I', qui peut étre
calculée en utilisant la théorie de Judd-Ofelt [44]. Cette probabilité de transition entre
deux niveaux est fonction de la probabilité de transition radiative I', et de la probabilité
de transition non-radiative I',,., suivant la relation (2.19).

I =T,+ T (2.19)

A température ambiante, la durée de vie globale 7 est mesurable. Celle-ci est liée a la pro-
babilité de transition I' = % Des mesures a basse température, quelques K, sont nécessaires
pour mesurer directement la durée de vie radiative 7, = 1“%

Des mécanismes limitant la photoluminescence des ions de terre rare peuvent intervenir
dans des matrices fortement dopées ou codopées par ceux-ci. Lorsque la concentration en
ions terres rares augmente dans une matrice hote, des interactions ion-ion se produisent
qui viennent diminuer l'intensité de luminescence. Le phénomene se manifeste générale-
ment pour une distance entre deux ions inférieure a 2 nm, ceci conduit a une concentration
des ions de quelque 10?' em™3. Les mécanismes responsables de cette diminution de la
luminescence sont la relaxation croisée, 'absorption dans I’état excité, la migration d’éner-
gie [43,45].

Des mécanismes coopératifs a plusieurs ions de terre rare se produisant par transfert
d’énergie peuvent également survenir conduisant a des mécanismes de conversion de fré-
quence comme les phénomenes de upconversion, de downconversion, addition de photons
par transfert d’énergie. .. [43,45].

50



2.2.5 Couplage entre nanoparticule de silicium et terre rare.

Les ions de terre rare (TR3*"), incorporées dans une matrice diélectrique comme la si-
lice, présentent une faible section efficace d’absorption (o4 ~ 1021cm2). L’obtention d’'une
luminescence et donc d’un gain optique important sous un pompage modéré est donc pro-
blématique. Une solution a cette difficulté est de contourner la faible section efficace d’ab-
sorption par l'utilisation d'une excitation indirecte via une interaction donneur-accepteur
(nanoparticule de silicium/TR3"). On parle également d’utilisation d’un sensibilisateur de
la terre rare. Les mécanismes d’excitation indirecte via une interaction donneur-accepteur
présentent la caractéristique commune de nécessiter un accord des énergies mises en jeux
entre le donneur et 'accepteur. Dans le cas d’un transfert radiatif (figure 2.22), I’énergie du
pic d’émission du donneur doit coincider avec 1’énergie du pic d’absorption de 'accepteur,
Iintégrale de recouvrement doit étre non nulle.

Transfert I, (b)

O f@) @ —— 7\

hy,

emi

Intensity

‘
Absorption
Luminescence

400 450 500 550 600 650
Wavelength (nm)

—>
Donneur Accepteur

FIGURE 2.22 — (a) Bandes d’absorption et d’émission du donneur et de I’accepteur (b)
Systeme donneur-accepteur typique.

Pour ce type d’interaction, deux mécanismes impliquant la distance nanoparticule-terre
rare r sont couramment décrits :
» L’interaction d’échange électronique ou une interaction dipdle-dipdle. L’interaction
d’échange présente un taux de transfert qui suit une loi en I'; & % avec le rayon de
Bohr effectif ry.

» L’interaction dipble-dipole est régie par la théorie de Forster du couplage (FRET :
Forster Resonant Energy Transfer) qui décrit le taux de transfert par une loi du
type Ty = 5.

Le rayon de Bohr effectif des ions de terre rare ro<0,3A [46] est petit devant les di-
mensions des nanoparticules de silicium (quelques nm). Le rayon de Forster des Nps-Si est
quant & lui de 'ordre de 10 nm [47]. Par conséquent, I'interaction par échange Np-Si)/TR3*
sera négligeable devant l'interaction dipdle-dipole (Forster). Le transfert Np-Si/TR3*" se
faisant par couplage de Forster dans une région proche (< 10nm) des nanoparticules de
silicium, il est nécessaire d’atteindre une distribution optimale des ions de terre rare dans
la proximité des Nps-Si pour maximiser le transfert et par conséquent l'efficacité de lu-
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minescence du systeme. Du fait que la section efficace d’absorption directe des Nps-Si de
plusieurs ordres de grandeur supérieure a celle des ions de terre rare (10~'°cm? contre
1072*em?), T'excitation indirecte par les Nps-Si permet d’atteindre une section efficace ef-
fective des ions de terre rare augmentée de plusieurs ordres de grandeur. Outre ce fait,
I’élargissement du gap des Nps-Si permet de limiter le transfert inverse de la terre rare vers
les Nps-Si. De plus, la bande d’absorption des Nps-Si étant spectralement plus large que
celle des ions de terre rare, ceci relache la contrainte sur la finesse spectrale des sources de
pompage optique.

La figure 2.23 représente le schéma de bande illustrant le couplage d’une Np-Si vers les
ions Nd** et Er®*. Le couplage entre la Np-Si et les ions de terre rare se fait respectivement
depuis le niveau *I s pour le Nd3t et 41 1 pour le Er’t.

E
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FIGURE 2.23 — Schéma de bande illustrant le couplage d'une Np-Si vers les ions Nd3* et
Er3t.

Dans le cas d'une matrice contenant des nanostructures de silicium et des ions néodyme
partiellement couplés, nous pouvons observer sur la figure 2.24 un spectre de photolumi-
nescence comportant la luminescence des nanoparticules de silicium et de l'ion de terre
rare Nd3+.

Le transfert entre les nanoparticules de silicium et les ions de terre rare est parfois
décrit de maniére phénoménologique par un coefficient de transfert K exprimé en cm3.s71.
Les équations (2.20) décrivent la variation temporelle de 1'état excité N* et de 1'état fon-
damental N des niveaux électroniques de Nps-Si considérées comme un systeme a deux
niveaux :

dt T

W = —g¢(N — N*) + 2 4 KN*NIF"

(2.20)

{ A" — g (N — N*) — N K N*NTR™

Les valeurs de K ont été déterminées grossiérement pour le couplage Np-Si/Er®" seulement.
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FIGURE 2.24 — Illustration du transfert d’énergie des Nps-Si vers les ions Nd?* et spectre
de photoluminescence montrant la luminescence des Nps-Si (en rouge) et du néodyme
provenant du niveau 4F' s (en vert) a 920 1060 et 1400 nm.

Les valeurs obtenues sont dans I'intervalle 2.107'* et 3.107'% em™3.s7! [48]. Les interactions
donneur-accepteur dépendant de la distance, un modele inspiré de celui de Pacifici [48]
mais incluant l'effet de la distance de séparation a été développé par Garrido et al. [49].
Les auteurs utilisent pour cela un coefficient de couplage (K1) entre Nps-Si et TR3*" qui est
fonction de la distance entre le donneur et I'accepteur. Ces phénomenes de couplage sont
plus longuement décrits pour les ions erbium dans les travaux de Kenyon et al. [50], de Fuji
et al. [51] et des travaux postérieurs [52-57]. Pour le couplage Np-Si :Nd3*, ces phénomeénes
sont beaucoup moins documentés avec toutefois des études plus récentes suivantes [58-63].
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2.2.6 Fabrication/synthése des matériaux a base de silicium.

Les matériaux en film mince étudiés sont, sauf mention contraire, obtenus par une
technique de pulvérisation radio-fréquence magnétron réalisée au CIMAP. Ce processus se
divise en trois grandes étapes : la préparation, la pulvérisation et le recuit. La préparation
comprend le nettoyage des substrats par différentes techniques (Ethanol, HF, nettoyeur
plasma) qui ont un impact significatif sur la qualité et les propriétés finales des échantillons.
La pulvérisation est déclinée dans la configuration verticale classique et confocale sur des
batis de dépot différents. Apres le dépot proprement dit, les films sont ensuite découpés
puis recuits en appliquant un traitement thermique adapté afin d’atteindre les propriétés
souhaitées/optimisées. Les principales caractéristiques de ces trois étapes de fabrication
sont répertoriées dans le schéma (Figure 2.25) suivant :

FIGURE 2.25 — Présentation synthétique du processus de fabrication avec ses principaux
parameétres/degrés de liberté.

Les techniques de caractérisation utilisées sont répertoriées sur la figure (2.26). Les

FIGURE 2.26 — Présentation synthétique des techniques de caractérisation.

descriptions des conditions de préparation, dépdts par pulvérisation, des traitements ther-
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miques et des techniques de caractérisation sont détaillées dans les travaux de these aux-
quels j’ai pu participer ces dernieres années :
» Matrices de SiO, dopées terre rare (Er, Nd), il s’agit des travaux de these de M

Khalil Hijazi [64], M Sébastien Cueff [36] et de M Chuan-Hui Liang [65],

» Matrices de SiN, dopées terre rare (Er, Nd), cela est détaillé dans les travaux de

\/

\

\/

these de M Chuan-Hui Liang [65],

Matrices de SiO, et SiN, en super-réseau de pas nanométrique, des détails se
trouvent dans les travaux de these de Mme Ramesh Pratibha Nalini Sundar [66],
Matrices de SiN, et SiN,O,, dopées terre rare (Tb,Yb), des descriptions sont données
dans les travaux de theése de Mmes Yong-Tao An [67] et Lucile Dumont(en cours),
Matrices de GayO3 et ZnO dopées terre rare (Nd,Eu), les travaux de these de Mme
Céline Lecerf [68] et M Christian Davesnne [69] développent la description des dé-
pots.
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2.2.7 Sélection de travaux.

Cette sélection de travaux a pour but de montrer les thématiques auxquelles j’ai pu
contribuer sur les matériaux développés au laboratoire CIMAP dans I’équipe NIMPH ou
étudiés dans le cadre de collaborations.

Matrice SiO,

Les films de silice enrichie en silicium ont été développés par pulvérisation radio-
fréquence magnétron en plasma réactif en étudiant le role de la variation du taux d’hydro-
gene. L’incorporation du Silicium en exces a été contrdlée par la variation du taux relatif
d’hydrogene de 10% & 50% dans un mélange argon-hydrogene. Les films ont été déposés
sans chauffage intentionnel des substrats et avec une densité de puissance de 0,75 W.cm?.
Tous les échantillons ont ensuite été recuits a 1100°C pendant 1 h sous un flux de diazote
afin de favoriser la précipitation de I’exces de Si et induire la formation de Np-Si. Nous
avons démontré les aspects spécifiques suivants :

» Le déclin de la luminescence des Nps-Si dans la silice a 750 nm a été étudié. Celui-
ci peut étre décrit par une fonction exponentielle étirée (Stretched exponential).
L’algorithme de Stehfest nous a permis de calculer la densité de probabilité du taux
de déclin ce qui a conduit a démontrer 1’élargissement de cette densité de probabilité
du taux de déclin, avec le désordre observé dans les échantillons [70].

Publications
e G Zatryb, A Podhorodecki, J Misiewicz, J Cardin, F Gourbilleau, On the nature
of the stretched exponential photoluminescence decay for silicon nanocrystals,
Nanoscale Research Letters, 6(1) :106, 2011.

Matrice SiO, : Er

Les films de silice enrichie en silicium dopée avec des ions erbium ont été développés
par pulvérisation rf magnétron en plasma réactif. Ces films ont été optimisés en vue de
maximiser le transfert des Nps-Si vers le ions Er3t et ainsi de maximiser I’émission &
1530-1560 nm. Nous avons démontré les aspects spécifiques suivants :

» Une fraction des ions Er3* couplés au Nps-Si atteignant la valeur de 26% de la
quantité totale d’erbium dans le cas le plus favorable [71-73]. Seule cette fraction
d’erbium couplé pourra contribuer au gain optique dans une application a base de
ce matériau.

Publications
e K Hijazi, R Rizk, J Cardin, L. Khomenkova, F Gourbilleau. Towards an optimum
coupling between Er ions and Si-based sensitizers for integrated active photonics,
Journal of Applied Physics, 106(2) :024311-024311, 2009.
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e K Hijazi, L. Khomenkova, F Gourbilleau, J Cardin, R Riz, Enhanced fraction of
coupled Er in silicon-rich silicon oxide layers grown by magnetron co-sputtering,
Journal of Luminescence, 129(12) :1886-1889, 2009.

e D Navarro-Urrios, Y Lebour, O Jambois, B Garrido, A Pitanti, N Daldosso, L
Pavesi, J Cardin, K Hijazi, L. Khomenkova, F Gourbilleau, R Rizk, Optically ac-
tive Er3+ ions in Si02 codoped with Si nanoclusters. Journal of Applied Physics,
106(9) :93107,20009.

» [’amélioration des propriétés de luminescence induite par le chauffage du substrat
pendant les phases de dépot a été démontrée [74]. Les effets de ce recuit induit durant
la croissance ont été comparés a ceux résultant de traitement thermique comparable
classique effectué apres un dépot a la température ambiante. Il a été démontré que
la premiere approche permet 'amélioration de l'efficacité de photoluminescence de
Ierbium par un facteur 4.

Publications
e S Cueff, C Labbé, J Cardin, J-L. Doualan, L. Khomenkova, K Hijazi, O Jambois,
B Garrido, R Rizk, Efficient energy transfer from Si-nanoclusters to Er ions in
silica induced by substrate heating during deposition, Journal of Applied Physics,
108 :064302, 2010.

Matrice SiO, : Nd

Les films de silice enrichie en silicium dopée au ions de néodyme ont été développés
par pulvérisation rf magnétron en plasma réactif. Ces films ont été optimisés en vue de
maximiser le transfert des Nps-Si vers le Nd*T et ainsi 1’émission a 920 1060 et 1400 nm.
Nous avons démontré les aspects spécifiques suivants :

» Dans ce travail, sur la base d’expériences de photoluminescence [61], la preuve ex-
périmentale d’un transfert d’énergie des Nps-Si vers les ions Nd3* a plus haute
énergie [4.40eV (280 nm) et 3.54eV (350 nm)] que le mécanisme classique de transfert
d’énergie [1.6eV(770nm)] a été apportée. Ce transfert & haute énergie provoquant la
transition des niveaux *I s — 4D 3 AD 5 semble plus efficace que le transfert classique

a plus basse énergie provoquant la transition 7 s = i s AR .

Publications
e A Podhorodecki, J Misiewicz, F Gourbilleau, J Cardin, C Dufour, High energy
excitation transfer from silicon nanocrystals to neodymium ions in silicon-rich
oxide film, Electrochemical and Solid-State Letters, 13(3) :K26-K28, 2010.

» Des films minces de SiO, dopé par des ions Nd3* ont été étudiés en fonction de
la température de recuit et la concentration en ions Néodyme. L’augmentation de
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I'intensité de luminescence du Néodyme avec la concentration de terre rare jusqu'a
un seuil de concentration a été démontrée. Pour les fortes concentrations de Nd la
formation d’agrégats d’oxyde de néodyme a également été mise en évidence [75,76].

Publications

e O Debieu, D Bréard, A Podhorodecki, G Zatryb, J Misiewicz, C Labbé , J
Cardin, F Gourbilleau, Effect of annealing and nd concentration on the photolu-
minescence of Nd3* ions coupled with silicon nanoparticles, Journal of Applied
Physics, 108(11) :113114, 2010.

e O Debieu, J Cardin, X Portier, F Gourbilleau, Effect of the Nd content on the
structural and photoluminescence properties of silicon-rich silicon dioxide thin
films, Nanoscale Research Letters, 6(1) :1-8, 2011.

» Deux processus d’émission dans une matrice SiO, ont été mis en évidence se-
lon la plage de température des recuits réalisés. Pour une température de recuit
(T,) <1000°C il s’agit d’émission issue d’une population de défauts alors que pour
T,>1000°C ’émission est le résultat de recombinaisons d’excitons formés dans les
nanostructures de silicium. Les processus de sensibilisation des ions Nd3* dans ces
matériaux SiO, : Nd suivent cette dualité. Pour les films recuits a basse température
(T,<1000°C), il s’agit de sensibilisation par les défauts ou des agrégats atomiques.
Pour les films recuits a haute température (T,>1000°C), il s’agit de sensibilisation
par les nanoparticules de silicium [63].

Publications

e C-H Liang, J Cardin, C Labbé, F Gourbilleau, Evidence of two sensitization
processes of Nd3+ ions in Nd-doped SiOx films, Journal of Applied Physics,
114(3) :033103, 2013.

Multicouches/super-réseau SiO, /SiN,

Des structures multicouches de Silice enrichie en silicium (SiO,) alternées avec deux
types de matériaux diélectriques, la silice steechiométrique SiOy ou le nitrure de silicium
non-steechiométrique SiN, ont été réalisées par un procédé de co-pulvérisation magnétron
réactive. Ce matériau était développé dans la perspective d’applications dans des dispositifs
photovoltaiques.

» Une augmentation significative de la densité de nanoparticules de silicium (10*np-

si.cem™?) dans la sous-couche de SiO, est obtenue en utilisant une sous-couche de
SiN, a la place de celle de SiO,. L’amélioration des propriétés d’absorption, de
photoluminescence et de conductivité a également été démontrée [77-80].

o8



Publications
e R Pratibha Nalini, C Dufour, J Cardin, F Gourbilleau, New Si based multilayers
for solar cell applications, Nanoscale Research Letters, 6(1) :156, 2011.
e R Pratibha Nalini, . Khomenkova, O Debieu, J Cardin, C Dufour, M Carrada, F
Gourbilleau, SiOx/SiNy multilayers for photovoltaic and photonic applications,
Nanoscale Research Letters, 7(1) :124, 2012.

Matrice SiN,

Des films de SilV, sans hydrogene ont été déposés sur des substrats de Silicium et de
Silice amorphe par deux méthodes de pulvérisation magnétron, la méthode réactive et la
co-pulvérisation de cibles de SizNy et Si. Ces échantillons ont été recuits sous atmosphere
d’azote pour prévenir I'incorporation d’oxygene.

» La spectroscopie infra rouge par transformée de Fourier (FTIR : Fourier Transform
Infrared Spectroscopy) nous a permis de démontrer 'absence d’oxygene et d’azote
dans les films apres recuit. Pour un recuit d’une heure a 1100°C des Nps-Si ont été
formées avec des dimensions comprises entre 3 et 6 nm pour x< 0,8. La photolumi-
nescence (PL) visible a été obtenue uniquement pour x> 0,9 démontrant ainsi que
la luminescence n’est pas issue des états confinés dans la nanoparticule de silicium
cristallin, mais de niveaux d’énergie électronique liés a des défauts localisés dans la
matrice ou a la queue de bande des bandes d’énergie de la matrice [81].

Publications
e O Debieu, R Pratibha Nalini, J Cardin, X Portier, J Perriere, F Gourbilleau,
Structural and optical characterization of pure si-rich nitride thin films, Nanos-
cale Research Letters, 8(1) :1-13, 2013.

Oxyde transparent conducteur et terre rare

Pour des applications dans le domaine des diodes électroluminescentes, nous nous
sommes intéressés aux oxydes conducteurs transparents a grand gap du type [-GayOs
et ZnO dopés aux ions de terre rare, tels que I'ion Nd3* ou le Th3*. Ces matériaux ont été
déposés par pulvérisation magnétron puis recuits lors d’une étape postérieure.

» Les propriétés optiques des films d’oxyde de gallium dopé au néodyme ont été ana-
lysées. L'influence de la concentration des ions Nd3*t sur les mécanismes d’excita-
tion/émission de ceux-ci et le role de la matrice d’oxyde de gallium ont été étudiés
dans les références suivantes [68, 82, 83]

Publications
e C Lecerf, P Marie, J Cardin, F Jomard, and X Portier. Texture effect of neody-
mium doped gallium oxide thin films on their optical properties. Optical Mate-
rials, 33(7) :1131-1134, 2011.
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e A Podhorodecki, M Banski, J Misiewicz, C Lecerf, P Marie, J Cardin, X Portier,
Influence of neodymium concentration on excitation and emission properties

of Nd doped gallium oxide nanocrystalline films, Journal of Applied Physics,
108 :063535, 2010.

» Les propriétés spectroscopiques de films d’oxyde de zinc dopé terbium ont été étu-
diées. Les changements structurels, les propriétés optiques et la photoluminescence
associée ont été analysés en fonction du traitement thermique. Une variation de la
contrainte bi-axiale interne a la couche mince, de compressive a extensive en fonc-
tion de la température de recuit (400 & 1000°C), a notamment été mise en évidence.
A la température de 600°C une photoluminescence maximale des ions Th3* dans la
matrice est obtenue [84].

Publications
e A Ziani, C Davesnne, C Labbé, J Cardin, P Marie, C Frilay, S Boudin, and X
Portier, Annealing effects on the photoluminescence of terbium doped zinc oxide
films, Thin Solid Films, 553 :52-57, 2014.

Matériaux hybrides organique-inorganique luminescents.

Un copolymere hybride luminescent a base d’une matrice de poly(méthacrylate de
méthyle) (PMMA) comportant des agrégats octaédriques de Molybdeéne (Mog) et des ions
Er3t a été étudié dans le cadre d’une collaboration avec 'Institut des Sciences Chimiques
de Rennes. Ces agrégats de Molybdene présentent des propriétés de photoluminescence
dans le rouge (720nm) avec des efficacités quantiques pouvant atteindre jusqu’a 60% [85].

» (Ces nouveaux matériaux hybrides homogenes et transparents présentent une pho-
toluminescence Er?* & 1540 nm qui est jusqu’a six fois plus intense en présence
d’agrégats de Mog qu’en absence de ceux-ci. Le role des agrégats de Mog comme
sensibilisateur des ions de terre rare a été démontré et fait 'objet de publications
et d'un brevet déposé [86-89).

Publications
e Y Molard, C Labbé, J Cardin, and S Cordier. Sensitization of er3+ infrared pho-
toluminescence embedded in a hybrid organic-inorganic copolymer containing
octahedral molybdenum clusters, Advanced Functional Materials, 23(38) :4821-
4825, 2013.
e Y. Molard, C. Labbé, J. Cardin, S. Cordier, and M. Amela-Cortes. A material
comprising an host matrix, rare earth ions and a metal atom cluster as sensitiser,
Brevet EP2754707, 2013.
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Oxyde a forte permittivité pour 1’électronique HfO,Si,.

Les couches minces de HfSi; O, ont été développées par pulvérisation cathodique ma-
gnétron. Ces matériaux a forte constante diélectrique peuvent étre utilisés pour des appli-
cations en micro-électronique, par exemple pour des oxydes de grille de transistor.

» Les études de la fonction diélectrique de ces matériaux composites au moyen des

théories de milieu effectif ont conduit a la description des variations de stoechiométrie
et ont permis de décrire les phases dans ces matériaux [90].

Publications
e L. Khomenkova, Xavier Portier, J Cardin, and F Gourbilleau. Thermal stability

of high-k Si-rich Hfo2 layers grown by rf magnetron sputtering, Nanotechnology,
21 :285707, 2010.
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Chapitre 3

Travaux théoriques sur ’'interaction
rayonnement optique/matiére dans
les processus luminescents ou
résonants

L’objectif de ce chapitre est de présenter les méthodes théoriques mises en ceuvre dans
mes travaux ces dernieres années dans lesquels une contribution significative a été amenée.
Un travail conséquent a été réalisé sur la méthode des différences finies dans le domaine
temporel (finite-difference time-domain method, FDTD) couplée a des équations différen-
tielles auxiliaires (Auxiliary differential equation, ADE) appliquée aux milieux a gain et
aux nanostructures métalliques pour 1'étude des résonances plasmoniques. En outre, la
méthode ADE-FDTD a également été adaptée aux études menées au laboratoire CIMAP
dans I’équipe Lasers, Instrumentation Optique et Applications (LIOA) sur la microscopie
en champ proche optique dans le cadre des travaux de these de M Matthieu Roblin [91-93].
De plus, les méthodes matricielles déja abordées dans ce manuscrit ont été étendues au cas
de milieux stratifiés contenant des centres émetteurs pour apporter un support a l'inter-
prétation des expériences de photoluminescence.

3.1 Modélisation par différences finies dans le domaine
temporel (FDTD) et systéme d’équations diffé-
rentielles auxiliaires (ADE).

La modélisation par la technique des différences finies dans le domaine temporel peut
étre schématisée sur la figure (3.1). A to, dans un volume de calcul restreint par des condi-
tions aux limites, on définit des conditions initiales sur les grandeurs décrites par 1’élec-
tromagnétisme (champs, courant, polarisation). La méthode FDTD permet de calculer
I’évolution entre un instant ty et un temps t>tq des grandeurs électromagnétiques dans cet
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espace de calcul.

Temps t>t,

Temps initial t, (final ou pas)

Conditions

o s e . Conditions a t>t
|n|t|:Iesa t=t, Equations Etct 0
H((rr 10)) de Maxwell H(rlt)
r 0 !
Sources(r, t,) Sources(rt)

Conditions aux limites

FIGURE 3.1 — Schéma de principe illustrant 1’évolution dans le temps du champ électroma-
gnétique régie par les équations de Maxwell a 'intérieur d’un domaine de 1’espace délimité
par les conditions aux limites et présentant des sources électromagnétiques.

Equations de Maxwell

Dans les milieux linéaires, homogenes et isotropes (Lh.i), les équations de Maxwell sont
définies dans la forme symétrisée [94] suivante :

a—H = —lrotﬁ - O—FI

o, p n (3.1)
OFE 1 - 0% 5

— =-+-rotH — —

ot € €

Les champs électrique E et magnétique H sont liés entre eux par les équations comportant
la permittivité électrique ¢, la perméabilité magnétique u, la conductivité électrique o¢ et
une grandeur non physique dite de conductivité magnétique o™ . Cette derniere sera mise a
zéro dans les zones de I'espace de calcul physique mais se révélera tres utile dans les zones
des conditions aux limites de celui-ci.

La méthode des différences finies dans le domaine temporel repose sur une réécriture des
équations de Maxwell précédentes dans un schéma aux différences finies. Cette réécriture
doit permettre de faire apparaitre de maniere explicite les valeurs des champs les plus
avancées dans le temps en fonction des valeurs précédentes.

Par exemple, dans le cas de I’équation de Maxwell Faraday :

m
on = —lrotE -7 | (3.2)

ot I I
La réécriture dans un schéma aux différences finies implique un changement de notation.
Nous utiliserons celle de A. Taflove [94] communément admise (équation 3.3). Ainsi la
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composante selon Oz du champ électrique E au point de coordonnées d’espace x;, y;, 2 et
a l'instant ¢,, s’écrit en fonction des pas d’espace (Az, Ay, Az) selon les trois directions et
le pas de temps (At) :

Ea: (ZEZ', Yj, Zks tn) = Ex (ZAI, jAy, kAZ? TZAt) = Erw,j,k (33>

En substituant les dérivées spatiales et temporelles par leurs différences finies, la compo-
sante du champ H selon Ox devient :

1 1

Hol! 2 —Hal! 2 Byltin=Folf s Belfy—Felf

el —Helije 1 ( vligeri =Bl Bl Bl _ om . |n k) (34)
Az Ay ia.j’ z i:j:

At Wi,k
avec l'approximation suivante :
n+% nf%
Helijiw + Haliy, (3.5)
2

Hw’Zj,k =

On obtient finalement 1’expression de la composante recherchée H, suivante :

o™ At
k At
1 1— KZVE 1 n _ n n _ n
i |"+§ _ Pk | TR Hi ok Byl =Bl el Felijn (3.6)
Tlijk o™ At 14,5,k o™ At . Az A .
e 14—k b 14 ik Yy
ik i g

De la méme maniére on obtient les composantes pour le champ électrique E dont voici la
composante selon 'axe Oy :

e

ot ., At 1 1 1 1
_ 4,9,k At H |n+7_H |n+§ H |n+2_H |n+§
n+l __ 2€4 5.k E' ’n + i,4,k Tlig.k Tlig k=1 _ "Fligk Zli—1,4,k
Y l,],k 1 J;j7kAt ) Zajzk sz’kAt ' AZ Aﬁ?
2,5k 26,5,k

(3.7)
Par rapport a I'expression analytique des composantes des champs Eet H , ces expressions
discrétisées par différences finies sont une approximation avec une erreur a l'ordre deux.
L’observation attentive de ces équation (3.6) et (3.7) permet de visualiser 1’entrelacement
des composantes des champs E et H dans le temps et dans ’espace qui justifie le choix de
I'algorithme de Yee [95] pour le calcul des champs discrétisés.

Algorithme de Yee

La méthode des différences finies dans le domaine temporel (FDTD) repose sur 1'utili-
sation de l'algorithme de Yee [95] qui s’appuie sur plusieurs points pour résoudre dans le
temps et 'espace les équations de Maxwell discrétisées :

e Dans 'espace les composantes des champs E et H sont positionnées sur deux grilles
décalées avec un placement des composantes des champs respectifs qui assure la
validité de I'expression locale des équations de Maxwell (figure 3.2).
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FI1GURE 3.2 — Cellules de Yee sur deux grilles décalées montrant la disposition respective

des composantes des champs Eet H.
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e Le calcul des champs E et H est alterné dans le temps. La détermination des valeurs
du champ E dans tout 'espace a l'instant n + 1 se fait en fonction des valeurs du
champ H dans tout 'espace a l'instant n + % et des valeurs précédentes de E a

I'instant n. De méme, les valeurs du champ H a linstant n + % se font en fonction

des valeurs du champ H A linstant n et des valeurs précédentes de H A linstant
n—1
La discrétisation induisant une erreur a l'ordre deux, des conditions particulieres sur le
choix des pas d’espace et de temps doivent étre respectées pour assurer la stabilité de la

méthode et diminuer les effets de la dispersion numérique.

Stabilité et dispersion numérique.

Les conditions de stabilité de la méthode FDTD présentées dans la littérature [94,96-98]
sont discutées dans le manuscrit de these de Alexandre Fafin [99]. A trois dimensions, avec
des pas spatiaux quelconques Az, Ay et Az, la condition de stabilité liant ces derniers
avec le pas de temps s’écrit (équation 3.8) :

At = S (3.8)

1 1 1
C\/ (e + @ + @)

Avec S le nombre de Courant-Friedrich-Lewy [100] dit nombre de Courant qui doit étre
défini tel que 0 < S < 1 pour assurer la convergence lors de la résolution de systemes
d’équations différentielles par une méthode des différences finies. Définissons les nombres
Nf(y’z) comme le nombre de cellules par longueur d’onde selon une direction donnée z(y, z).
La discrétisation dans ’espace et le temps conduit a des vitesses de phase des ondes diffé-
rentes selon la direction de propagation. La différence la plus importante se faisant entre
la vitesse selon un axe principal vﬁ”” (par exemple I'axe Oz) et celle selon un axe diagonal
v¥9. Dans le cas d'une cellule carrée, c’est-a-dire Ny = Ny = N5 = N, le rapport des
vitesses évolue selon ’équation 3.9 [94].

diag i (l 3 S )
vy \/§arcsm S sin 73N,
V3 . TS )
s sin E

(3.9)

prin .
Up arcsin (

Ce rapport tend vers 1 lorsque le nombre N, tend vers de grande valeur (— 00). Ceci justifie
le choix généralement admis de Ny > 10. Un nombre N, suffisamment grand doit donc étre
choisi avec cependant la limite majeure qu'un nombre élevé entrainera une augmentation
de 'occupation mémoire et un temps de calcul important. Le choix de la dimension de la
cellule unité par rapport a la longueur d’onde de travail joue donc un réle important dans
la méthode FDTD [101]. Dans le cas ou des milieux d’indice différents sont considérés le
choix de N, se fera alors pour la longueur d’onde la plus courte, c¢’est-a-dire dans le milieu
le plus réfringent.
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Conditions aux limites.

Les conditions aux limites absorbantes (CLA) de l'espace fini de calcul dans les mé-
thodes FDTD sont d’une importance majeure. Outre la limitation nécessaire de ’espace de
calcul, elles permettent la prise en compte de certaines spécificités des problemes physiques
a traiter. Par exemple les conditions périodiques permettent de modéliser des structures
périodiques en définissant une cellule élémentaire représentative du systeme total étudié.
La plupart des problemes de ’électromagnétisme étudiés par FDTD vont mettre en ceuvre
des champs rayonnés ou diffusés. Les exigences que les conditions aux limites absorbantes
doivent satisfaire dépendent fortement de leurs emplacements par rapport a la source du
champ :

» Les CLA placées loin de la source, doivent étre capables d’absorber des ondes planes
homogenes.

» Les CLA placées dans le voisinage de la source, doivent étre capables d’absorber les
ondes évanescentes non homogenes.

Le développement des conditions aux limites dans les problemes basés sur la FDTD a
conduit a différentes approches (Engqvist et Majda [102], Mur [103]) détaillés dans les
ouvrages de références [94,98,104]. En 1994, J.-P. Bérenger introduisit sa méthode split
PML (perfectly matched layer) [105] basée sur I’ajout aux limites de I’espace de calcul d’une
couche absorbante a I'impédance adaptée. Cette couche PML possede des conductivités
électrique o¢ et magnétique o™ fictives de telle sorte que le champ électromagnétique a
la traversée de ce milieu non-physique soit absorbé tout en subissant un minimum de
réflexion. Les méthodes sur les conditions aux limites se sont diversifiées avec notamment
les méthodes Uniaxial PML, covolutional PML, Near PML [94,104]. Au vue de ces qualités,
nous avons fait le choix de la méthode baptisée split PML par Bérenger. Le détail de celle-ci
se trouve dans le manuscrit de thése de Mr Alexandre Fafin [99]. Pour rappel, le schéma
(figure 3.3) montre l'organisation de la split PML entourant la zone FDTD. La split PML
est basée sur :

» Une absorption dans la zone PML assurée par une variation non abrupte de la
conductivité électrique ou magnétique,

» l’adaptation de I'impédance entre les cellules de la PML et a la frontiere PML/FDTD
par une loi reliant les conductivités électriques o¢ et magnétiques o™.

» la séparation de chaque composante des champs dans la zone PML en sous compo-
santes normale et transverse par rapport a la frontiere FDTD/PML. Ceci permet
d’assurer la condition d’incidence normale de chaque sous-composante dans la zone
PML concernée.

» Une couche de conducteur électrique parfait (PEC : perfect electric conductor) en-
tourant la PML qui permet de réaliser le calcul des champs dans toute la zone PML
(dérivée spatiales s’appuyant sur les bords PEC). Celle-ci réfléchit les champs rési-
duels déja absorbés sur un aller, ce qui permet une absorption sur le trajet retour.
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Zone frontiere PML+FDTD

N

S~
N PML+1 PEC \<
z
X 0 y
N PML+1 PEC

——
N PML+1 PEC

FIGURE 3.3 — Schéma en trois dimensions de la zone de calcul, qui comprend la zone FDTD
entourée de N cellules de PML elle-méme entourée d’une couche d'un conducteur électrique
parfait [PEC : perfect electric conductor (E= 0 et H = 0)].

Les Sources électromagnétiques.

Les sources dans la méthode FDTD sont abondamment décrites dans la littérature
[94,98,106], dans les travaux de these de Mr Alexandre Fafin [99] et de Mr Matthieu
Roblin [93]. Les types de sources principalement utilisés dans nos travaux sont rappelés :

» Sources dures/Sources molles : approche qui consiste a imposer localement dans
Iespace un champ qui peut étre électrique ou magnétique et qui suit une fonction
temporelle. Suivant que ’on autorise la superposition des champs ou non, nous
aurons une source molle ou dure,

» Technique de séparation des champs totaux et diffusés (total field /scattered field
TF /SF). Cette technique permet d’atténuer le champ arrivant en bord de boite sur
les PML et de créer des ondes planes d’orientation quelconque.

» Source modale par une méthode de différence finie dans le domaine fréquentiel
(FDFD) présenté par Fallahkhair et al [107]. Cette technique implique 1'utilisation
de matrices creuses de dimensions importantes nécessitant des techniques de calcul
adaptées notamment pour déterminer les valeurs et vecteurs propres [93,108,109].

3.1.1 Milieu dispersif : application aux résonances plasmoniques.

Les équations de Maxwell présentées jusqu’a maintenant ne permettent de traiter que
des milieux possédant une permittivité € et une perméabilité p indépendantes de la lon-
gueur d’onde (milieu statique). Pour rendre compte de la fonction diélectrique de matériaux
comme par exemple les métaux nobles, des modeles de Debye, Lorentz, et Drude ont été
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implémentés [110-113]. En principe, un modele de dispersion peut étre décrit par la combi-
naison d’un modele de Debye et de Lorentz comme cela a été appliqué avec succes dans la
description de fonctions diélectriques de 11 métaux sur une large gamme spectrale de 0,1 a
6 eV [114]. Cette propriété n’a été utilisée dans les méthodes FDTD que plus tardivement
par A. Vial et al [115]. Le modele utilisé par [114] considere 5 oscillateurs de Lorentz. Nous
avons adopté la méme convention. Rakic et al [114] affirme qu’un modele de Brendel et
Bormann (BB) convient mieux que le modele de Drude-Lorentz (DL) pour modéliser la
permittivité de 11 métaux sur une plage d’énergie large. La figure 3.4 représente 1’évolution
des parties réelle et imaginaire de 'indice de réfraction issue de déterminations expérimen-
tales et collectés par Palik [116] ajustées par le modele DL par Rakic et par un algorithme
génétique déja employé dans la méthode M-lines [13]. Au vu de I'ajustement de I'indice de
I’or, on peut raisonnablement s’interroger sur la procédure d’ajustement utilisée dans cette
comparaison des modeles DL et BB.

204 o nHandbook of Optical Constants of Solids Palik 6.0
n Rakic 1 Drude + 5 Lorentz 0k Handbook of Optical Constants of Solids Palik
187 %Oogo 554 ——k Rakic 1 Drude + 5 Lorentz
o
16 Oodﬂﬁj 0, 5.0
1.4+ © Rete 45
o

. e .
Qo000
0.0 . . . . . 10
1 2 3 4 5 6 1
Photon Energy (eV) Photon Energy (eV)
. " " 6.0 . "

204 © n Handbook of Optical Constants of Solids Palik Ok Handbook of Optical Constants of Solids Palik

= n Fit by Genetic Algorithm with 1 Drude + 5 Lorentz 5.5 k Fit by Genetic Algorithm with 1 Drude + 5 Lorentz

1.84

5.0+
1.64

144 454

124 4.04

~ 354

0.8 3.04

0.6 254

0.4+ 2.0+

0.2+ 154
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FIGURE 3.4 — Parties réelle et imaginaire de 'indice de réfraction de 'or [116] ajusté par le
modele de DL (en haut) parametres de Rakic [114] (en bas) parameétres issus de I’algorithme
génétique [13]

Cette approche de Drude-Lorentz est détaillée dans le manuscrit de these de M Alexandre
Fafin [99]. La permittivité diélectrique relative complexe peut s’exprimer sous la forme sui-
vante :

er(w) = () + (w) (3.10)

Cette expression sépare de maniere implicite les effets intra-bandes f (free electrons) des
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effets inter-bandes b (bound electrons). La contribution intra-bande ¢/ de la fonction di-
électrique étant décrite par un modele de Drude 3.11. La contribution inter-bande €’ de la
fonction diélectrique est décrite par un modele de Lorentz 3.12.
f w;% b _ . f J'wg
cW=1- 0y B @=L m
Les parametres du terme de Drude et des k oscillateurs sont w, la fréquence plasma, le
taux d’amortissement (damping constant) I';, la fréquence w; et la force d’oscillateur f;.

(3.12)

La densité de polarisation .ﬁ(w) du métal soumis & un champ électrique devient :
P(w) = eox(W)E(w) = ¢ [e,(w) — 1] E(w) (3.13)

La mise en ceuvre d’une permittivité relative dans la méthode FDTD est réalisée au moyen
de I'établissement d’équations différentielles auxiliaires appelées couramment ADE (Auxi-
liary Differential Equations). Dans le cadre de la modélisation de la dispersion chromatique
dans les méthodes ADE-FDTD, celle-ci peut étre établie a partir de la densité de polari-
sation [117] ou de la densité de courant [118]. Nous avons choisi I'utilisation de la densité
de polarisation pour établir les équations du systeme ADE, plusieurs écritures sont alors
possibles :

La densité de polarisation peut se décomposer en six termes, un terme de Drude ng et
cinq termes de Lorentz ﬁkL . La densité de polarisation de Drude 130D conduit a I’établisse-
ment de 1’équation différentielle de la forme suivante :

d*Py(t) r dPy(t)
dt2 Ot

= cw?E(t) (3.14)

Pour £k = 1 a 5, les densités de polarisation de Lorentz ﬁkL permettent 1’établissement
de I’équation différentielle de la forme suivante :

d?P;(t) dP;(t)
r,—2
a2 T g

Afin de mettre en ceuvre le modele de dispersion dans la méthode ADE-FDTD, il est
nécessaire de procéder a une réécriture de I'équation de Maxwell-Ampere afin de faire
apparaitre de fagon explicite les densités de polarisation.

+w?B(t) = eo fjwlE(t) (3.15)

O 1 - o 10(PP+3i, P
= ZyotH- ZFE——
8t € €0 € 825

(3.16)

A cette étape, les équations de Maxwell-Ampere (3.16) et les équations différentielles
de la densité de polarisation de Drude (3.15) et de Lorentz (3.14) sont discrétisées par la
méthode des différences finies.

Il existe diverses manieres de poser le systeme ADE pour décrire la dispersion des
matériaux. Le choix doit étre fait au vu de la nature des observables souhaitées et des
performances de la méthode numérique qui en découle. Quelques approches sont :
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L’écriture explicite de I’équation de Maxwell-Ampere faisant apparaitre la densité
de polarisation peut se faire de différentes manieres. Par exemple on peut mettre en
évidence de maniere explicite la conductivité électrique statique o°.

w2 w2 o€

D p P
— _r 3.17
X(w) —w? + 1wl LCo(iw +To) * leow ( )

Le couplage par la densité de courant J par une écriture de I’équation de Maxwell-
Ampere faisant apparaitre celle-ci (These Matthieu Roblin [93])

Le modele de dispersion de Drude a points critiques proposé par Alexandre Vial et
al. [119] qui semble permettre une bonne description des fonctions diélectriques de
I’aluminium et du chrome avec un nombre réduit de parametres.

Le modele d’oscillateur décrivant les métaux et les semi-conducteurs de Deinega et
al. [118]. Sur une plage spectrale équivalente, celui-ci permet d’ajuster les fonctions
diélectriques de l'or et 'argent avec un plus faible nombre de parametres que Drude-
Lorentz.

Application

Dans le cadre de ’ANR ShaMan n°ANR-09-BLAN-0334-03, nous avons été sollicités
par 'équipe de Giancarlo Rizza du Laboratoire des Solides Irradiés (LSI) de I'Ecole Poly-
technique pour réaliser I’étude des propriétés optiques de nanoparticules métalliques d’or
(Nps-Au) incluses dans des matrices diélectriques de silice, celles-ci étant nanostructurées
par irradiation d’ions au grand accélérateur national d’ions lourds (GANIL) de Caen. Se-
lon la fluence des ions, le volume initial de matiere et la durée d’irradiation, la forme des
Nps-Au peut varier. La technique expérimentale utilisée pour fabriquer des nanospheres

Gold NP

Swift heavy ions irradiation

Deformed
gold NP

FIGURE 3.5 — Schéma de principe montrant 1’étape avant et apres la déformation obtenue
par irradiation des Nps-Au par un faisceau Kr d’énergie 74MeV.

d’or incluses dans une matrice de silice et l'irradiation par ions lourds qui modifie leurs
formes sont décrites dans la these de A. Fafin [99] et les publications de 1'équipe de G
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Rizza [120,121]. Les objets obtenus par cette technique peuvent prendre des formes di-
verses et multiples. Nous nous sommes focalisés sur une famille d’objets a symétrie de
révolution comprenant des octaedres, des batonnets ou encore des fils. Ces nanoparticules

2 " - B
J o2 wug)f T

5el4 cm?

Non irradiés

15nm Au NP
fm A AES Fluence

FIGURE 3.6 — Transformation des nanoparticules sphériques en nano-batonnets puis en
nano-fils alignés et orientés dans la direction du faisceau d’ions. [120-123]

d’or ont été étudiées par spectroscopie de pertes d’énergies des électrons (electron energy
loss spectroscopy, EELS). La technique EELS consiste a disperser en énergie un faisceau
électronique traversant un objet pour analyser la présence de résonance de perte d’éner-
gie électronique. Selon la gamme d’énergie perdue, on caractérise I'excitation de niveaux
de cceur (>50), entre 50 et 10 eV il s’agit d’excitation inter et intra-bandes et pour des
énergies entre 0 et 10 eV il s’agit de la partie plasmon. Nous étudierons uniquement la
partie plasmon du spectre EELS entre 0,5 et 5 V. A une résonance donnée, la distribution
spatiale de ces pertes d’énergie présente une structuration spatiale particuliere, considérée
par la littérature, comme des résonances plasmoniques [124-126]. Notre objectif étant de
réaliser la simulation numérique par ADE-FDTD des nano-objets d’or soumis a une exci-
tation optique, d’identifier des résonances de plasmon et de comparer celles-ci avec celles
obtenues par spectroscopie EELS. Cette spectroscopie optique détaillée dans le manuscrit
de these de Mr Alexandre Fafin [99] repose sur l'excitation par une onde plane polychro-
matique (0-3 eV) des nanostructures d’or avec trois angles d’incidence (0°, 45° et 90°) par
rapport au grand axe des nanostructures. Nous avons ensuite procédé a des enregistrements
de plusieurs observables a différentes positions des objets analysés comme le rapport de
champ total sur champ incident Eﬁo et les charges de polarisation a travers la divergence de
la densité de polarisation —div P. Pour certains angles, les variations de ces observables
en fonction de I’énergie laissent apparaitre des résonances plasmoniques. A ces résonances,
des enregistrements a deux dimensions du rapport Eﬁo ont été dressés suivant une coupe
longitudinale le long du grand axe des structures (figure 3.8).

Ces résonances identifiées par spectroscopie optique ont été comparées avec celles ob-
tenues par EELS. Nous avons observé un tres bon accord entre les énergies de résonance
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FIGURE 3.7 — (a)lmage HAADF d’une nanoparticule d’or de rapport d’aspect R = 12. (b)
Spectre EELS correspondant. (c-f) Images EELS a différentes énergies : 0,8 eV, 1,26 €V,
1,60 eV et 2,4 eV. Figure adaptée du travail de I’équipe de G. Rizza.
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F1GURE 3.8 — Carte 2D du rapport E% d’un nanofil d’or de rapport d’aspect R = 12 obtenue
par ADE-FDTD.
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observées par EELS et par cette technique ADE-FDTD comme en témoignent les résultats
pour un nanofil d’or de 120 nm de longueur et de 10 nm de diametre suivant (tableau 3.1).

Type ADE-FDTD (eV) EELS (eV) Diff. relative

0.70 0.80 13%
Longitudinal 1.15 1.26 9%
1.50 1.60 6%
Transversal 2.40 2.40 0%

TABLE 3.1 — Energie de résonances déterminées par ADE-FDTD et par spectroscopie EELS
pour un nanofil d’or de longueur L. = 120 nm et de diametre D = 10 nm.

Cette technique de spectroscopie optique numérique met en jeu des observables diffé-
rentes de celles utilisées dans la spectroscopie EELS. Cependant la résonance de plasmon
identifiée par les deux techniques semble bien correspondre au méme phénomeéne physique.
Les écarts constatés peuvent se justifier par les différences sur la géométrie réelle et simu-
lée et par des écarts entre les indices de réfraction modélisés pour l'or et de la matrice
et les indices de réfraction expérimentale. A chaque énergie de résonance trouvée par la
méthode ADE-FDTD, nous présentons le rapport E% dans le plan (xOz) passant par le
centre du fil (figure 4.12). Les cartes a 0,68 eV et 1,50 eV sont issues du calcul ot 6 =
0° alors que celles a 1,15 eV et 2,53 eV sont issues du calcul ou # = 45°. La résonance a
0,68 eV présente un caractere dipolaire électrique de par la structuration de son champ
électrique. Les résonances a d’autres énergies correspondent a des modes d’ordre supérieur.
La résonance a 2,4 eV (figure 3.9) correspond a un mode transverse puisque l'amplitude
du champ électromagnétique est uniforme le long du fil.

La variation longitudinale du rapport E% a I'intérieur du fil le long de I’axe x passant par
le centre de masse du fil pour § = 45° a également été enregistrée (figure 3.9). Le rapport
EEO a 0,68 eV présente un ventre, celui a 1,15 eV deux ventres et celui a 1,50 eV trois
ventres. Ces structures sont décrites dans la littérature comme le résultat de 1'excitation
d’ondes plasmon-polariton de surface (SPP) stationnaire de type Fabry-Pérot (FP) par le
rayonnement de champ lointain [127,128]. Les nanostructures d’or se comportent comme
un résonateur Fabry-Pérot dont la condition de résonance longitudinale sur la phase est

donnée par I’équation suivante [129-131] :
B.L+¢=mnm (3.18)

[ est la constante de propagation, L est la longueur du fil, ¢ est un terme de phase
global représentatif de tous les déphasages induits par les réflexions aux extrémités du
nanofil et par des éventuels objets déphasants sur le chemin optique et m est 'ordre du
mode de résonance. Il prend des valeurs entieres. L’analyse par le modele de FP permet
d’établir le lien entre la distance inter-ventre A.;y dans la these de A. Fafin [99] et la
constante de propagation 5. Cette démarche permet d’obtenir la constante de propagation
pour chaque résonance observée par ADE-FDTD. Une démarche comparable [99] permet

75



E/E,

O I 1 1 1 |
0 20 40 60 80 100 120

x (nm)

FI1GURE 3.9 — Rapport EEO a l'intérieur du fil le long de I'axe x passant par le centre de
masse du fil dans le plan (xOz), pour une incidence de 'onde plane de 45°.

d’établir les constantes de propagation pour chaque résonance établie par spectroscopie
EELS. Parallelement a ces études expérimentales et numériques une étude analytique a
été menée en assimilant les structures a des cylindres parfaits de rayon p en métal intégrés
dans un diélectrique tel que représenté sur la figure 3.10.

mes

F1GURE 3.10 — Cylindre de permitivité ¢; de longueur /.5 et de rayon py dans une matrice
diélectrique de permitivité e,
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La dispersion des modes TEM d’ordre m peut étre calculée en p = py par la recherche
des solutions de 1’équation transcendante [132], [133] des modes guidés de la structure
cylindrique (équation 3.19) :

/ !
1 J (mymipo) 1 H H (m,r2p0) szo mﬁlPO) k3 H (m,k2po)
k1po J(m,k1p0) kapo H( mlizpo I’»lpo J(m,k1p0) k2po H(m,k2p0) (3 19)

—m*f? ((Hl-lﬂo) (K2 100)2)

Avec k1 et ko les composantes transverses des vecteurs d’onde k; et ko dans les milieux 1 et 2.
J et J' sont respectivement la fonction de Bessel J et sa dérivée. H et H' sont respectivement
la fonction de Hankel H et sa dérivée. Les modes TM (TE) sont caractérisés par un champ
magnétique (électrique) qui est perpendiculaire a I’axe du cylindre. Afin de comparer cette
étude analytique aux calculs effectués par ADE-FDTD, nous restreindrons notre étude aux
seuls modes TM c’est a dire avec le champ magnétique (électrique) perpendiculaire a I'axe
du cylindre. Pour m = 0 on résout alors I’équation suivante (équation 3.20) :

O

L J(0, kip) k3 H'(0, kap)

—0 3.20
kip J(0,61p)  Kap H(0, Kap) ( )

Pour I'ensemble des objets a symétrie cylindrique étudiés dans ce projet ANR, nous
avons reporté sur la figure (3.11) les couples de solutions (5,E) obtenues par EELS et
ADE-FDTD ainsi que la relation de dispersion en mode TM des modes supportés par un
cylindre infiniment long (Figure 3.20) de rayon p = 5 nm . Un excellent accord est obtenu
entre cette relation de dispersion et les mesures de (3,E) obtenus par EELS et déterminés
par ADE-FDTD.

La condition de Fabry-Pérot supplémentaire relative a la longueur finie du cylindre
(équation 3.18) signifie que pour un cylindre de longueur /,,,.s nous n’aurons plus un conti-
nuum de vecteurs d’ondes possibles mais des valeurs discretes. En récrivant ’équation 3.18
comme sous la forme de I’équation (3.21).

g_br=o (3.21)

lmes

On s’apercoit, en faisant une hypothese sur la phase, que la résolution simultanée de ces
deux équations 3.20 et 3.21 permet d’obtenir des couples de solutions (5,E) qui permet
d’établir les formes analytiques des champs autour du nano-objet. Il est alors possible de
comparer celles-ci aux solutions numériques obtenus par ADE-FDTD et aux mesures par
EELS.

Nous avons réalisé la comparaison des résultats obtenus par spectroscopie EELS avec les
résultats obtenus par la méthode ADE-FDTD. L’objectif était de déterminer numérique-
ment les conditions pour observer des résonances de type plasmonique afin d’identifier les
structures observées pour les résonances de pertes d’énergie électronique. Enfin la courbe
de dispersion déterminée expérimentalement et numériquement est reproduite par un mo-
dele analytique. La relation de dispersion d'un cylindre infiniment long de rayon p = 5 nm
donnée par le modele analytique en mode TM, les mesures EELS et des résultats obtenus
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F1GURE 3.11 — Comparaison de la relation de dispersion entre un modele analytique d'un
cylindre infiniment long de rayon p = 5 nm (mode TM), les mesures EELS et les résultats
obtenus par ADE-FDTD pour des nanofils de méme rayon.

par ADE-FDTD pour des nanofils de méme rayon py sont présentées sur la figure 3.11.
Cette figure montre 1’excellent accord obtenu entre ces trois approches [134, 135].

Présentations orales

e J Cardin, A Fafin, F Gourbilleau, P-E Coulon, A Slablab, G Rizza, and C Dufour,
Electromagnetic modeling of plasmonic properties of gold nanoparticles embedded
within a dielectric matrix deformed by swift heavy ions. In META Conference,
META12, Paris, France, 2012.

e J Cardin, C Dufour, V Khomenkov, A Fafin, I Monnet, G Rizza, P-E Coulon, A
Slablab, D Mailly, C Ulysse, X Lafosse, S Perruchas, and T Gacoin. Development
of new kinds of plasmonics materials through swift heavy ion shaping technique.
In 7th International Conference on Materials for Advanced Technologies (ICMAT
2013), MRS Singapour, 2013.
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3.1.2 Milieu a gain : application aux guides d’onde dopés.

Dans le cadre de ’TANR PNANO DAPHNES n°ANR-08-NANO-005, nous nous sommes
intéressés a la modélisation d'un guide d’onde dont le cceur est un milieu a gain pour la
réalisation d’'un amplificateur optique intégré. L’objectif de modéliser la propagation d’'un
champ électromagnétique dans un guide d’onde optique actif basé sur la méthode des
différences finies dans le domaine temporel (FDTD) nous a conduits a développer la mé-
thode FDTD pour rendre compte de matériaux diélectriques actifs qui peuvent absorber ou
émettre des champs électromagnétiques. Ce développement a été réalisé par le couplage des
équations de Maxwell a un systeme d’équations différentielles auxiliaires (ADE) décrivant
les densités de polarisation liées aux transitions autorisées et les populations des niveaux
électroniques considérés. Le modele d’oscillateur décrivant une transition est donné par
I'équation (3.22) :

P (t AP, (t . .

avec les parametres suivants :

o Awij = Y + Ynr + T% largeur a mi-hauteur de la transition fonction du taux de
transition radiatif, non-radiatif et du temps de déphasage
w;j fréquence de la transition

N o
brcoc” constante de transition

® K =
WijTij
e AN;; = N; — N; différence de population entre les niveaux i et j
e P, densité de polarisation (densité de moment dipolaire par unité de volume)
Les populations des niveaux électroniques considérés sont décrites par des équations de

population (équations 3.23,3.24).

Nanoparticules de Silicium

AN, (1) 1 = dPs(t)  N&(t)
: = E(t — = — KN, (t) N (t 3.23
SO0 B v g e)
transfert d’énergie
pompage optique émission spontanée

Population du niveau 4F% de l’ion Nd3+

émission stimulée émission stimulée
dN; (t 1 - dPy(t 1~ dPy(t
3():+ B ) 32()Jr B ) 51 (1)
dt huwsg dt huwsy dt (3.24)
1 = dPsy(t Ny (t Ns(t) Ns(t) Ns(t '
c e, NGO MO N M0
hwgo dt T43 |m" T32 |:7,7‘ 731 |:zr T30 |ZT
——
émission stimulée transition non-radiative émission spontanée
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Application

Notre objectif était de modéliser la propagation d’un champ électromagnétique dans un
guide d’onde avec une couche contenant des centres absorbeurs et émetteurs comme des
ions de terre rare Nd3* ou Er?t et des nanoparticules de silicium. Plus particuliérement,
nous voulions déterminer les grandeurs caractéristiques du systeme comme les champs, les
populations des niveaux, dans un régime stationnaire en fonction de parametres initiaux
tels que la concentration de centre émetteur, la géométrie, la configuration et la propagation
de la pompe et du signal. Afin de modéliser ces régimes stationnaires dans un guide d’onde
d’une couche contenant des centres émetteurs et absorbeurs, nous devions tenir compte
de I’évolution temporelle des champs électromagnétiques et des populations des niveaux
électroniques. Dans un guide contenant des nanoparticules de silicium et les ions néodyme,
la durée de vie typique des niveaux électroniques est d’environ quelques ms, alors que
la période caractéristique du champ électromagnétique est de l'ordre de la fs. Le choix
d’un pas temps commun pour traiter ces différentes échelles de temps, entrainerait un long
temps de calcul prohibitif (environ 107!° itérations). Une solution possible pour surmonter
ce probleme de temps multi-échelle a été proposée par notre équipe en 2011 [136], en
appliquant la méthode dite du facteur d’échelle temporel ou "time scaling" qui consiste
a multiplier les équations différentielles décrivant les populations par un facteur d’échelle
(10%) de sorte que la convergence des niveaux de la population est accélérée. Malgré la
réduction du nombre d’itérations de temps requise de 6 ordres de grandeur, cette technique
ne diminuait pas suffisamment le temps de calcul et pouvait conduire a des instabilités
numeériques pour les facteurs d’échelle plus élevés.

Par conséquent, nous avons développé un nouvel algorithme ADE-FDTD (figure 3.12) a
deux boucles qui permet de calculer la distribution de champ électromagnétique, les niveaux
populations électroniques, et le gain dans le guide dans le régime stationnaire [137,138].

( ) ( N\
> . .
stationnaire)
/T
no
J
oul
FIN

| J |\ J

FIGURE 3.12 — Schéma de principe de I'algorithme ADE-FDTD a deux boucles.

Les spécificités de 'algorithme ADE-FDTD a double boucle sont rappelées ci-dessous
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» Séparation de calcul des processus rapides (champs, densité de polarisation) et des
processus lents (population des niveaux)

» Calibration des oscillateurs de Lorentz sur des données expérimentales (sections effi-
caces) avec comme degré de liberté les parametres d’oscillateur (Aw;;, w;j, constante
de transition k) mais également leur nombre (Princ. de superposition)

Ces travaux ont été largement développés et documentés dans les publications [137-139]
ainsi que dans les travaux de these d’A. Fafin [99]. Une étude comparative de la réalisation
de gain est effectuée dans un amplificateur optique guide d’onde dont la couche active est
constituée par une matrice de silice contenant des nanograins de silicium agissant comme
sensibilisateur soit des ions néodyme (Nd3T), soit des ions d’erbium (Er 3*). Nous avons
étudié le régime des états stationnaires des niveaux électroniques des ions de terres rares et
des nanograins de silicium ainsi que du champ électromagnétique pour les différentes puis-
sances de pompage. En outre, la distribution du gain linéique réalisable a été estimée dans
cette gamme de pompage a partir des populations des niveaux dans leur état stationnaire
par 'équation (3.25).

10
~ Inl0
Le guide d’onde dopé Nd3+ montre un gain brut par unité de longueur & 1064 nm pouvant
atteindre 30 dB.cm™. Dans les mémes conditions de pompage, le guide d’onde dopé avec
des ions Er3* présente un gain linéique maximum de 2 dB.cm™ & 1532 nm. Compte tenu des
pertes déterminées expérimentalement sur ce type de guide d’onde, nous avons démontré
un gain net positif significatif pouvant étre atteint dans le guide d’onde dopé avec l'ion
Nd3+,

gdB/cm<x7y7Z) [O-emNhigh(xuy’Z) - O'(stNIOw(ZE,y,Z)] (325>

35 .

—5— Si-ng :Er*t
30 ' —o— Sing :Nd3*

El
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t% 10
~ 5)
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FIGURE 3.13 — Gain linéique enregistré au centre de la couche active au début du guide
d’onde a la position x = 4.5 ym and y = 8.55 pum and z = 0. Les pertes expérimentales
[140, 141] sont reportées en tiret pointillé.

L’algorithme développé est stable et applicable aux matériaux de gain avec des émet-
teurs optiques ayant une large gamme de durées de vie comme par exemple d’autres ions de
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terre rare. La méthode est généralisable a d’autres modes d’excitation comme par exemple
le pompage électrique avec la modélisation de l'injection de courant et le transport des
porteur de charges [142].

Publications

e A Fafin, J Cardin, C Dufour, and F Gourbilleau. Modeling of the electromagnetic
field and level populations in a waveguide amplifier : a multi-scale time problem,
Optics Express, 21(20) :24171-24184, 2013.

e A Fafin, J Cardin, C Dufour, and F Gourbilleau. Theoretical investigation of the
more suitable rare earth to achieve high gain in waveguide based on silica containing
silicon nanograins doped with either Nd3* or Er3* ions, Optics Express, 22(10) :12296-
12306, 2014.

e J Cardin, A Fafin, C Dufour, and F Gourbilleau. Modeling of optical amplifier wa-
veguide based on silicon nanostructures and rare earth ions doped silica matrix gain
media by a finite-difference time-domain method : comparison of achievable gain
with Er3* or Nd3* ions dopants, In SPIE OPTO, pages 935709-935709, Internatio-
nal Society for Optics and Photonics, 2015.
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3.2 Modélisation de matériaux stratifiés luminescents.

Le but de ce travail est d’étudier les propriétés d’émetteurs inclus dans un film mince
d’épaisseur d et d’indice de réfraction no. Les émetteurs sont pompés optiquement par
une onde incidente de fagon similaire a une configuration expérimentale d’un banc de
photoluminescence. Nous allons examiner la couche mince telle que représentée sur la
figure (3.14).

Photoluminescence

Lentile < ——

Pompage
Laser

FIGURE 3.14 — thin layer

Basé sur le formalisme matriciel classique décrit par P. Yeh [15], le formalisme des
matrices de transfert étendues proposé par Weber et al. [143] et détaillé par Y.G. Boucher
[144] et le formalisme décrivant les termes sources de champs électromagnétique de Benisty
et al [145], un modele numérique de luminescence dans les milieux stratifiés a été développé.
Les milieux sont décrits par des fonctions de dispersion issues de I’analyse par ellipsométrie
spectroscopique. Ce modele rend compte de plusieurs phénomenes mis en jeu dans les
interactions de photoluminescence :

» La propagation de la pompe dans un systeme stratifié qui permet de rendre compte
de la variation de ’absorption de la pompe avec I’épaisseur des films minces traver-
sés. On peut observer notamment 1’établissement d’ondes stationnaires et I’absorp-
tion de la pompe avec I’épaisseur.

» La population d’émetteurs est décrite par un jeu d’équations de population décrivant
phénoménologiquement les mécanismes d’absorption et d’émission avec le décalage
de Stokes. Les caractéristiques spectrales de I’émission sont décrites par des fonctions
mathématiques couramment utilisés en spectroscopie (Lorentz,Voigt...).
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» L[’émission de chaque émetteur est décrite par la composition de ’émission de trois
dipoles électriques. Ceci permet de rendre compte de l'isotropie ou de I'éventuelle
anisotropie de I’émission de ces derniers.

» Le calcul est réalisé au moyen d’une discrétisation sur I’épaisseur, sur les angles
et les longueurs d’onde. Les champs obtenus pour chaque pas de longueur d’onde,
d’angle et d’épaisseur issus de ce calcul sont intégrés pour obtenir les observables
comparables a I'expérience, c’est-a-dire 'intensité de photoluminescence.

Ces travaux faisant 1’objet d’une publication en cours de préparation ne seront pas plus
détaillés dans le manuscrit, mais pourront faire ’'objet de développements a 1’occasion de
la soutenance.

Oxynitrure de silicium codopé Tb3*+-Yb3+ pour couche mince a conversion de
fréquence optique pour applications aux cellules solaires.

Les cellules solaires silicium présentent une limite d’efficacité intrinseque calculée par
Shockley et Queisser de 29%, qui est quasiment atteinte en laboratoire [146]. Parmi les
différentes approches pour améliorer l'efficacité des cellules solaires, des approches par
les mécanismes de conversion de fréquence sont possibles. Ces mécanismes permettent de
réaliser une photogénération de porteurs de charge plus efficace dans les cellules solaires
au silicium par la modification du spectre solaire. Cette étude se concentre sur le processus
de conversion descendante (down-conversion :DC) qui repose sur la conversion des photons
UV en photons infrarouges avec une énergie juste au-dessus de la bande interdite. Ce
mécanisme maximise le nombre de porteurs photogénérés avec une énergie proche de celle
de la bande interdite de la cellule solaire ' ~ E,, au détriment des porteurs de plus haute
énergie /' = B, + AL.

Dans les cellules solaires (CS) classiques, les porteurs ayant une énergie treés au-dessus de
la bande interdite de la cellule solaire perdent une partie de leur énergie AFE par transfert
a la matrice par excitation de phonons. C’est un mécanisme de perte d’énergie pour la
conversion PV. De surcroit, ce mécanisme de thermalisation conduit a une surchauffe de
la cellule, qui entraine une diminution de son efficacité de conversion et de sa durée de vie.

Une conversion descendante (DC) peut réduire les processus de thermalisation des
porteurs photogénérés par absorption de photons (UV) et conversion en deux photons IR
d’énergie supérieure a celle de la bande interdite de la cellule solaire en silicium. Dexter [149]
a montré que ce systéme présente un intérét potentiel avec un rendement quantique de
conversion descendante (DC) supérieur & 100%. Par la suite, différents auteurs ont mis en
évidence un rendement quantique interne allant de 120% a 199% & l'aide de différentes
matrices et de combinaisons d’ions de terres rares (RE) [150-152]. Pour des raisons de
simplicité, la combinaison a deux ions de terre rare a été choisie pour notre étude.

Afin d’obtenir un mécanisme DC compatible avec la cellule solaire silicium, deux ions
de terres rares, Th3* et Yb3+, ont été choisis en raison de leur configuration énergétique qui
permet la conversion descendante (DC) vers une énergie en accord avec celle de I’énergie
de la bande interdite du silicium. Pour assurer la compatibilité de la matrice contenant
les ions Th3* et Yb3*t avec les cellules solaires silicium, notre équipe étudie le co-dopage
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FIGURE 3.15 — Schéma de principe de 'excitation de I'ion Th3* dans les matrices de

SiN, [147] (& gauche) Description schématique des niveaux d’énergie mis en jeu dans le
transfert Th3* :Yb3*+ [148] (a droite)

de films de SiO,N, et SiN, par les ions Th3* et Yb*. Ces matrices présentent 'avantage
d’une section efficace d’absorption plus importante que celle des ions de terres rares (10717-
10718 cm? [153] au lieu de 1072° ¢cm? [154]). Cette absorption par ces matrices permet par
la suite une excitation indirecte des terres rares par un mécanisme de transfert d’énergie
efficace vers les ions Th?*. La transition des niveaux ®>Dy vers °F% de I'ion Th3* correspond
a une énergie de 2,53 eV (490 nm) qui est approximativement le double de ’énergie de
la transition 2F 5 vers ’F 1 des ions Yb3*, correspondant a une énergie de 1,26 eV (980
nm). Cette configuration énergétique permet le processus de découpage quantique par
I'absorption d’un photon UV par un ion Th3*, un transfert d’énergie coopératif (TEC) de
I'ion Th3* vers deux ions Yb3* environnants [155] qui se désexcitent par ’émission de deux
photons infrarouges & 980 nm. Les photons émis par les ions Yb?** a 980 nm (1,26 €V) ont
une énergie légerement supérieure a celle de la bande interdite de CS de silicium (1,1 V) et
sont donc absorbés avec une énergie de thermalisation réduite par celle-ci. Contrairement
au couple d’ions Pr3* : Yb3+, labsence d’un niveau d’énergie intermédiaire de 1'ion Th3+
empéche la relaxation inverse de deux ions Yb?* excités vers un ion Th3* [156]. Le principe
d’utilisation d'une couche a conversion de fréquence en amont d’une cellule solaire est de
disposer cette couche supplémentaire en surface de la cellule solaire qui par le mécanisme
du découpage quantique interne permet de modifier la répartition spectrale du spectre
incident sur la cellule. La méthode de modélisation de matériaux luminescents présentée
section (3.2) a été mise en ceuvre pour 'analyse de l'efficacité de ces couches a conversion
de fréquence descendante dans deux études publiées dernierement [148,157] :
» La méthode a été employée pour déterminer 'efficacité quantique externe addition-
nelle de 2% apportée par la couche mince a conversion de fréquence descendante.
Elle a permis d’estimer la fraction de I’émission des ions Yb3* effectivement couplés
dans le silicium sous-jacent (cellule solaire) et de décrire I'indicatrice d’émission.
» La méthode a également été appliquée afin de modéliser des spectres de photolu-
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FIGURE 3.16 — Principe d’utilisation d'une couche mince a conversion de fréquence optique
pour l'utilisation sur une cellule solaire (& gauche). Principe d’utilisation d'une couche
mince a conversion de fréquence optique pour l'utilisation sur une cellule solaire (& droite).

minescence dans les matériaux de la couche a conversion de fréquence, de lair, et
du silicium. Les rendements d’extraction dans les trois milieux considérés, définis
comme le rapport de la puissance optique dans un milieu sur la puissance optique
totale émise, ont été calculés. La comparaison de ces rendements avec les mesures
expérimentales de PL a permis de déterminer I'efficacité du couplage de ’émission
DC vers le silicium.

Publications

e Y-T An, C Labbé, J Cardin, M Morales, and F Gourbilleau, Highly efficient infrared
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Adv. Optical Mater., Vol. 1, Iss. 11, 855, 2013.

e L Dumont, J Cardin, P Benzo, M Carrada, C Labbé, AL Richard, DC Ingram, WM
Jadwisienczak, and F Gourbilleau. SiN, :Tb?-Yb3*, an efficient down-conversion
layer compatible with silicon solar cell process, Solar Energy Materials and Solar
Cells, accepté pour publication.
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Chapitre 4

Conclusion et perspectives

4.1 Conclusion

Les travaux présentés dans ce manuscrit illustrent la variété des sujets abordés autour
des propriétés optiques des matériaux depuis une dizaine d’années. Ces travaux se partagent
entre investigations expérimentales et théoriques. Les études expérimentales des propriétés
optiques linéaires, non-linéaires et luminescentes ont été réalisées sur des matériaux inor-
ganiques et organiques. Les matériaux organiques étudiés sont par exemple des matrices
de type PMMA dopées par des chromophores [29]. Ces matrices organiques peuvent étre
également des matrices hotes dopées par des luminophores comme par exemple les agré-
gats de Molybdéne luminescents [86]. Les matériaux inorganiques étudiés sont de nature
conductrice comme les TCO (GagO3, Zn0O), semi-conductrice comme les SiN, et isolante
comme la silice SiO5. Nombre de ces matériaux organiques et inorganiques, conducteurs
ou isolants ont été dopés par les ions de terre rare (Er, Nd, Tb, Yb, Eu). Enfin des tra-
vaux plus récents issus de collaborations m’ont amené a étudier les propriétés optiques
d’agrégats métalliques stabilisés dans des zéolithes en solution [158].

Parallelement a ces activités expérimentales, je développe des méthodes de modélisation
qui sont appliquées a l'interprétation d’expériences [13,17] ou bien a I’étude et au déve-
loppement d’applications & partir des matériaux [137,139]. A travers des collaborations
soutenues par ’ANR et le LABEX EMC3, j’ai pu développer mon expertise sur la modé-
lisation des propriétés optiques des objets nanométriques semi-conducteurs ou métalliques
inclus dans une matrice diélectrique par des méthodes comme le DDA et la méthode ADE-
FDTD. Cette expertise a été mise a contribution dans le cas des particules d’or déformées
par faisceau d’ions. L’analyse des propriétés plasmoniques de ces dernieres a été réalisée
avec un tres bon accord entre les résultats expérimentaux et nos résultats théoriques [135].

4.2 Perspectives

Les perspectives s’articulent autour du développement de matériaux pour la photonique
et I'énergie. Le développement de matériaux a gain pour la réalisation d’'un amplificateur
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optique ou d’un laser tout silicium a base de matrice de SiO, ou SiN, contenant des
nanostructures de silicium et dopé par des ions de terre rare semble étre une activité amenée
a ralentir. En effet, I'efficacité importante des émetteurs a base de matériaux I1I-V et leur
intégration sur Silicium pour des applications photoniques rendent moins intéressant le
développement de sources laser ou d’amplificateurs a base de silicium qui sont aujourd hui
moins efficaces. Ces dernieres années, des travaux sur le développement de matériaux pour
I’énergie et notamment pour le photovoltaique se sont accrus, aidés en cela par les sources
de financement (région, labex, ANR). Ces travaux s’articulent autour du développement de
semi-conducteurs nanostructurés pour les cellules solaires [159]. Plus récemment les films
minces a conversion de fréquence basse pour des applications dans le photovoltaique ont
été développés dans des matrices a base de silicium [148,157]. Les perspectives a court
et moyen termes sont de poursuivre ces travaux en explorant les différentes matrices et
combinaisons de luminophores. Les perspectives s’articulent également autour de plusieurs
collaborations sur les propriétés de luminescence :
» Lab. CRISMAT (J.M. Rueff) sur des matrices luminescentes hybrides organique-
inorganique.
» Lab LCS (S. Mintova) sur les composés nano et subnanométriques métalliques en
matrice zéolithe
» LCMT (B. Witulski) collaboration sur les émetteurs organiques pour OLED (je suis
référent de la these de Thu-Hong Doan au LCMT)
Beaucoup de travaux effectués sur la méthode ADE-FDTD et sur la méthode matricielle
décrivant I’émission en milieux stratifiés restent a valoriser par des publications au cours
des années futures. Le développement supplémentaire de méthodes de modélisation mis en
ceuvre dans 1’équipe NIMPH se fera en adéquation avec les orientations expérimentales fu-
tures de I’équipe (films minces pour I'énergie, dynamique des porteurs EMC...). J’ai proposé
récemment un nouveau sujet de recherche sur I’étude des propriétés thermique/optique de
films minces pour le refroidissement radiatif passif. Des demandes de financement ont été
récemment couronnées de succes, puisque deux financements ont été obtenus pour I'année
a venir (Projet DAYCOOL soutenus par le Labex EMC3 et un PEPS CNRS énergie).
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ABSTRACT

We present two concept examples for adding a wide range tunability to Si/SiO, devices involving a photonic
crystal element. They are based on a directional coupler filter of two different geometries, where one of the arms
is a Bragg Reflection Waveguide (BRW) used for the bandwidth improvement. The tuning relies on changing
the properties of the BRW core. As an illustration we consider the smectic A* liquid crystal as the core material
and show that ca 100 nm tuning range is achievable by the core index variations of 0.006 under applying electric
field of 5 V/um.

Keywords: optical filters, directional couplers, Bragg reflection waveguides, photonic crystal, liquid crystals,

electrical tuning.

1. INTRODUCTION

Devices employing photonic crystals (PhC’s) provide unique dispersion properties that can be utilized for
realizing delay lines, dispersion compensators, enhanced efficiency wavelength converters and amplifiers, or
narrow bandwidth filters and lasers. Most of the reported so far PhC based components, however, are not
tunable, especially those made in silicon. Adding a tuning mechanism is desired for dynamically reconfigurable
WDM networks, where the wavelength allocation is changed as the needs of the network change. It is of
particular interest to add a wide range dynamic tuning to PhC devices in the low-cost, but passive Si/SiO,
technology compatible with optoelectronics and the transmission fibres. This can e. g. be achieved by including
micro-electro-mechanical systems (MEMS) elements, or by incorporating electro-optic materials, such as
polymers or liquid crystals (LC’s). Here, as an example of a device providing a wide continuous tuning and
benefiting from the dispersion properties of a PhC element for the bandwidth narrowing, we consider an
extension of our earlier proposed and demonstrated [1, 2] directional coupler filter where one arm is a Bragg
Reflection Waveguide (BRW), i.e. a 1D PhC waveguide. The extended concept relies in essence, on making the
BRW core tunable. In the presented example we simulated tunability of the core refractive index, for which we
choose the smectic A* LC’s, having the response time in the sub-microsecond regime [3], i.e. three orders of
magnitude shorter than that of nematic LC’s or of the thermo-optic phase shifters. However, the concept and the
conclusions are also applicable to the case when the core width is tuned, with e. g. MEMS.

We consider and compare two geometries. One being a direct extension of [2] and presented in [4], where the
silicon core is replaced by LC, and a new design where one of the BRW claddings is removed and the LC forms
an overlay of the coupler. The latter is much easier for practical implementation and still, as we show, preserves
similar performance when properly designed.

2. FILTER GEOMETRIES AND PRINCIPAL OF OPERATION

The filters we consider are both directional couplers with dissimilar arms [5]. Their cross sections are depicted in
Fig. 1. One of the arms is a conventional (index guided) channel waveguide with a GeSiO, (n, = 1.465) core
buried in a silica glass (7, = 1.4558). It is single mode in a wide wavelength range around 1.55 um. The other
arm is a LC core with two (Fig. 1a), or one (Fig. 1b) Bragg Reflector claddings consisting of alternating layers of
amorphous silicon (7, =3.55) and silica. The layer thicknesses, different for each of the cases, are given in
Fig. 1. Only transverse electric (TE) waves are considered for which the extraordinary refractive index of the LC
core (smectic A¥ BDH764E with a 45 deg pretilt in the plane parallel to the Bragg layers — see [4]), is tuned
from its off-state value n = 1.5657 by -/+0.006, which is only a half of the refractive index change possible for
this liquid crystal. This corresponds to -/+ 5 V/um variations of the electric field applied between ITO electrodes
placed at both sides of the LC core. The LC core can be regarded as a defect in 1D PhC formed by the Bragg
layers. The whole, vertically etched structure is buried in a silica glass cladding, however in the case (1b) there is
no glass on the top.

0-7803-9236-1/05/$20.00 ©2005 IEEE
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The filters are designed so that when no electric field is applied (the off-state), the signal around the central
wavelength of 1550 nm launched into the conventional arm, is cross-coupled to the PhC arm over the coupling
length L, defined as the beating length for the two lowest supermodes of the coupler:

L=x/(B,~5,). (1
where S, and [, are the propagation constants of the supermodes. Light at all other wavelengths stays in the

conventional arm. The central wavelength of the filter is determined by the phase synchronism (transverse
resonance) condition [5, 6]. The filter bandwidth A4 ;5 is inverse proportional to the coupler length L, and to the
differential dispersion o of the two waveguides in isolation [5]:

0.7964 where o = i—]z - fl—gf and N , N effective indices of the respective waveguides.  (2)
Since the conventional GeSiO,/SiO, arm is a low contrast waveguide of weak dispersion, to narrow the
bandwidth a given coupler length the dispersion of the other arm should be maximized. Conventional
waveguides possible with low index electro-optic materials, such as polymers or liquid crystals, are also low
contrast and weakly dispersive. Whereas, in PhC waveguides (including BRW’s) where light confinement at
frequencies within the photonic band gap is possible for an arbitrarily low index core [7], high dispersion can be
achieved by the PhC cladding design. By applying the BRW waveguide as one of the coupler arm we obtained
a fourfold bandwidth-length product improvement without an extensive effort on the optimization. The main
issue for the further analysis is determination of the tuning range.

AA 35 =

3. PERFORMANCE ANALYSIS AND RESULTS

For approximate analysis of the tuning properties we used 1D formalism of Ref. §, based on the scattering matrix

method for stratified media, combined with the effective index method to account for the lateral confinement.

In order to determine the tuning range we have analyzed the performance of the filter with respect to the

following criteria:

= The cross-coupling to the same mode should occur over the whole tuning range.

= The difference between the propagation constants of the supermodes, determining the coupling length (1),
should not vary too much with wavelength since it results in extinction-ratio variation.

= Relative dispersion slopes for the two supermodes should not exhibit strong variation either, so that the filter
bandwidth variation is kept within acceptable limits.

For directional couplers there is a well known [6] trade off between the bandwidth Al ;,5 and the intrinsic tuning
rate d1/dn:

da 1 1 dN
e 3)
dn Ao o dn

since both scale inverse proportional with the differential dispersion. There is some room though for their
simultaneous optimization by minimizing 4, the factor not shown in [6]:



Mo.C2.3 138 ICTON 2005

N aWn’=N* 0
A(ﬂ,n,N):7+};7%. (4)

Where d is the BRW core width, and ¢ is the phase shift under reflection from the Bragg cladding, which can be

influenced by the choice of the layer thickness and when applicable, also the layer material. Since N lies in the
range of the total internal reflection at the glass/Si interfaces the phase shift strongly depends on N, especially
when it is chosen so that the incidence angles are close to the critical one. The simultaneous optimization can
also be achieved by increasing the coupler length.

Having the above guidelines in mind we have made a preliminary optimization, where we compromised the
bandwidth-length product in favor of the tuning range and its quality. In Fig. 2 we show an example of the
tuning rate dependence on the Si layer thickness, for the coupler with a LC overlay (Fig. 1b). The curves are
shown for several values of the silica layer thickness. The circle shows the chosen pair of the thicknesses for the
Bragg cladding, which allowed increase of the tuning rate at the least degradation of the bandwidth, and of the
filter performance over the total tuning range.

dA/dn

"
b[um]

Figure 2. Dependence of the tuning rate on a Si layer thickness b, for different thicknesses of the silica layer.
The circle indicates the choice made for the ,,overlay” case of Fig. 1b.

The latter is illustrated in Fig. 3, where the dispersion curves of the coupler are shown at the off-state and the
extremes of the tuning range for both of the considered filters. For coupler 1a, the variations of the coupling
length (1) over the range 1510 nm— 1589 nm, do not exceed 19%, hence the resulting variations of the
amplitude are below 3%. The bandwidth (2) variations from its off-set value of 1.2 nm (at 7.4 mm length) are
below 6% over the whole tuning range. For the filter with a LC overlay (Fig. 1b) a slightly better performance
was obtained, probably because we have put more effort on its optimization.
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Figure 3a. Supermode dispersion at the off-state Figure 3b. Supermode dispersion at the off-state
(1550 nm) and the extremes of the tuning range for (1550 nm) and the extremes of the tuning range for
+4n0.006 (FAES u/Vm) for filter (1a). +4n0.006 (FAES w/Vm) for filter (1b).

The variations of the coupling length from its off-state value of 8.95 mm, and the resulting amplitude variations
are in that case below 11% and 1.5%, respectively. Larger tuning range: 1503 nm — 1597 nm was obtained for
the same value -/+5 V/um of the applied field. Although the slope of the dispersion varies a bit more, the
resulting bandwidth variations from its off-state value of 1.05 nm are still kept below 11%. Both of the filters are
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designed for coupling between the fundamental (0-order) mode in the conventional arm and the first-order mode
in the BRW arm. We have checked that the cross-coupling to the higher modes does not occur in a much wider
wavelength range than the tuning ranges we show here.

4. SUMMARY

We analysed two design ideas for widely tunable filters based on directional couplers in which one arm is
a conventional waveguide and the other is a BRW with a core formed by a commercially available smectic A*
liquid crystal. We have checked that by applying BRW instead of a conventional waveguide with a LC core and
silica cladding, a fourfold bandwidth narrowing is readily achievable for the same coupler lengths. We showed
that tuning ranges of ca 90 nm around the 1.55 pm wavelength under applying the electric field of less than
5 V/um, are feasible for both of the considered filters. Both of them show similar performance. Although for the
filter with an overlay the bandwidth-length product is slightly worse, 1.05 nm x 8.95 mm to compare with
1.2 nm x 7.4 mm obtained for the full BRW case, it has better stability to the tuning variations, larger tunabilty
range, and is easier to fabricate. We sketched the optimization guidelines and made a preliminary optimization in
which the compromise was made between the bandwidth-length product and the tuning rate, with a focus on
obtaining a wide tunability range. The presented designs and guidelines are readily applicable for other tuning
mechanisms, e.g. where the BRW core width is tuned with MEMS.
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Abstract

The optical properties of lead zirconate titanate (PZT) thin films deposited on ZnO were studied by m-lines spectroscopy. In order to
retrieve the refractive index and the thickness of both layers from the m-lines spectra, we develop a numerical algorithm for the case of a
two-layer system and show its robustness in the presence of noise. The sensitivity of the algorithm of the two-layer model allows us to
relate the observed changes in the PZT refractive index to the PZT structural change due to the ZnO interface of the PZT/ZnO optical

waveguide.
© 2006 Elsevier B.V. All rights reserved.

Keywords: m-Lines; Composite waveguides; PZT

1. Introduction

PZT ferroelectric thin films exhibit interesting optical
properties, such as large electro-optic effects (Pockels,
Kerr), a high refractive index, and a high transparency at
visible and infra red wavelength. These properties are
promising for the realization of different applications in
the field of integrated optics as sensors or components
for optical communications (optical shutter, waveguide, fil-
ter). In order to obtain active devices profiting from the
electro-optic properties, electrodes have to be integrated.
Most commonly they are made of transparent conductive
materials like doped ZnO or indium tin oxide (ITO) when
the absorption of light is a critical factor. The present paper
studies a bilayer made of PZT and a transparent ZnO bot-
tom electrode. It is generally known, that the crystalliza-
tion behavior of ferroelectric thin films strongly depends
on the structural properties of the substrate and hence
may be influenced by the existence of an interface layer.

* Corresponding author. Tel.: 433 2 51 12 55 33.
E-mail address: dominique.leduc@univ-nantes.fr (D. Leduc).

0925-3467/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptmat.2006.10.015

This has been shown particularly for the case of PZT thin
films elaborated on metal substrates using different con-
ducting oxide interface layers [1]. In the case of the PZT/
ZnO waveguide, we are interested in the relation between
the PZT structural change and the optical properties of
the films. For this purpose we developed a characterization
method for a two layer planar waveguide based on prism
coupler spectroscopy (or m-lines).

m-Lines spectroscopy [2-4] is widely used in order to
determine the refractive index and the thickness of single
layer homogeneous films. The refractive index profile of
inhomogeneous waveguide can also be reconstructed with
m-lines spectroscopy by using methods based on WKB
approximation [5,6]. These methods are well suited in the
case of guides where the index profile can be described by
an a priori known continuous function. The case of multi-
layer guides where the index profile contains abrupt discon-
tinuities, however, is less investigated. Dispersion
equations of guided modes for the two layer guides were
initially introduced by Tien et al. [7] and several experi-
ments were performed [8-11]. The reconstruction of the
film parameters in these measurements were made with
the help of an optimization method, the simplex algorithm
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in general, that minimizes the differences between the mea-
sured effective indices and the calculated ones from the dis-
persion equations. In our approach, we choose to directly
solve the system of dispersion equations. This requires to
determine the roots of a system of nonlinear equations with
five unknowns (the refractive index and the thickness of the
two layers and the order of the first mode in the spectrum).
The first section of the present paper is devoted to the study
of the efficiency of this method. We will especially examine
the influence of the noise in order to estimate the accuracy
of the results. Then in the second section, we will apply the
method in order to firstly characterize the ZnO layer and
secondly the two-layer waveguides.

2. Characterization of two layers films using m-lines
spectroscopy

2.1. Two layer dispersion equations

The analysis of m-lines spectra requires to know the dis-
persion equation for the studied guide. Because of its com-
pactness, the transfert matrix method [12] is well suited for
analysing multilayer waveguides. The geometry of the
guide is shown in the Fig. 1. The layer j has a refractive
index n; and a thickness d;. The layer 0 corresponds to
the substrate and the layer 3 to the superstratum. In our
case, ny = 1.5169 and n3; =1 at 632.8 nm wavelength. For
TE modes, the electrical field in the layer j has only one
component along the (Oy) axe: Ej(x,z) = 4 elfn 4
Bje " elf»* and the tangential component of the magnetic
field is HjZ:i(w,uo)*ldEjy/dx. In these expressions, w is
the angular frequency and f5,, is the propagation constant
of the mth guided mode. It is usually written as f8,, = kN,,,,
where k is the wavevector modulus in vacuum and N,, the
effective index. The x component of the wavevector, 7,
gives the nature of the waves in the layer J:
v, = k(wp) ' n —NY"? for travelling waves and 7y, =
k()™ \njz. — N*|'? for evanescent waves. In the follow-
ing, we will call a; = k|n? — N?|'/*,

A transfert matrix M, is associated to each layer

v cos(wuoyjd,-) L/ Sin(wﬂo“/jdj) (1)
= 1. .
iy;sin(wpgy;d;)  cos(wpugy;d;)
superstratum
ny
n, d,
nl d1
z
ng substrate
X

Fig. 1. Two layer waveguide.

The tangential component of the electric and the magnetic
fields £, and H. must be continuous at the interface to sat-
isfy boundary conditions. These conditions and the condi-
tion for obtaining guiding lead to the equation

1 1 1
( >E3y = MM, < >E0y = M( )EOy (2)
73 Yo Yo

which has solutions only for
V31 + V3Yemiz + may + Yo =0 (3)

where m;; are the components of the matrix M.

The refractive index of PZT is known to be higher than
that of ZnO (n, > n;). Two kinds of guided waves are pos-
sible in this case:

e guided waves in layer 2, evanescent waves in the other
layers

as a% tanh(aldl) + apay
a»d, — arctan [ — | — arctan
ay ajay + apay tanh(aldl)

—mn=0 (4)

¢ guided waves in layer 1 and layer 2, evanescent waves in
the substrate and in the superstratum

a
a»d, — arctan (—3>
a
a a
+ arctan {—l tan [aldl — arctan (—O)] } —mn=0
a ai

(5)

Eqgs. (4) and (5) are the dispersion equations for the two
layer waveguide.

2.2. Data analysis

The characterization of a two layer waveguide requires
to determine five unknowns: the refractive indices and
thicknesses of both layers and the order (m) of the first
mode appearing in the m-lines spectrum. Very often, the
latter parameter is neglected and the first mode in the spec-
trum is assumed to be the fundamental mode. The low
order modes, however, are more difficult to excite since
they require an high incidence angle and often spectra with-
out the fundamental mode are observed. Therefore it seems
indicated not to make any assumption on the order of the
first mode and to consider it as an unknown. In order to
determine all the unknowns, at least 5 modes in the m-lines
spectrum have to be identified. In general, i.e. when the
thicknesses of the layer 1 and layer 2 and the differences
between the refractive indices of the different layers are
large enough, a spectrum contains M > 5 modes.

One difficulty consists in associating the correct equa-
tion to each mode. As shown by Eqgs. (4) and (5), the effec-
tive index of a mode depends on the type of guiding, either
in one or in two layers. Hence a rupture in the spectrum
corresponding to the transition between these two types
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Fig. 2. Effective indices of the guided modes of a two layer film defined by
n=19,d=1um, n=22and d, = 1.4 pm.

has to be determined. In the following we will call m, the
order of the first guided mode in two layers. Given that
the dispersion equations are transcendental, it is not possi-
ble to derive a general analytical expression for m,. Numer-
ical simulations with noisy data, however, showed that m,
is the value of m such that |N,, — N,,_1| > |Np+1 — Nl (see
Fig. 2). This criterion results in a correct value of 1, in the
case of two thirds of the simulated waveguides. For almost
all the other cases, the mismatch is equal to +1. Only one
hundred of simulations from more than two millions lead
to different results. Then, in our data analysis protocol,
we first assume that m, obeys the criterion stated above
and try then to solve the dispersion equations. If the pro-
gram does not converge, we subtract one from the value
of m, given by the criterion and again try to solve the equa-
tions. If this second step also fails, we may vary m, from 0
to M. It is observed that the program only converges in the
case of the real value of m,.

In order to retrieve the thin films characteristics, we con-
sider the four unknowns 7, d;, n, and d, and we varies m;.
The Cj, systems of four dispersion equations are solved
with a Newton-Raphson algorithm. For each value of
my, we obtain C < le sets of solutions. The synchronous
angles (¢cqc) corresponding to each solutions are calcu-
lated with a bisection algorithm and we compute the mean
difference between these angles and the measured synchro-
nous angles (Pmeas)

M l( calc meas ) 2
P — ¢
i=1 jg%) Y /

(6)

a(my) =
(m) MC?
The minimum of o(m;) gives the correct indexation. Final-
ly, the solutions are the mean values of the solutions corre-
sponding to the right indexation.

2.3. Numerical tests

In order to estimate the accuracy of the numerical pro-
cedure described in the previous section, 10,000 guides were
simulated, n; varying from 1.8 to 1.98 and #n, from 2.12 to

2.30 by steps of 0.02, d; varying from 0.6 um to 1.05 um
and d, from 0.8 um to 1.25 pm by steps of 50 nm. These
ranges correspond to the values of the layers which we pro-
cess. For each waveguide {n;,d,n,,d,}, the set of synchro-
nous angles {(l){h} is calculated and a noise randomly
chosen in the range [—d¢;d¢] is added in order to obtain
a set of noisy synchronous angles {d){misy}. This set is used
as input data of the numerical procedure. In order to get a
statistical estimate of the accuracy, 100 sets of noisy angles
were studied for each guide. The influence of noise was
evaluated by varying d¢ between 0.01° and 0.2°.

The distributions of errors on the different parameters
for one waveguide follow a normal law. So, for each wave-
guide we consider that the error on one parameter is the
mean value of the errors over the 100 noisy sets. Highest
errors arise for guides with the smallest index differences
between the two layers and the smallest thicknesses. The
effect of noise is shown in Fig. 3. The errors on the refrac-
tive indices are plotted in Fig. 3a and the errors on the
thicknesses in Fig. 3b. The lengths of the error bars is twice
the standard deviation. The error on 7, is smaller than the
error on #; and does not exceed 1 x 1072 in the considered
noise range, whereas the error on n; is of the order of a few
1073, The thicknesses are expected to be determined with a
precision of the order of 10 nm.
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Fig. 3. Mean errors on the refractive index and the film thickness as a
function of noise.
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3. Characterization of PZT deposited on ZnO
3.1. Optical properties of the ZnO layer

Conducting transparent layers of Al doped ZnO in hex-
agonal phase were deposited by rf magnetron sputtering at
room temperature. In our case, a heat treatment of 650 °C
is required for PZT crystallization in the perovskite
phase. In order to evaluate the possible effects of this
treatment, a preliminary study on the ZnO layers depos-
ited on 25x25mm Corning 1737F glass substrates was
performed.

The zinc oxide layers were grown by rf magnetron sput-
tering from a ¢3” ZnO/Al,O3 (98/2 wt%) ceramic target.
Prior to the deposition, a base pressure lower than
5% 107" mbar is reached and pure Ar is used as a sputter
gas at a chamber pressure of 2x 107> mbar during the
deposition process. The applied rf power of 200 W results
in a growth rate of approximately 100 nm/min on axis at
a target-substrate distance of 7.5 cm during 10 min. As
four samples were grown at the same time, the substrates
were shifted from the center of symmetry of sputtering
chamber, and the thickness of ZnO decreased along the
diagonale of the substrate. The ZnO target contains
2 wt% of Al,O3;, which corresponds to a [Al)/[Zn + Al]
atomic ratio of about 3.3%. In order to investigate the alu-
minium content within the thin films, an electron disper-
sion spectroscopy (EDS, JEOL 5800 LV equipped with a
X-ray detector) mapping was performed on thin films
grown on a silicon wafer (aluminium/zinc-free substrate)
with the same procedure than that used in the present
work. The analysis showed that the aluminium content is
homogeneous over the whole film surface and its value is
3.3% 4 0.5%.

The films were characterized with m-lines spectroscopy
using a set-up and data analysis program described else-
where [13]. The samples were measured as deposited at sev-
eral points every 5Smm along the diagonale of the
substrate. The evolutions of refractive index and thickness
of sample 1 along this line are represented in the Fig. 4a
and b (curves with circles). These curves reveal the inhomo-
geneity of the film due to the deposition technique. From
one corner to another, the thickness decreases from
1.04 ym to 0.54 um. Moreover it can be seen that the
refractive index increases from 1.89 to 1.97. This implies
that the crystalline structure of the ZnO is not the same
across the film. The other samples show the same behavior,
but sometimes, the measurements at the lower thicknesses
were difficult because of the lack of modes when the thick-
ness becomes too small.

After this first characterization, the films were annealed
at 650 °C during 3 min and cooled slowly in the oven dur-
ing 3 hours. The results of the index and thickness of sam-
ple 1 are also shown in the Fig. 4a and b (curves with
squares). Obviously, the rapid thermal annealing does not
change significantly the thickness, however, it homogenizes
the refractive index of the film. Indeed, after annealing, the
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Fig. 4. Evolution of the refractive index and the film thickness along the
diagonale of sample 1 before and after thermal annealing.

index ranges between 1.9754+2x 107> and 1.964 + 1 x
1073, Previous studies [14-17] pointed out that the anneal-
ing improves the crystallinity of the ZnO films by promot-
ing the formation of stoichiometric ZnO. The increase of
the intensity and the decrease of the FWHM of the diffrac-
tion peak (xyz) well illustrate this phenomenon (see Fig. 5).
Hence, the modification of refractive index with annealing
can be related to this crystallinity improvement.

3.2. Optical properties of two layers waveguides

PZT 36/64 thin films were elaborated by Chemical Solu-
tion Deposition technique and were spin-coated on the
ZnO layer at 2000 rpm for samples 1-3 and 1000 rpm for
samples 4 and 5. A modified sol-gel process was used for
the elaboration of the precursor solution, which consisted
of lead acetate dissolved in acetic acid, zirconium and tita-
nium #n-propoxide; ethylene glycol was added in order to
prevent from crack formation during the annealing pro-
cess. The deposited films were dried on a hot plate and a
Rapid Thermal Annealing procedure at 650 °C resulting
in the formation of a polycrystalline perovskite phase as
shown by the XRD pattern (Fig. 6). The samples were also
studied with scanning electron microscopy. An example is
shown in Fig. 7. The two layer structure appears clearly



T. Schneider et al. | Optical Materials 29 (2007) 18711877 1875

18000 T T . —
: . § Before annealing
After annealing ——

~12000F------ P sl . o _
< : : : : :
iy
Rz
| : :
Q . .
E 60004 - B A J

30 32 34 36 38 40 42
Angle (°)

Fig. 5. X-ray diffraction diagramm of the ZnO film (sample 1) before and
after annealing.

on this photography. The thickness of the ZnO layer is
approximatively 1.1 um and the thickness of the PZT layer
is close to 0.7 um. The values are in agreement with the
elaboration process.

The films were measured with m-lines at several points
along the diagonale of the sample. As an example, the spec-
trum of sample 5 is shown on Fig. 8. The narrow peaks cor-
respond to the waves guided in two layers while the broad
peaks correspond to waves guided in the PZT layer only.
The broadening is not a peculiarity of the two layer struc-
ture, it can be also observed with PZT single layers and is
probably due to the diffusion of light. The measurement
given in Fig. 8 was analyzed with the previously described
procedure. Only the modes 4-8 were considered which can
be located with a precision of +0.05°, while the uncertainty
on the position of the first modes is of the order of 0.5°
because of the broadening. From this measurement we
obtain: n; =1.977£9x 10 and d; = 1.11 £ 4 x 10% pm
for the ZnO layer and n, =2.36 +£4 X% 102 and d, =
1.01+£7x107% for the PZT. In order to verify the
exactness of the results, the values may be injected in the
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Fig. 6. X-ray diffraction diagram of the two layer films.
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Fig. 8. m-Lines spectrum measured at one corner of sample 5.

dispersion Egs. (4) and (5). Synchronous angles in very
good agreement with the measured angles are found (see
Table 1). The differences never exceed 0.3°, corresponding
to a maximum difference between measured and calculated
effective indices of the order of 107,

The results obtained with other samples are summarized
in the Fig. 9. It was not possible to analyze each measure-
ment, especially those corresponding to points where the
ZnO layer was too thin. Everywhere else a good agreement
between the refractive indices and thicknesses of the ZnO
determined from the single and the double layers was
obtained. The variation is of the order of 102 for the index
and 100 nm for the thickness in the worst case but in gen-
eral remains lower than the uncertainties.

The measurement of the PZT refractive index reveals the
influence resulting from the ZnO interface layer. A PZT
film of the identical precursor composition, directly spin-
coated on the glass substrate, has a refractive index close
to 2.23, whereas the refracting index of the PZT deposited
on ZnO is higher as can be seen in the Fig. 9a. Moreover,
the index varies from close to 2.36 for the thicker PZT films
(deposited at 1000 rpm) to close to 2.30 for the thinner
films (deposited at 2000 rpm). This indicates that the struc-
ture of the film might be different. In order to verify this
assumption, we compare in Fig. 10, XRD measurements
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Table 1
Comparison of the measured and the calculated synchronous angles
Modes 1 2 3 4 6 7 8 9
Measured (°) 23.5 15.60 4.90 —5.30 —7.20 —10.80 —16.70 —23.40 —30.40
Calculated (°) 23.8 15.58 5.07 —5.28 -7.19 —10.75 —16.87 —23.54 —30.52
a 25 PZT on
samp{e % —e— glass substrate
2.4 | sample 2 —°— - 4 —=—sample 1
] sample 3 —>— 5 £ ... sample2
sample 4 —— f
K23 sample 5 —v— & —v= sample 3
=l n > --o-- sample 4
5 22 ® ---a---sample 5
> =
Y 2
£~ £
0]
)
b X I T T T T T 1
30 31 32 33
1.9- >7n0O a Angle 20 (°)
1'85 16 lg 2‘0 2‘5 30 Fig. 10. X-ray diffraction diagramms.
Distance from the corner (mm)
b 1al ] ' ' " Jsample 1 —=— PZT 36/64 on ZnO, indicating the appearance of a second
sample 2 —e— i
ol | samgle 3 — phase corresponding to the tetragonal PZT structure.
4 sample 4 ——
2 18 | sample 5 4. Conclusions
Z
%O'S A two-layer PZT/ZnO wave-guide structure has been
% 0.6 elaborated by rf magnetron sputtering and chemical solu-
E 04k ] tion deposition technique. The numerical tools for analyz-
‘ ing the m-lines spectra obtained from this two-layer system
0.2 . were developed and their efficiency in the presence of noise
0 . . . . was demonstrated. In the case of a single ZnO layer, the
5 10 15 20 25 30 benefice of a heat treatment at higher temperatures in terms
Distance from the corner (mm) of homogenization of the refractive index has been shown.
The study of the PZT thin films revealed the sensitivity of
Cc - - - - the m-lines characterization method. The different crystalli-
1.4+ - sample | —8— . . . . .
sample 2 —— zation behavior of the ferroelectric resulting from the dif-
12+ | sample 3 —o— ferent structural properties of the underlying layers (glass
sample 4 —— .
~ | sample 5 —v— or ZnO), could be observed by m-lines spectroscopy as a
g change of the PZT refractive index. This appears to be very
2 08} 8 important for the design of single mode waveguides since
E 06%E g the thickness of the guiding layer is related to the difference
2 ’ between the refractive indices of the guiding and the confin-
=041 1 ing layers. The presented work can be considered as a first
02k | step towards the characterization of three layer composite
structures by m-lines spectroscopy, also resulting in the
0 1 1

1 1
5 10 15 20 25 30
Distance from the corner (mm)

Fig. 9. Evolution of the refractive index and the film thickness along the
diagonale of the two layer samples. (a) Refractive indices of the PZT and
ZnO layers, (b) thicknesses of the ZnO layers, (c) thicknesses of the PZT
layers.

for the two cases. The unique peak at 20 = 31° for PZT
deposited on glass, corresponding to a rhomboedric struc-
ture is doubled when spin-coating the same composition

possibility to determine the refractive index as a function
of an applied electric field and to deduce the electro-optical
coeflicient.
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We consider three layer optical waveguides and present a method to measure simultaneously the
refractive index and the thickness of each layer with m-lines spectroscopy. We establish the three
layer waveguide modal dispersion equations and describe a numerical method to solve these
equations. The accuracy of the method is evaluated by numerical simulations with noisy data and
experimentally demonstrated using a PZT thin film placed between two ZnO layers. © 2008
American Institute of Physics. [DOI: 10.1063/1.2885147]

I. INTRODUCTION

The considerable progress in thin film etching allows
today the realization of almost any waveguide structure re-
quiring submicron resolution. For example, the fabrication of
single mode optical waveguides, couplers, interferometers,
or ring resonators is well controlled. Whatever their function,
these structures are made of a superposition of several thin
layers and they have to guide light. Therefore it is essential
to accurately characterize the optical and geometrical prop-
erties of each layer of the stack. Several techniques exist to
perform such a characterization in the case of a single layer
film, such as those based on the measurements of the reflec-
tion and transmission coefficients of the sample,k3 the
ellipsometry,4 and the m-lines spectroscopy.sf7 The case of
multilayer waveguides has been much less investigated, al-
though the assumption that a layer in a stack shows the same
properties as it has when measured individually can become
wrong. The characterization of the whole structure then be-
comes necessary. Some work was done on the case of two
layersg_13 (sometimes denoted as a “four layer film” since the
stack is deposited on a substrate and the air is considered as
a top layer), however, no literature is available for three layer
structures. These structures are of special interest since they
consist of the minimum number of layers required in order to
obtain a single mode waveguide that is thick enough to en-
able efficient coupling of the light. In this paper we will
focus on three layer waveguides and show how the refractive
indices and thicknesses of the individual layers can be re-
trieved simultaneously from m-lines spectroscopy measure-
ments.

In classical m-lines devices, the sample is pressed
against a face of a prism. The prism and the film are mounted
on a rotating stage in order to allow the variation of the light
incidence angle. A thin air gap between the sample and the
prism face is maintained whose thickness should be approxi-
mately a fourth of the light probe wavelength. The incoming
light is refracted inside the prism and reaches the interface
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between the prism and the sample. Since the refractive index
of the prism is higher than that of the sample, the light is
totally reflected at this interface, for a given range of inci-
dence angles, and then emerges from the prism to be de-
tected. For some angles, called “synchronous angles,” how-
ever, part of the light is coupled into the waveguide, and
hence is subtracted from the detected light. Therefore, a typi-
cal m-lines spectrum consists in several absorptionlike peaks,
centered on the synchronous angles. From the positions of
the synchronous angles, it is possible to deduce the propaga-
tion constants of the guided modes of the sample under test
and derive the optical and geometrical properties of the
structure (refractive index and thickness) by solving the
modal dispersion equations.

The first part of this paper is devoted to the determina-
tion of the explicit form of modal dispersion equations of the
three layer waveguide. We will then describe the numerical
method used in order to solve these equations and present
numerical tests that prove its accuracy. The validity of the
method will be finally demonstrated experimentally by the
analysis of m-lines spectra produced by three layer ZnO/
PZT/ZnO waveguides.

Il. THREE LAYER DISPERSION EQUATIONS

The studied structure is a stack of five transparent homo-
geneous layers shown in Fig. 1. The substrate (layer 0) and

Ny superstrate
n, $ d,
n, d,
1 d;
VA
n
0 substrate
X

FIG. 1. Three layer waveguide.

© 2008 American Institute of Physics
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the superstrate (layer 5) are considered as semi-infinite since
their thicknesses are several orders of magnitude greater than
those of layers 1, 2, and 3. The light is confined only in these
three central layers and presents an evanescent decay in the
substrate and the superstrate. We call this structure a “three
layer waveguide,” whereas in the nomenclature of other
authors'® it would be called a “five layer waveguide.” The
central layer (layer 2) is the core of the structure and layers 1
and 3 are the claddings (true waveguide”). As a conse-
quence, we assume for the refractive indices of the different
layers that

ny > ny,ns > ng,ny. (1)

In the following, we will restrict ourselves to the case of TE
modes; the extension to the case of TM modes is straightfor-
ward. The only component of the electrical field of the TE
modes is along the (Oy) axis, so the electric field in the
layer j can be written as E,;(x,2)=A; exp[i(yx+pB,2)]
+B; expli(—y;x+B,2)] and the tangential component of the
magnetic field is H_;(x,z) =i(wuo) ™ JE,;/ ox. In these expres-
sions, w is the angular frequency and f,, is the propagation
constant of the mth guided mode. It is usually written as
B,,=kN,,, where k is the wave vector modulus in vacuum and
N,, is the effective index of the mth mode. Using the con-
densed notation a;=k|n;—N?*"2, the x component of the
wave vector, 7y;, which gives the nature of the wave in the
layer j, becomes 'yj=(w,u0)‘1a ; for a traveling wave and y;
=i(w,u0)‘1aj for an evanescent wave. A transfer matrix M,
which binds the electromagnetic fields at the backplane of
the layer to the fields at its front plane, can be associated to
each layer:]5

i
cos(wpgyd;)  —sin(wpyyd))
Mj = 7 Vi Sk (2)
iy; sin(w,u,o'yjdj) COS(w,U«Ode )

The boundary conditions imply that the tangential compo-
nents of the magnetic and electrical fields must be continu-
ous at the interface of the layers. These conditions together
with the condition for obtaining guiding lead to

1 1 1
< >E4y=M3M2M]< )EO);=M< )Eoy, (3)
~ Vs Y0 Yo

which has solutions only for
Yammyy + YaYomia + Moy + Yo =0, 4)

where m;; are the components of the matrix M. With the
definition (2) of the transfer matrix, this equation can be
written as'®

iYoy1 — ¥ tan(wugyid,) }

ard, + arctan[ -
Y172 %7, an(wuyyd;)

iv375+ 73 tan(wug yads) }
-mm=0,

+ arctan{ -
Y2¥3 = 172 Vs tan(wpg ysds)

(5)

which is the general modal dispersion equation for the true
three layer waveguides.

J. Appl. Phys. 103, 063110 (2008)

As stated above, the 7; terms are either real or imaginary
depending on the nature of the waves in the jth layer. As a
consequence, an analysis in the complex plane is required in
order to directly solve Eq. (5). It is better to take advantage
of physical arguments to split the problem into several sim-
pler ones. Under the condition of Eq. (1), three kinds of
guided waves can exist:

*The lowest order modes can only propagate in layer 2.
Then vy, only is real and Eq. (5) becomes

apay + (1% tanh(aldl) :|

a,d, — arctan
a,a, + aga, tanh(a,d,)

asa, + (1% tanh(a3d3)

] —-mm=0. (6)

- arctan{
aras + aay, tanh(asds)
*As the order of the mode increases, the wave vector
approaches the normal of the interfaces. For a given mode
m,, the incidence angle on the interface between the central
layer and one cladding layer becomes smaller than the limit
angle for total internal reflection and the light propagates
inside these two layers. If n3>n/, then the light is guided in
layers 2 and 3 and Eq. (5) becomes

aga; + at tanh(a,d,) }

a,d, — arctan
a2 [a1a2+a0a2 tanh(a,d,)

asay — a§ tan(a3d3)

} —-mmw=0. (7)

- arctan{
ardas + aray tan(a3d3)
Otherwise, the light propagates in layers 1 and 2. The corre-
sponding modal dispersion equation is obtained by inverting
the functions tan and tanh in Eq. (7).
*Finally, highest order modes can propagate in the three
layers. The dispersion equation for these modes is

aga; — at tan(a,d;) }

a,d, — arctan
aya, +apay tan(aldl)

azay — aj tan(asds)

} -mmw=0. (8)

— arctan
aras + aray tan(a3d3)

lll. DATA ANALYSIS: ALGORITHM AND NUMERICAL
TESTS

At a first glance, the problem contains six unknown pa-
rameters which are the refractive indices and thicknesses of
layers 1, 2, and 3. However, depending on the guiding re-
gime, one has to associate correctly the dispersion equation
to each measured synchronous angle. Consequently, further
parameters have to be determined:

* my, the order of the first measured mode. It is often
equal to O, but the lower order modes are sometimes
difficult to excite, and hence may not be visible in the
m-lines spectrum. There is no evidence on the value of
my in practice.

* m,, the order of the first mode guided by two layers.
Numerical simulations with noisy data showed that m,
is the value of m such that [N,,—N,,_;| >[N, 1=N,|.
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Combination of 6 synchronous angles
{D™, Ga = By > Paa > Py Pag 1

o €{1,2,...,M}

Newton-Raphson

{n1,n2,n3, d1, d2, d3};

Bisection

eIeIeIé

5 B3y
2
PO N Ciintird)
? i=1 M
Solution no ,
: < °
eeced

l/yes

Solution
({n1,n2,n3,d1, d2, ds};)

Calculus of o

FIG. 2. Algorithm of the resolution of the system of six equations in six
unknowns and M measured modes.

This criterion results in a correct value of m, or with a
mismatch of +1." In the following we will call mtzh the
value given by this criterion.

* my, the order of the first mode guided by three layers.

* Finally, the modal dispersion equation in the case of
two guiding layers is not the same according to
whether n, is smaller or greater than n;. Hence it is
also necessary to make an initial hypothesis on the
relative values of n; and n3 and to verify this assump-
tion during the resolution.

The analysis of a m-lines spectrum thus requires a some-
what complicated algorithm. For clarity reasons, we split the
presentation of this algorithm into two parts (Figs. 2 and 3).

M synchronous angles

g, g, e

Hypothesis H: n;>n;

m=0 mg=m ‘

!

Resolution
G (mq,m, ,m ,H)

s =

m2:mt2h—1

l Hypothesis H: n;<n, |

FIG. 3. Algorithm of the m-lines spectra analysis.
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Number of events

FIG. 4. Distribution of errors on the parameter n,.

The details of the “resolution” box of the full algorithm
(shown in Fig. 3) are presented in Fig. 2, aiming to solve a
system of six equations in six unknowns for m;, m,, ms
given and for an assumption on the relative values of n; and
n3. Obviously, this problem can be solved only if the m-lines
spectrum contains more than six modes. Let us call M the
number of measured synchronous angles. There are Cg” com-
binations of six modes. For a given combination j, we first
use a Newton-Raphson method to get a solution
{ny.ny,n5,d,.,d,,ds};. Then, we start from this solution and
use a bisection algorithm to calculate the set of M corre-
sponding synchronous angles: { f;' ,i€{1,2,...,M}. The
validity of the solution is evaluated by the standard deviation
of the differences between the values of the calculated syn-
chronous angles and the measured ones:

M
( ¢meas _ (#:{11)2
§i=2 9
=2 9)
If S; is smaller than 0.1° (upper limit of experimental uncer-
tainty), the solution is considered as correct. This procedure
is used for the C§' combinations, but it does not find roots in
all cases. Let us call I" the number of combinations for which
the procedure succeeds. The solution we finally retain is the
mean value of these I' solutions and we associate a fitness o
to this solution defined by

2

Bt

P=3

j=1

(10)

I'> was used rather than I, in order to give more weight to
the configurations that lead to a high number of acceptable
solutions.

The parameters m;, m,, and ms are obtained with an
iterative procedure schematized on Fig. 3. We start with the
M measured synchronous angles and under the hypothesis
H:n,>ns. The value of m, is set to mtzh, m to 0, and m5 to
m,, and the procedure of resolution described above is used
in order to get a solution and its associated fitness O Homy sy
This procedure is repeated with first an increment of m3 from
m, to M, second with an incrementation of m; from 0 to 5
(which in general is sufficient), and third by setting m, to
mi~1. For the case where no solution was obtained at the
end of these iterations, the whole procedure is repeated with
the opposite hypothesis (n; <ns). The refractive indices and

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Range of parameters explored with the statistical study.

Start End Step
ny, n3 1.6 n,—0.1 0.1
ny 1.7 2.4 0.1
dy, d, 1.0 pum 2.0 pum 0.1 wm
d3 100 nm

thicknesses finally selected are those which are associated to
the lowest value of o, thus defining the values m;, m,, ms,
and H.

The validity of the method was verified by numerical
simulations. Starting from a theoretical waveguide defined
by the parameters {n',n,n§,d},d¥,d¥}, we calculated the
corresponding set of synchronous angles {dﬁh}, 0=i=8.In
order to test the sensitivity to the noise, this set was used for
building 100 sets of noisy data {¢"'} by adding to each
theoretical synchronous angle, <;/>Eh, a random value, g;, stand-
ing in the interval [— ¢, ¢] with a uniform probability den-
sity. The values of 8¢ used in the simulations were chosen in
order to correspond to the experimentally observed noise.

The 100 noisy data sets were analyzed, giving rise to a
number A of sets of solutions {nﬁ(’l,n;(’l,ng"l,dﬁ"l,ds"l,d?’]}. A
depends on the magnitude of the noise; it is very close to 100
for 6¢$=0.01° and about 80 for &¢=0.1°. Each value
p;,OIISjSA of the parameter p (p=n,,n,,ns3,d;,d,, or ds) dif-
fered from the theoretical value p;h. The distribution of errors
5pj=p;°1—p;h followed a normal law for all parameters p
and all noises,'® as shown in Fig. 4 for the example of n,.
Finally, we defined the uncertainty Ap on the parameter p as
three times the standard deviation of the distribution, in order
to be in the confidence interval of 99%: Ap:3[2;\=1A‘1(5pj
—(p)*1".

A total of 8000 waveguides were simulated, whose char-
acteristics are summarized in Table I. The thickness of the
upper layer, d5, was constant and smaller than the penetration
depth of the light, in order to make possible the evanescent
coupling between the prism and the central layer. In order to
get global estimators, we studied the distribution of uncer-
tainties Ap of each parameter for p for all the simulated
guides and for each noise. It was always possible to fit the
distribution with a log-normal law (see Fig. 5):

1800 -

- -

N o

o =3

o o
1 1

900 -

600 -

Number of events

300

0 1x10° 2x10° 3x10° 4x10® 5x10°
Error on n,

FIG. 5. Distribution of the uncertainties An, over all the simulated guides,
fitted by a lognormal law.
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Upper layer: n3 —<—1

Central layer: n2 —&8—1

10-1 Lower layer: nl —oe—
. ——

—F—1 1

102

1073

URLRELUL S R L R

104

T

Error on the refractive index

105

0.01 _ 0.1
Noise (°)

FIG. 6. Evolution of the error on the refractive indices as a function of the
noise on the synchronous angles.

_e—(ln Ap - ,u)2/2w2’ (1 1)

(Ap) = ;
S&p wAp\27

where w and u are the free parameters of the model. Hence,
the mean error was (Ap)=exp(u+w?/2) and the standard
deviation of the distribution was 02AP=[exp(w2)—1]exp(2M
+w?). It followed that 85% of the errors were in the range
(Ap) * 0p,. We then used (Ap) as an estimate of the error on
the parameter p with an uncertainty oy,

The results of the simulations are summarized in the
graphics of Figs. 6 and 7. For the central layer, the error on
the refractive index is lower than 1X 1073 and the error on
the thickness remains lower than 10 nm for a noise on the
synchronous angles below 0.1°. For the other layers the er-
rors on the refractive indices remain acceptable. They are
smaller than 1X 107 for layer 1 and of the order of 1
X 1072 for the upper layer. Nevertheless, the errors on the
thicknesses can reach large values, especially for d;. How-
ever, it should be emphasized that the number of synchro-
nous angles used for the statistical study was limited to nine
in order to limit the computation time. A closer inspection of
the guides leading to inaccurate results showed that the ac-
curacy can be considerably enhanced when increasing the
number of modes taken into account. As an example, Figs. 8
and 9 show the evolution of the errors on the different pa-
rameters as a function of the number of modes for a noise of
0.01° and a guide defined by n;=1.9, n,=2.3, n;=2.2, d,
=1.1 um, d,=1.9 um, and d3;=100 nm. The errors on d,
and n; can be reduced by two orders of magnitude while the

Upper layer: d3 Ho—1
Cenltral layer: d2
Lower layer: d1 —e&—

@ 0.1 3 T I 3
[0} FT ]
2 F 3 ]
Sl ]
; ’ ta/E 4 E
~.(:_' C ]
= C 1 ]
© 0.001 g E
o ET ]
w i 1
0.0001 L T T
0.01 0.1

Noise (*)

FIG. 7. Evolution of the error on the thicknesses as a function of the noise
on the synchronous angles.
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FIG. 8. Evolution of the error on the refractive indices as a function of the
number of synchronous angles used in the resolution.

error on d5 and nj is divided by 2 when the number of modes
used in the calculation is increased from 9 to 15. This means
that one should always use the maximum number of modes
in order to reach the best accuracy. However, the computa-
tion time also increases.

IV. EXPERIMENTAL RESULTS

In order to experimentally validate the method, several
multilayer structures were elaborated. They were deposited
on glass substrates and were composed of lead zirconate ti-
tanate (PZT) for the core layer and Al doped zinc oxide
(ZnO) for the claddings. A SEM picture of one of these
samples is shown in Fig. 10.

The zinc oxide layers were grown by rf magnetron sput-
tering at room temperature from a 3 in. diameter
Zn0/Al,05(98/2 wt. %) ceramic target. Prior to the depo-
sition, a pressure lower than 5X 10~ mbar was reached and
pure argon was used as a sputter gas at a partial pressure of
2X 1073 mbar during the deposition process. An on-axis
growth rate of approximately 100 nm/min was achieved at a
rf power of 200 W at a target-substrate distance of 7.5 cm.
The films were annealed at 650 °C for 3 min and cooled
down to room temperature for 3 h. Four substrates were
placed side by side under the ZnO target, resulting in a non-
homogeneous thickness of the films. In the following we will
call “A,” and “A,” the samples directly on the left and right
sides of the center of deposition, “B,” the sample on the left

104 F T T T T T T T 31
r Upper layer: d3 —¢— ]
Central layer: 2 —%— —_
- Lower layer: d1 —&— £
= 0t 2
)
£ @
= g
c
S 103 F 5102 3
3 3 £
3 4103 8
&
10° £ 3104

8 9 10 11 12 13 14 15 16
Number of synchronous angles

FIG. 9. Evolution of the error on the thicknesses as a function of the number
of synchronous angles used in the resolution.
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12mm

FIG. 10. SEM photograph of a three layer waveguide.

of Ay, and “B,” the sample on the right of A,. For symmetry
reasons, we expect ZnO layers A, and A,, as well as B, and
B,, to be identical.

The PZT 36/64 layers were elaborated by chemical so-
lution deposition technique.18 A modified sol-gel process was
used for the elaboration of the PZT precursor solution, which
consisted of lead acetate dissolved in acetic acid, zirconium,
and titanium n-propoxide; ethylene glycol was added in or-
der to prevent crack formation during the annealing process.
The final solution was spin-coated on the ZnO layer at 1000
rpm and a rapid thermal annealing procedure at 650 °C re-
sulted in the formation of a polycrystalline perovskite with-
out remaining pyrochlore phases. A layer of PZT was spin-
coated individually on samples A,, A,, By, and B,. After
crystallization, we expect a repeatability of 8 X 107> on the
refractive index and of 20 nm on the thickness.'®

The upper ZnO cladding layer was only deposited on
samples A, and B, with a thickness smaller than the penetra-
tion depth of the light. These two samples were not charac-
terized, neither with m-lines nor with another technique, until
the third layer was deposited, in order to avoid pollution or
any other deterioration of the structure. The two layers
waveguides A, and B, were used as control samples.

Another three layer sample, called “C” in the following,
was elaborated in the same way as the samples A and B, but
it was characterized by m-lines after each deposition step.

We first consider the samples A and B. An example of
m-lines spectrum, obtained with sample B,, is shown on Fig.
11. The transition from the single guiding layer to the two
guiding layer regime appears clearly in the spectrum. Indeed,
the broad peaks correspond to the waves guided in the PZT
layer only, while the narrow peaks are associated to the
waves also guided in the ZnO. This broadening is not a pe-
culiarity of the three layer structure; it can be also observed
for PZT single layers and may be due to light diffusion re-

_ 2 guiding lavers \..
' 111 guiding layer

N 3 guiding layers

Intensity (a.u,)

-50 —4‘-0 —3'0 —2‘0 —1‘0 6 1‘0 ZID 30

Angle @ (%)

FIG. 11. m-lines spectrum obtained with sample B, measured at 29 mm
from the center of deposition.
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FIG. 12. Evolution of the thicknesses of the different layers of the three
layer samples A,, B, (d;: O, d,: O, d5: A\) and the two layer samples A, B
(d: A, dy: @).

sulting in a loss along the direction of propagation.14 The
transition from the two guiding layer regime to the three
guiding layer regime cannot be inferred from the spectrum
and has to be determined by numerical computation. The
spectrum of Fig. 11 was analyzed with the numerical method
described in Sec. II, resulting in the following characteris-
tics:

o Layer 1: n;=19701+6X10™% d,=1588+3
X 1073 pm.

o Layer 2: 1n,=22702+6X10™", d,=0.894*+6
X107 um.

o Layer 3: 1n3=2.037*x9X1073, d;=0.122+3
X107 pm.

Due to the complexity of the system to solve, the uncer-
tainties were estimated with Monte Carlo simulations, in a
similar way to what is described in Sec. III. Starting from the
solution {n,,n,,ns,d;,d,,ds}, we calculated the associated
synchronous angles {¢,} and built 100 sets of noisy angles by
adding a random value in the range of the experimental un-
certainties. We then computed the solutions corresponding to
the different noisy sets and considered their distributions.
The uncertainty on each parameter is defined as three times
the standard deviation of the distribution of the values of this
parameter.

We performed m-lines measurements every 4 mm from
the center of the ZnO deposition. Figures 12 and 13 show,
respectively, the evolution of the thickness and the refractive
indices of the different layers of the samples A and B. If we
except the point located at 41 mm from the deposition center,
where few modes were available due to the low thickness of

Samples A Samples B
2.4 T T T T T T T
%231 .
T
£ m:;
3221 -
=
g2.11 .
E:i ZE/W
A _

1.9 TN N I I N N R B
0 5 10 15 20 25 30 35 40 45

Distance from the deposition center
FIG. 13. Evolution of the refractive indices of the different layers of the

three layer samples A,, B, (n,: [, n,: O, n3: A) and the two layer samples
A[, B€ (}’llZ ., ny: .)
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TABLE II. Comparison of the measured characteristics of a waveguide
(sample C), before and after the deposition of the upper cladding layer.

ny d,(pm) n d>(um) n3 d;(pum)

Two layers 1.978 1.11 2.360 1.02
Three layers 1.979 1.09 2.368 0.96 1.987 0.13

the lower ZnO layer, the error bars do not clearly appear
since the uncertainties are small. They are of the order of 5
X 107 for ny and n,, and 1X 1072 for n;. The uncertainties
on the thicknesses are of the order of 10 nm, which corre-
sponds to a relative accuracy of 0.5% for d; and d,, and 10%
for d;. As expected, the thickness of the lower ZnO layers
decreases with the distance from the ZnO deposition center
(Fig. 12). The thickness of the PZT films is rather constant,
except at the border of the samples where a slight increase
can be observed which is typical for the spin-coating pro-
cess.

The refractive index of the PZT layer varies from
2.2227+5X107* to 2.3610=5X 107, It is slightly higher
than the refractive index of the PZT deposited on glass under
the same conditions.'® This may be due to a structural change
of the PZT thin film induced by the ZnO buffer layer, which
acts as a diffusion barrier, thus hindering diffusion of the
lead from the PZT into the glass substrate. The index of the
ZnO lower layer is rather constant; it oscillates between
1.9667 +6X 10™* and 1.991 =5 1073. On the contrary, the
index of the upper ZnO layer exhibits strong variations from
2.015£8X 1073 to 2.123 =8 X 1073, This may be explained
by the existence of two different crystalline structures arising
when the thickness of the ZnO film is below 500 nm."

The differences between the thicknesses and refractive
indices obtained for the three layer waveguides (4,, B,) and
the two layer waveguides (A;, By) essentially stay in the
range of the repeatability of the elaboration procedure and
the measurement techniques. So the method of analysis of
three layer guides m-lines spectra gives results in accordance
to those obtained with two layer guides. This is confirmed by
the measurements realized from sample C, where the refrac-
tive index and the thickness of the layers were measured
before and after deposition of the upper cladding layer. The
results are summarized in Table II showing that the differ-
ences between the values obtained before and after the third
deposition remain always smaller than the uncertainty and
the repeatability of the elaboration procedure and the mea-
surement techniques. This good agreement proves the valid-
ity of our method.

V. CONCLUSION

In this paper, the general modal dispersion equation for a
three layer planar waveguide is shown, from which the
modal dispersion equations that hold for different guiding
regimes are derived. A method to solve these equations is
proposed, where the input data are the synchronous angles
measured by m-lines spectroscopy. Monte Carlo simulations
show that the values of the refractive indices and the thick-
nesses of the central layer given by this method are as accu-
rate as those obtained for a single layer. The accuracy is not
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so good for the upper layer, however the error remains
smaller than 2 X 102 for the index and below 30 nm for the
thickness when the uncertainty on the measured angles re-
mains smaller than 0.1°. The method was applied to the char-
acterization of real three layer planar waveguide structures
made of one PZT layer embedded between two ZnO clad-
ding layers deposited on glass substrate. The agreement be-
tween the results obtained with three layer structures and
those obtained with two layer structures ensures the validity
of our method. Moreover, the three layer analysis revealed
changes in material properties, such as an increase of the
refractive index of PZT deposited on ZnO in comparison to
deposition on glass and an increase of the refractive index of
ZnO deposited on PZT in comparison to deposition on glass.
The proposed method allows us to simultaneously char-
acterize the optical and geometrical properties of each layer
of three layer waveguides. Consequently, it is a very inter-
esting instrument in order to verify whether the three layer
structures are matching the parameters defined during the
design process of the waveguide.
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We present a method of analysis of prism—film coupler spectroscopy based on the use of transfer matrix
and genetic algorithm, which allows the simultaneous determination of refractive index, thickness, and
optical losses of the measured layer. © 2008 Optical Society of America

OCIS codes:

1. Introduction

Transparent thin films find wide applications in
optics: coating, sensors, integrated components for
telecommunications, solar cell, etc. For all these ap-
plications, it is necessary to perform an accurate
characterization of the optical properties, which in-
clude refractive index and optical losses. The optical
losses of a thin film have three different origins: sur-
face scattering due to the surface roughness, volume
scattering due to volume defects such as inhomo-
geneity, and volume absorption due to intrinsic
absorption [1,2]. From a practical point of view, this
characteristic is of particular importance since it can
severely degrade or modify the performances of a
component.

Several techniques exist which allow the charac-
terization of the optical parameters of thin films.
For example, the measurement of reflection and
transmission coefficients [3—6] and the spectroscopic
ellipsometry [7-9] lead to refractive index, thickness,
and extinction factor measurement.

On the other hand, since the 1970s, a prism—film
coupler based method, also called m-lines spectro-

0003-6935/08/070894-07$15.00/0
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scopy has been developed to characterize thin films.
Full-accuracy index and thickness measurements
are obtained, for nonbirefringent films [10] and in
the absence of nonlinear effects [11], once film thick-
ness exceeds a certain minimum threshold value
(typically 300nm, depending on the film/substrate
type) [12,13]. This technique is based on a selective
excitation, through an evanescent field, of guided
modes of a film. The total reflection at the upper
boundary of the film is frustrated by the presence
of the prism and allows the light to go back into
the prism. Since this reflected light carries informa-
tion on the film, it can be used to determine the para-
meters of the film. Classically, this method was
restricted to the determination of the thickness
and the refractive index of the films. The scope of this
paper is to present a method of analysis, which al-
lows retrieving the optical losses also from classical
prism—film coupler measurements, for films of negli-
gible roughness.

2. Prism-Film Coupler Angular Reflectivity

In m-lines devices, the sample is pressed against a
face of a prism in such a way that it is separated from
the prism by a thin air gap with a thickness about a
quarter of wavelength of the measurement light. The
prism and the film are mounted onto a rotating stage



that varies the incidence angle. The incoming light is
refracted inside the prism and reaches the interface
between the prism and the sample. As the refractive
index of the prism is higher than that of the sample,
for a given range of incidence angles, the light is
totally reflected by this interface and then emerges
from the prism. However, for some angles, called
“synchronous angles,” a part of the light is coupled
in the waveguide. Depending on refractive indices
of layer and cladding, one obtains guided or leaky
modes. For both cases, the light coupled inside the
film is subtracted to the detected light. Thus, a typi-
cal m-lines spectrum is made of several absorption-
like peaks, centered around the synchronous angles.

In classical analysis, the propagation constants of
the guided modes are deduced from the positions of
the synchronous angles, and then the refractive
index and thickness are determined by solving the
modal dispersion equations. A previous paper [14]
on the analysis of m-lines spectroscopy with genetic
algorithm was also done in the framework of the
modal dispersion equations with the synchronous
angles as input data. In our case, we are performing
a fit on the whole recorded spectrum by using the
transfer matrix theory to simulate the angular reflec-
tivity of the prism—film coupler.

Consider the schematic of the m-lines prism cou-
pler in Fig. 1. In our model, the prism positioned
on the top part of the drawing is considered as a non-
absorbing medium. The optical film is surrounded
by a thin air gap and a semi-infinite substrate.
The complex refractive indexes, 7 = n + ik, including
extinction factor &, are used for each layer. We cannot
separate the contributions of surface, volume scatter-
ing, and volume absorption only from the m-lines
spectrum. Thus, in our case we consider this extinc-
tion factor as an effective extinction factor, which
represents a priori the three types of contribution
to optical losses. The extinction factors of the air
and of the prism were assumed to be zero.

A transfer matrix M}, which binds the electromag-
netic fields at the backplane of the layer to the fields
at its front plane, is associated with both film and air
layers [15,16]:

0.

iy = Ny
Mg = Na i e Tlg = Ng
ﬁ/:711+ik7f $d ﬁf:7lf+ikf
Ny = ng + ik s = N + kg

(a) (b)
Fig. 1. Prism coupler configuration: (a) transmission configura-
tion, and (b) reflection configuration.

M; =

J

( cos ¢;

—iy;sin ¢;

_iyjfl sin ¢j )7 1)

CoS ¢;

with phase factor ¢; = d/[(7;ko)? — f*]'/%, where d; is
the thickness of the jth layer, &, is the wave vector,
and g is the propagation constant in the direction
parallel to the interface. The transversal component
in the direction perpendicular to the interface of the
wave vector is y; = (d;jkg) ~'¢; for TE waves and y; =
konZ¢; ! for TM waves.

The global transfer matrix M of the system formed
by the two layer stack (air gap + thin film) is the pro-
duct of the individual transfer matrices: M =
M, -M; and the power reflection coefficient R(6) of
the stack surrounded by the prism and the substrate
is given by

_ |mag + magye)y, — mag — magys |?
(M1 + Mmagys)yp + Moy + Magys |

R(9) 2)

where 0 is the incidence angle of the incoming wave,
m;; are the elements of M, and y, and y, are, respec-
tively, the transversal component of the wave vector
(y; factor) in the substrate and in the prism.

Measurements were performed with two different
kinds of m-lines setups at 632.8 nm and in TE mode:
one commercial setup from Metricon Corporation
[17] in transmission configuration (see Fig. 1(a))
and one homemade setup in reflection configuration
[18] (see Fig. 1(b)). However, since there is a total in-
ternal reflection on both faces of the prism in the lat-
ter device (see Fig. 1(b)), the two cases are identical.
The incident wave is first refracted inside the prism,
then reflected by the two layer stack, and finally
refracted in the air before reaching the detector.
Hence, the global reflectivity of the prism/film cou-
pler is T'(0)o/, R(0)T(0),,4, where T(0),/, and T(0),/q
are the classical transmittivity of the prism/air
diopter:

\/n2—nZsin®0 It |2
n, cos ap
n, cos 6

/12 _n2gin2
n;—ngsin“g

where ¢,, (respectively, ¢,,) is the Fresnel transmis-
sion coefficient [19] of the air/prism diopter (respec-
tively, prism/air), and n, and n, are the refractive
index of prism and air.

To analyze real measurements, it is necessary to
add a transfer function of the apparatus H(0) to
the calculated reflectivity:

T(g)a/p

3
T(g)p/a ( )

ltpal®’

Reae(0) = HO)T(0)a/pR(OT(0)p/a- 4

This transfer function contains all the variations of
the detected intensity related to the measurement
device; it is the ratio of the theoretical and ex-
perimental reflectivity without the loaded sam-
ple. H(®) is determined by measuring the angular
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reflectivity R§°®°(6) of the m-lines device when no
sample is pressed against the prism. The theoretical
angular reflectivity without sample R&(6) is equal
to T(0)q/,T(0),/,- The transfer function is then
H®) = calc(6) Rmeas(e) An example of transfer
function and of a raw measured reflectivity and a re-
flectivity corrected by the transfer function is pre-
sented in Figs. 2(a) and 2(b).

3. Fitting by Genetic Algorithm of the Prism—Film
Coupler Angular Reflectivity

Once the theoretical reflection function is calculated,
one has to use a numerical procedure to adjust this
function to the measured reflectivity. The free para-
meters of the model are the refractive index n, the
extinction factor &, the thickness d of the film, and
the thickness e of the air gap. The genetic algorithms
are very well suited to solve this problem since they
perform a random search in the parameters space
with a weak dependency on initial values and their
ability to find global minima. This is a key feature
because most of the time one has very imprecise
initial guesses on the thickness of the air gap and
on the extinction coefficient.

Our fitting process uses a real coded genetic algo-
rithm written by Yedder [20] based on a limited
number of classical and efficient well-established op-
erators for genetic algorithms [21]. Let us give an
outline of its principle. First the searching space is
framed for each parameter; bounds are arbitrarily
chosen so that the parameters remain inside physi-
cally acceptable limits. To accelerate the convergence
of the algorithm, it is possible to determine approxi-
mate values {ng,d,} of the refractive index and the
thickness of the film by solving the modal dispersion
equation and by defining a narrower searching range
for these parameters centered around n, and d.
Once the searching space is defined, the algorithm
works in three steps:

1.5 @ T T 1

Transfer
function

.O
9
I

Normalized
intensity

=50 -25 0 25 50
Angle (degree)
Fig. 2. (a) Transfer function of the Metricon prism-coupler, and

(b) m-lines spectrum (TE mode) of a photoresist S1818 film: raw
data (—) and corrected spectrum (QO).
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1. A starting population of two layers (thin film
+air gap) is initialized; a population size of 10 is ran-
domly created in the framed searching space.

2. An evaluation of the starting population is
performed, the reflectivity R, of each individual
is calculated, and its similarity to the measured
reflectivity R,..s is evaluated with a least square
estimator:

N
= ZN_I[Rcalc(gi) _Rmeas(ei)]Qv (5)

i=1

where N is the number of samples in the measured
spectrum. The smallest is o,,, the best is the indivi-
dual, so this sigma is taken as the fitness of the fit.

3. A new population is created from the previous
offspring by the following operators:

e Selection: a part of the best individuals are cho-
sen, but some individuals with bad performance (i.e.,
high value of 5,,) can be kept; the selection is made by
stochastic roulette [22,23].

e An elitism function was used to choose the best
of two consecutive generations [24].

¢ A niching function was used to promote the full
searching range exploration [25].

e A sigma scaling technique was used to avoid
the selection of a single very good solution and
consequently convergence of the algorithm was too
rapid [26].

e A mutation operator, which is from a nonuni-
form type, and with a “simulated binary crossover”
(SBX) type crossing [27].

Steps 2 and 3 are iterated until the fitness o, be-
comes smaller than a given value, and the maximum
number of offspring is limited to 50,000 to limit the
calculation time. A detailed description of all these
procedures can be found in [20].

To test the efficiency of the method, numerical
tests were realized. A score of m-lines spectra were
simulated using the transfer matrix method by vary-
ing each parameter one after another around the
configuration n = 2.15, &£ = 0.005, d = 1.25um, and
e = 125nm. The refractive indexes of the prism
and the substrate were, respectively, equal to 2.9
and 1.5. The simulated spectra were used as input
data for the genetic algorithm. The program was
stopped as soon as ¢, became smaller than 10~*
The relative differences between the values obtained
with the genetic algorithm and the theoretical one
are summarized in Table 1.

A good agreement was found between the initial
starting values of simulation and the results given
by the genetic algorithm program. The parameters
n and d are better reconstructed than the air gap
thickness e and the extinction factor k&, because they
have a dominating influence on the shape of the an-
gular reflectivity R ,.(0). The errors on these para-
meters, respectively, An and Ad, are of the same



Table 1. Errors on Paramaters Retrieved by the Genetic
Algorithm for the Simulated Spectra; Subscript th
Denotes the Theoretical Values

An Ak Ad Ae O

(x107%) (x107%) (nm) (nm) (x107%)

Nth

1.900 0.9 0.1 0.1 0.1 2.8
2.025 0.9 0.1 0.1 0.0 3.5
2.150 1.1 0.3 0.2 0.3 9.0
2.275 0.7 0.6 0.1 0.0 7.0
2.400 0.2 0.0 0.0 0.2 6.0
ke

0.0010 0.0 0.1 0.0 0.3 6.2
0.0125 4.2 41 0.7 0.4 9.9
0.0250 25.8 1.3 4.3 0.2 9.5
0.0370 19.3 4.1 2.8 0.0 1.1
0.0500 53.9 5.1 8.5 0.4 8.8
din

0.500 0.6 0.2 0.0 0.3 6.0
0.875 1.5 0.1 0.2 0.2 5.8
1.250 1.7 1.1 0.2 0.2 7.0
1.625 2.8 0.6 0.6 0.2 6.3
2.000 3.1 0.2 0.9 0.0 8.1
€th

50.00 0.2 0.0 0.0 0.0 9.0
87.50 0.2 0.1 0.0 0.1 9.0
125.00 0.4 0.3 0.1 0.1 9.0
162.50 0.3 0.3 0.2 0.3 2.0
200.00 0.5 0.6 0.1 0.2 3.0

order as 6,,; An remains smaller than 10~* and Ad
smaller than 1nm. However, for & > 0.025: An
reaches 5.4 1072 and Ad is about 9nm. This can be
explained by the fact that spectra become flatter
when the % values increase. The reconstructed &
and e are less accurate; however the error on e re-
mains smaller than 0.5% in relative value, and the
error on % is generally smaller than 0.5% and never
exceeds 3.3%. These results demonstrate that the
genetic algorithm is able to retrieve the characteris-
tics of a thin film with a remarkable accuracy.

4. Results and Discussion

To validate our procedure experimentally, we mea-
sured the m-lines spectrum of different samples:
films of photoresist S1818 [28] spin coated on sili-
con substrates (Ngicon = 3.9190 + 70.0123 [29]), films
of ZnO:Al deposited by rf magnetron sputtering
on glass substrates Corning 1737F (fiy7377 =
1.5172 +10.0), and an indium tin oxide (ITO) layer
on glass substrate (g, = 1.5157+i0.0) from
Prézisions Glas & Optik GmbH [30]. Atomic force
microscope (AFM) measurements showed that the
samples have a small roughness (< 4 nm) and no cor-
relation length at the scale of the wavelength of mea-
surement. Using the theory of light scattering by
rough surface developed by Bennet and Porteus
[31] and Davies [32] and taking into account our
experimental roughness we have calculated that

the total scattered light by surface is < 1% of total
reflected light. We conclude that the losses due to
surface scattering can then be neglected in the fol-
lowing given results.

The measured spectra and the fits obtained with
the genetic algorithm are shown in Figs. 4-6. The re-
constructed parameters with uncertainties in confi-
dence limits of 95% are summarized in Tables 2
and 3. Because of the fitting procedure with the
genetic algorithm, a classical certainty calculation
by differentiation of a modal equation was not possi-
ble. The certainty analysis was performed by Monte
Carlo simulations. First the experimental noise dis-
tribution (Fig. 3) was measured. This distribution fol-
lows a normal law with a standard deviation of 1%.
Then, for each measurement, a Gaussian noise with
standard deviation corresponding to the experimen-
tal one was added to several hundreds of spectra
simulated with parameters given by the fit. All noisy
spectra were fitted with the genetic algorithm lead-
ing to the distributions of values of the parameters.
As these distributions followed normal laws, we used
twice the standard deviation (confidence interval of
95%) as the uncertainty for each parameter.

12000
J

Number of events
4000 8000

F

[ I |
-5 0 5

Relative deviation from the mean (%)

Fig. 3. Distribution of experimental noise.
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Fig. 4. Measured (O) and fitted (—) m-lines spectra of an S1818
film on silicon in TE mode.
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Fig. 5. Measured (O) and fitted (—) m-lines spectra of different
ZnO film on glass in TE mode.
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Fig. 6. Measured (QO) and fitted (—) m-lines spectra of different
ITO film on glass in TE mode.

The S1818 spectra (Fig. 4) were obtained with the
Metricon setup and contain leaky modes, whereas
the ZnO spectra (Fig. 5) were obtained with the
homemade m-lines setup and are composed of guided
modes. Both kinds of spectra are very well repro-
duced by the genetic algorithm; the fitness o, is of
the order of 10-3. There is also a good agreement
between the refractive indices and the thicknesses
given by the genetic algorithm and the classical
m-lines analysis based on the resolution of the modal
dispersion equations. The differences on the refrac-
tive index are of the order of 10~3, and the differences
on the thickness are generally close to 50 nm but can
reach 400 nm. Let us emphasize that we do not ex-

pect a perfect matching between the values given
by the two methods since the classical analysis
makes the assumption that there is no absorption in-
side the film. So, taking into account the uncertain-
ties of both methods, the observed differences are in
the acceptable range. The effective extinction factor
of the resist S1818 was found to be close to 2.10~3 and
in the case of the ZnO between 7.10~* and 3.1073 de-
pending on the sample. These effective extinction
factors of ZnO are in accordance with published
values [33,34].

The third kind of sample, ITO layer on glass sub-
strate, reveals another advantage of the method: it is
also available when only one mode is measured,
which is the case in a thin layer or in a small differ-
ence of refractive indexes between the layer and sub-
strate. To calculate the two researched values n and
d from the spectrum of Fig. 6 using the classical
m-lines analysis, one has to use a priori information.
In the present case, the thickness was assumed equal
to 180nm from the provider data to determine the
refractive index. Such an a priori statement was
not necessary with the genetic algorithm procedure.
The fitted curve obtained in this way is plotted in
Figs. 2(a) and 2(b) together with the measured spec-
trum, and a small fitness of 6.10~* was found. There
is a good agreement between the refractive index
found by the classical method and the refractive
index given by the genetic algorithm (GA) method.
The effective extinction factor £ = 0.015 is in accor-
dance with values commonly found for commercially
available ITO [35].

5. Conclusion

In this paper, we have presented a method based
on the transfer matrix formalism and a genetic
algorithm to retrieve the optical and geometrical
characteristics of a thin film from its m-lines spec-
trum and have shown its accuracy. The main interest
of this method is that it not only gives the refractive
index and the thickness of the film but also its effec-
tive extinction factor or optical losses. We restricted
ourselves to layers with a negligible surface rough-
ness to be able to compare the measurement of ex-
tinction factors with values found in literature; the
investigation on the surface roughness effect will
be the purpose of another paper. This technique does

Table 2. Characteristics of Different Thin Films Obtained with the GA and a Resolution of the Modal Dispersion Equations (MDE)

n d (um)

Sample GA MDE GA MDE
S1818 #1 1.640 +2.1073 1.6401+1.10* 3.407 £9.10°3 3.80 +£2.1072
S1818 #2 1.638 +2.1073 1.6381+1.10™ 3.408 +9.1073 3.414+2.1072
S1818 #3 1.639 +2.10°3 1.6387 +1.10™ 3.281+9.1073 3.28 +2.1072
ZnO #1 1.9310 + 4.10™* 1.934 +£1.10°3 0.870 & 3.1073 0.839 &+ 3.1073
ZnO #2 1.920 +4.10™ 1.930 +£1.10°3 0.904 + 3.1073 0.832 + 3.1073
ZnO #3 1.8600 + 4.107* 1.861+1.1073 0.587 +3.1073 0.554 + 3.1073
ITO 1.80 +£3.102 1.78 £3.102 0.17 +2.102 0.180.18 + 2.102
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Table 3. Characteristics of Different Thin Films Obtained with the GA and a Resolution of the MDE

e
Sample k (um) O
S1818 #1 0.0028 + 71074 0.105+ 51073 81074
51818 #2 0.0012 +£710* 0.145+ 51073 3104
S1818 #3 0.0021 +£710°* 0.152 4+ 51073 3104
ZnO #1 0.00067 + 61075 3.3102+210°3 21073
ZnO #2 0.00071 + 61075 1.71073 £ 21073 21073
ZnO #3 0.00260 + 610~ 27102 +210°3 11073
ITO 0015 +1102 0194017 610°¢

not allow us to distinguish the physical origin of
optical losses between surface or volume scattering
or intrinsic absorption, but it is efficient to determine
which layers are more or less lossy and then to
qualify films with low losses for development of ad-
vanced photonic devices. Moreover, this determina-
tion can be done in the same manner for either
guided or leaky modes, and it can even be performed
if only one mode is present in the spectrum. Last,
since the matrix formalism allows calculating reflec-
tivity of more complex stacks of layers, our genetic
algorithm method could be easily extended to the
case of bilayer or trilayer systems, which are of
special interest in the fabrication of photonic
components.

The authors thank John Jackson from Metricon
Corporation for setup support and to Anand Sriniva-
san for AFM measurements.
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Series of Er-doped Si-rich silicon oxide layers were studied with the aim of optimizing the coupling
between Er ions and the Si-based sensitizers. The layers were grown at substrate temperature
between 400 and 600 °C by the cosputtering of three confocal targets: Si, SiO,, and Er,O5. The
influence of Si excess (5—15 at. %) and annealing temperature (500—1100 °C) was examined for
two concentrations of Er ions (3.5X10%° and ~10?! cm™). We report the first observation of
significant Er photoluminescence (PL) from as-grown samples excited by a nonresonant 476 nm
line, with a lifetime in the range of 1.3—4 ms. This suggests the occurrence of an indirect excitation
of Er through Si-based entities formed during the deposition. A notable improvement was observed
for both Er PL intensity and lifetime after annealing at 600 ° C. This temperature is lower than that
required for phase separation, suggesting the formation of “atomic scale” sensitizers (Si
agglomerates, for example) considered in recent work. For high Er doping (~10*' cm™), an
optimum Er PL was obtained for the sample grown at 500 °C, annealed at 600 °C, and containing
~13 at. % of Si excess. This high PL should correspond to an optimum fraction of coupled Er for
this series, which was roughly estimated to about 11% of the total Er content for an excitation
photon flux of few 10'” ph cm™ s~!. For the moderately Er-doped series (3.5 X 10?° cm™) grown at
500 °C, the optimum Er PL was found for the samples containing about 9 at. % silicon and
annealed in the 600—900 °C range. The time decay reached a value as high as 9 ms for low Si
excess (<6 at. %) and 6-7.5 ms for high values of Si excess. The fraction of Er ions coupled to
sensitizers was similarly estimated for the best sample of this series and found to be as high as 22%

of the total Er content. © 2009 American Institute of Physics. [DOI: 10.1063/1.3177243]

I. INTRODUCTION

Silicon-based nanostructured materials have been inves-
tigated for a number years with the aim of providing silicon
compatible light sources operating at room temperature for
optoelectronic and photonic applications.l’2 Two main ap-
proaches have been explored during the past two decades:
visible emission from porous silicon or silicon nanocrystals
(Si-nc) and infrared emission (at 1.5 wm) from Er-doped
silica-based compounds. For the former, a broad emission is
usually observed around 700-800 nm that is generally at-
tributed to the recombination of excitons confined within the
nanocrystals subject to quantum size effects,’ with some con-
tribution from interface states.* The 1.5 pm emission corre-
sponding to the *I,;,,— *I,5, transition of the Er ions corre-
sponds to the low-loss window in silica optical fibers and has
therefore been adopted as a standard wavelength for the op-
tical communications. Consequently, special interest has
been paid since many years to the indirect excitation of the
Er ions through the Si nanoclusters (Si-nc).”!' Indeed, the
large absorption cross section of Si-nc has been found to be
highly beneficial to the enhancement of the effective excita-
tion of Er ions by three to four orders of magnitude&ll with
respect to that for the direct excitation of Er in silica
(~10720-10"2! ¢m?)."* Additional advantages can be gained

YAuthor to whom correspondence should be addressed. Electronic mail:
richard.rizk @ensicaen.fr.
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from the incorporation of Si-nc into Er-doped silica, such as
an increase in the refractive index with respect to the silica
cladding for better confinement of light and the ability of the
Si-rich system to enable injection and transport of carriers
for electrical excitation. These advantages pave the way to
the development of compact Si-based photonic devices such
as erbium-doped waveguide amplifiers which might be ex-
cited either electrically or optically by broad-band low-cost
source instead of the expensive high pump laser required for
Er-doped silica materials.

The sensitizing effect has been found to be efficient for
both crystalline and amorphous Si-nc, provided that their di-
ameter is less than 4 nm,13 and the nanocluster-erbium sepa-
ration is less than 0.5—1 nm."*"* This very short interaction
distance is considered as the main limiting factor for the
fraction of Er ions coupled to Si-nc, which was estimated
recently to be below 2%." Earlier works'® reported similar
low values for the proportion of coupled Er. Recent
studies'”!® claimed, however, that such a low fraction con-
cerns only those ions benefiting from an energy transfer via
interband transitions in the silicon nanoclusters. According to
these studies, other Er ions representing about 50% of the
total Er content are also coupled but are excited by an energy
transfer via intraband transitions in the silicon nanoclusters
to the first excited state of Er ions. These ions can therefore
suffer from Auger backtransfer. We have reported recently19
careful analyses of these detrimental effects, which were

© 2009 American Institute of Physics
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found not to be significant in our samples.

The purpose of this study is to optimize the material with
the aim of maximizing the fraction of Er ions coupled to
Si-based sensitizers. This requires some nanoengineering of
the layer composition through the growth of a high density
of very small Si-based sensitizer entities to enhance the prob-
ability of their coupling with the Er ions. Series of layers
were grown by magnetron cosputtering and subsequently an-
nealed before being submitted to various structural and opti-
cal characterizations. The effects of Si excess, annealing
temperature, substrate temperature and, to some extent, Er
content have been examined.

Il. EXPERIMENTAL DETAILS

Er-doped Si-rich silicon oxide (Er-SRSO) layers were
grown onto p-type (100) Czochralski grown silicon sub-
strates (5—15 ) cm) by magnetron cosputtering of three
confocal cathodes: Si, SiO,, and Er,O5. The Er content and
Si excess in the layers were finely controlled by individual
and separate tuning of the power applied to each cathode.
The rf power density applied to the Si cathode (Pg,) was,
therefore, varied between 0.75 and 2.07 W cm™2, while that
applied to the Er,Oj5 target (Pgrzox) was tuned either at 0.45
or 0.75 W cm™2. For good homogeneity of both composition
and thickness (1-1.5 wm), the depositions were made on a
rotating substrate maintained at a temperature (7) between
400 and 600 °C, under a plasma of pure argon kept at a
pressure of 3 mTorr. After deposition, the samples were an-
nealed for a typical duration of 1 h in flowing nitrogen, at
different annealing temperatures 7, between 500 and
1100 °C. For the sake of comparison, a reference sample
(labeled R) is also considered in this study, obtained earlier
by the reactive sputtering of a single SiO, cathode topped by
Er,0O5 chips, as described elsewhere.'"" This sample R con-
tains about 7 at. % of Si excess and ~4 X 10* cm™ of Er
and was annealed at 900 °C under similar conditions to the
other samples (1 h in N, flux).

To investigate the structural properties and get a rough
estimate of the Si excess, Fourier transform infrared (FTIR)
spectra were recorded under Brewster (65°) and normal in-
cidence, using a Nicolet Nexus spectrometer. The Er content
was determined by energy dispersive x-ray spectroscopy
(EDX) using an Er-implanted sample as a reference. The
refractive index (n) and thickness of the layers were obtained
by M-line measurements performed in reflection
conﬁguration.mL22 These measurements were made by means
of a He—Ne laser operating at 632.8 nm (1.95 eV) polarized
in transverse electric (TE) mode. The photoluminescence
(PL) properties of Er ions were examined using the nonreso-
nant 476 nm excitation line delivered by an Ar* laser. The
pumping at 476 nm was always used to ensure that Er exci-
tation was mediated by the Si-based sensitizers. The Er PL
was measured by means of a Jobin Yvon 1 m single grating
monochromator coupled to a Northcoast germanium detector
cooled with liquid nitrogen. The PL signal was recorded
through a SRS lock-in amplifier (SP830 DPS) referenced to
the chopping frequency of light of 20 Hz. The time-resolved
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FIG. 1. Infrared absorption spectra of the layers deposited at 75=500 °C,
before and after annealing at the indicated annealing temperature 7,, as

recorded at Brewster angle. The inset shows a typical shift of the TO; peak
position for the as-grown sample at 500 °C, in function of the power density
applied on the Si target.

Er PL was measured with the PL system already described,
the signal being displayed on a Tektronix oscilloscope (TDS
3012B).

lll. RESULTS AND DISCUSSION

After a rough estimate of the Si excess in our films
which will be briefly commented on, we will describe and
discuss successively the influence of the Si excess, annealing
temperature, substrate temperature, and, to some extent, the
impact of the Er concentration on the Er PL properties. The
evaluation of the fraction of Er coupled to Si-based sensitiz-
ers will follow for the two concentrations of Er considered in
this study.

A. Estimate of the Si excess

Figure 1 shows a typical evolution of the FTIR spectra
with the annealing temperature for the sample deposited at
500 °C with the power densities Pg=1.77 W/cm? and
Pgr201=0.74 W cm™. These spectra were recorded at Brew-
ster incidence to avoid any reflection and detect the longitu-
dinal optical mode (LO;) associated with the Si—-O-Si 180°
bond around 1250 cm™".** This mode is therefore character-
istic of the Si/SiO, interface and may reflect some phase
separation between Si and SiO,. For the sake of clarity, the
amplitude of the LO; mode is normalized in the figure with
respect to that of the transverse optical (TO3) mode at about
1080 cm™!. The LO5; mode appears as an increasing function
of the annealing temperature, showing a gradual evolution
toward some phase separation with the appearance of pure
silicon in the SiO, matrix. The as-deposited film and that
annealed at 600 °C show similar spectra and do not contain
detectable amounts of the pure silicon phase. The phase
separation starts to take place after annealing at 900 °C and
becomes quite pronounced after the thermal treatment at
1100 °C. In this latter case, crystallized Si-ncs have been
observed in our previous works by conventional electron
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FIG. 2. Typical evolution of both Si excess and refractive index in function
of the power density applied on the Si target, for the sample deposited at
500 °C.

transmission microscopy,” while the formation of amor-
phous Si-nc within SiO, matrices at 7,,~900 °C has been
demonstrated by other groups.g’10 On the other hand, the
doublet TO4-LO, appears to be still overlapping, which re-
flects a high degree of disorder, likely due to the high amount
of Si excess corresponding to ngiz 1.77 W/cm?.

The amount of Si excess incorporated in the film grown
with a given value of P, has been roughly estimated from
the evolution of the TO; mode of the FTIR spectra recorded
at normal incidence on the as-deposited samples. The inset of
Fig. 1 shows, indeed, a gradual shift of the peak position of
TO; mode toward lower wavenumbers when Pg. increases. A
specific analysis of this evolution described in Ref. 23 allows
a rough estimate of the corresponding Si excess. The method
adopted for the determination of Si excess is based on a
linear correlation between the frequency of the TO; mode for
a substoichiometric SiO, (1 <x<2) matrix and the stoichio-
metric coefficient x=2.2*% The linear relation is that used by
Hinds er al®—x=0.02v—19.3—with v representing the
asymmetric stretching mode (in cm™) of Si—O-Si.”® Thus,
the gradual shift of TO5 peak reflects an increase in the Si
excess from about 7 at. % for the lowest Pg to nearly
15 at. % for ngi:2.07 W cm~? (Fig. 2). Our FTIR approach
may underestimate the amount of Si excess since it does not
take into account the Si sensitizers formed during the growth
process, which constitute a volume fraction of pure silicon.
As will be evidenced and discussed below, such sensitizers
are actually grown at relatively high temperature (T
=500 °C), and an alternative technique such as x-ray photo-
electron spectroscopy (not available to us) is necessary.
However, regardless of the exact value of Si excess that
should be considered as indicative of the corresponding Prsfi,
there is a clear systematic increase in Si excess with P§.. This
trend is corroborated by a concomitant progressive rise of the
refractive index, as determined by M-line measurements
(Fig. 2). The concentrations of Er content corresponding to
the two values of P]rafrzo2 (0.44 and 0.74 W cm™2) were deter-
mined by EDX measurements (confirmed by SIMS analyses
made elsewhere) and were found to be close to 3.5 10%
and ~1 X 10?! at./cm?, respectively.
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FIG. 3. Comparison of three PL spectra recorded on two samples deposited
at 500 °C, before and after annealing at 600 °C, and a reference sample
previously described in Refs. 11 and 15 and obtained by reactive cosputter-
ing of a single silica layers topped by Er,O5 chips.

Figure 3 compares the PL spectra recorded from three
samples excited by a nonresonant laser line (476 nm) at a
flux of ~10' phcm?s™!: two samples were grown at
500 °C and measured before and after annealing at 7, as low
as 600 °C; the third sample is the reference sample R (de-
scribed above). The first two samples contain relatively high
concentrations of Si excess (13 at. %) and Er (~1
X 102! at/cm?); almost the double that of the reference
sample (7 at. % and 4 X 10%° Er/cm?®) that was annealed at
900 °C. The heavily Er-doped samples were examined first
with the aim of optimizing the concentration of the emitting
centres, although their high Er content (10>' cm™) exceeds
the threshold value (~2X10% ¢cm™) for upconversion.®
Such detrimental effects were, however, minimized by using
moderate excitation flux (<10% phcm?s7!). The case of
lower Er concentration will be examined below.

From Fig. 3, we note that a significant Er PL is detected
from the as-deposited sample, 50% higher than that from the
R sample, with a lifetime of 1.3 ms. To our knowledge, such
high PL induced by a nonresonant excitation, as well as such
a long lifetime, has never been reported earlier from nonan-
nealed samples. The Er PL is most likely stimulated by some
sensitizers formed during the growth at relatively high tem-
perature (400-600 °C). At this temperature, one should not
expect the formation of large Si nanoclusters (even amor-
phous), but rather some Si agglomerates that could be com-
pared to the “atomic scaled” sensitizers described recently by
Savchyn et al. 7 for similarly sputtered samples annealed be-
tween 600 and 1100 °C. Such suggestions are supported by
the fact that the FTIR spectrum of the as-deposited layer
remains almost unchanged after annealing at 600 °C (see
Fig. 1), indicating the absence of phase separation between
amorphous Si domains and silica. This observation is cor-
roborated by earlier studies”* demonstrating that phase
separation starts in these systems when T, exceeds 650 °C.
However, our annealing at 600 °C improves the Er emission
by a factor of 2 (see Fig. 3) and also the lifetime (to 1.7 ms),
likely due to the formation of additional atomic scale sensi-
tizers and reduction of nonradiative channels (i.e., improve-
ment of the matrix), respectively.
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FIG. 4. (a) Variation of the Er PL intensity at 1.54 um in function of the Si
excess, for the as-deposited at 600 °C and annealing samples at the indi-
cated temperatures 7. (b) Evolution of the Er emission lifetime in function
of Si excess, for the same samples described in (a). The inset shows typical
decay of normalized Er PL. The full line is the single exponential fit of the
experimental data.

B. Effects of the Si excess and annealing
temperature

Figure 4(a) shows a typical evolution of the PL intensity
at 1.54 um, Ip;, for the samples deposited at 7,=600 °C and
annealed at the indicated temperatures, as a function of the Si
excess. These spectra were recorded for nonresonant excita-
tion (476 nm) with a photon flux of some 10'° phcm™2s~!.
The Er PL shows first an increase with the Si excess for all
as-deposited and annealed samples, up to a maximum corre-
sponding to about 10 at. % of Si excess, and then a decrease
for higher values of Si excess. The highest I is given by the
sample annealed at 600 °C, for all values of Si excess. Since
we are dealing with a concentration of Er ions of
~10?' cm™ in all these samples, this observation suggests
that the fraction of Er coupled Si-nc is the highest after an-
nealing at 7,=600 °C, in comparison with other 7, values.
The proportion of coupled Er reaches a maximum for a Si
excess of about 10 at. %, likely due to the formation of an
optimum density of Si-based sensitizers that might consist
either of atomic scale Si-based sensitizers for moderate 7, or
Si-nc for high T,. The atomic scale sensitizers can be com-
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FIG. 5. Comparison of the variations of the Er PL intensity at 1.54 um in
function of Si excess, for the samples deposited at the indicated substrate
temperatures and then annealed at 600 °C.

pared to the luminescent centers (LCs) of Savchyn et al”’
who consider these LCs as dominant sensitizer generators of
excitons in Si-nc.*° In our case, these sensitizers would start
their growth during the deposition process on seeds available
at the surface or near-surface region of the growing layer,
with a density increasing with the Si excess until the seeds
are saturated. When the value of Si excess is further in-
creased, and/or T, is raised, a coalescence phenomenon can
be proposed that increases the average size of the sensitizers
at the expense of their coupling with the Er ions.

The time-resolved studies of the above-described
samples showed that the decay traces exhibit an exponential
behavior. Within the experimental uncertainties, the typical
plot shown in the inset of Fig. 4(b) is well fitted with a pure
exponential function. The Er lifetime 74, showed a steep
decrease from a value higher than 6 ms for a Si excess of
about 5 at. % to 1-2 ms when the Si excess is higher than
7 at. %, as displayed in Fig. 4(b).

C. Influence of the substrate temperature

Similar effects of Si excess and annealing temperature
were found for the series of samples deposited at T5=500
and 400 °C. Using the same nonresonant excitation and pho-
ton flux as for Fig. 4(a), Ip; of these two series (T5=400 and
500 °C) shows, similarly, an initial increase up to a maxi-
mum corresponding to a specific value of Si excess and then
a decrease for high values of Si excess. The lifetime 7y
ranges again between 1 and 2 ms when the Si excess exceeds
7 at. %, similarly to the set of samples deposited at Ty
=600 °C. Again, the highest Ip; was observed for both series
(T¢=400 and 500 °C) for the samples annealed at 600 °C,
over the full range of Si excess. The unique difference lies in
the shift of Ip;, maximum toward high values of Si excess
when T is decreased: from 10 at. % for T3=600 °C to
~13 at. % for Tg¢=500 °C and to about 14.7 at. % for T
=400 °C. This is shown in Fig. 5 which compares the evo-
lution of Ip; as a function of Si excess for the samples de-
posited at the indicated T’y before being annealed at 600 °C.
To explain this shift of maximum /p;, we have looked for an
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origin lying in the formation of different volume fractions of
sensitizers (pure silicon phase) during the growth process at
different Ty values. This should induce a T dependence for
the FTIR-related Si excess and then accentuate the underes-
timate, as already mentioned. To shed some light on this
aspect, we compare in the inset of Fig. 5 the amounts of the
Si excess for the three Ty values. The highest values are
those relating to 73=400 °C, exceeding their counterparts
for T¢=500 °C and T5=600 °C by about 1.5 at. %, for all
PY.. This observation is consistent with the expected forma-
tion of the lowest volume of Si sensitizers during the growth
at the lowest T (400 °C). It could explain the shift of the
400 °C curve, whereas the quasiequivalent values of Si ex-
cess obtained for the T4=500 and 600 °C cannot explain the
shift of about 3 at. % between the curves. Other effects of Tg
and Si excess should be therefore considered to explain the
behavior of I and describe the way of ensuring the highest
proportion of coupled and optically active Er ions. The sur-
face mobility of the adatoms and the growth of sensitizers on
the seeds available at the surface are expected to be T de-
pendent, in addition to their obvious dependence on the
amount of Si excess. As already mentioned, these entities
might be compared to the “atomic” scale sensitizers and their
size and density are expected to evolve with the armealing.27
The observation of the highest Ip; from the samples depos-
ited at 500 °C, whether as-grown or annealed is the signa-
ture of optimum conditions allowing the achievement of a
high proportion of coupled Er for a concentration as high as
10?! Er/cm?.

D. Influence of the Er concentration

In this section we will examine the impact of lower con-
centrations of Er ions. An additional series of layers was
grown with lower Pgrzo2 value (0.44 W cm™? instead of
0.75 W cm™) and slightly higher ngioz (8.9 W cm™ instead
of 7.4 W cm™). This increase in silica sputtering aims to
limit the Si excess to minimize loss due to confined carriers
absorption.31 A series of samples were deposited at T
=500 °C and annealed between 600 and 1100 °C. Their Er
content was ~3.5 X 10?° cm™. The evolution of their Ip; as a
function of Si excess for the as-deposited sample and those
annealed at the indicated T, values is shown in Fig. 6(a),
similar to the plots displayed in Fig. 4(a) for the previous
series (high Er content). The behavior of Ip; is generally
analogous to that shown in Fig. 4(a), disregarding the values
of T, and Si excess corresponding to maximum /p; : an initial
increase until a maximum corresponding to a Si excess of
about 9 at. % and then a decrease for higher values of Si
excess. Within the measurement uncertainties, the samples
annealed between 600 and 900 °C show almost the same /p;,
with a slight increase at 7,,=900 °C, with a sharp drop after
annealing at 1100 °C. The earlier suggested explanations are
still valid for this series: (i) the density of sensitizers (or their
coupling rate with Er) increases first with the Si excess until
the available seeds are saturated—which corresponds to
maximum Ip;; (ii) then, for higher Si excess and/or T,
>900 °C, a coalescence phenomenon is expected to take
place, as demonstrated elsewhere.” This should reduce the
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FIG. 6. (a) Variation of the Er PL intensity at 1.54 um in function of Si
excess, for the samples doped with 3.5X 10%° Er/cm?: as-deposited at
500 °C and annealing samples at the indicated temperatures 7. (b) Varia-
tion of the Er emission lifetime in function of Si excess, for the samples of
(a) as-deposited at 500 °C and annealed between 500 and 1100 °C.

density of the sensitizers (or their coupling rate with Er) and
then explain the decrease in Ip;. The lower Si excess corre-
sponding to the maximum of Ip; for this series can be under-
stood as less Si is needed to couple to the lower Er content.
On the other hand, the quasiconstant Ip; behavior for 7,
between 600 and 900 °C can be attributed to the unchanged
density of the sensitizer for this range of 7,, since further
growth of the sensitizers by coalescence is expected to occur
when 7, exceeds 900 °C. Only the matrix quality and con-
sequently the emission lifetime are improved when 7, in-
creases. Figure 6(b) shows the variation of the lifetime ver-
sus the Si excess for the indicated values of 7,. First, the
improvement of the lifetime is confirmed for all amounts of
Si excess, reaching a value as high as ~9 ms for Si excess
<7 at. % and T,=900. Second, for any 7, the lifetime
shows a certain decrease with the Si excess, which is clearly
much smoother than the counterpart behavior of 74,. shown
in Fig. 4(b) for the heavily doped samples. Thus, for Si ex-
cess >7 at. % and T,> 600 °C, the values of the lifetime are
still at a high level, between 6 and 7.5 ms, reflecting the fact
that the nonradiative de-excitation processes are less than
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FIG. 7. Evolution of the Er emission lifetime in function of the annealing
temperature for the sample deposited at 500 °C and containing 9 at. % of Si
excess and 3.5X 102 Er/cm®. The inset shows typical decay of normalized
Er PL. The full line is the single exponential fit of the experimental data.

those in the highly Er-doped samples. Figure 7 displays a
typical evolution of the lifetime with 7, for a given Si excess
(9 at. %). The curve shows an improved lifetime when T,
increases from 500—600 to 900 °C, reaching a maximum of
6.5 ms, and then a slight decrease to 6.2 ms for 7,
=1100 °C. The decay traces exhibited a pure exponential
behavior, as shown by the typical plot reported in the inset of
Fig. 7.

E. Evaluation of the fraction of Er coupled to
sensitizers

We propose to estimate the fraction of Er coupled to the
sensitizers for the best sample in each of the heavily and
moderately Er-doped samples, labeled HD and MD, respec-
tively. Their characteristics are reported in Table I, together
with those of the already described sample R. We start by
comparing the Ip;, of the HD sample to that of sample R (see
Fig. 3), both normalized to the excited volume by using the
following equation:

IPL =~ eff@NEr,c(P’ (1)

Trad
where o is the effective cross section of Er ions, Ng, . is the
concentration of Er coupled to the sensitizers, ¢ is the photon
flux, 7, is the decay time of Er ions, and 7,4 is the erbium
radiative lifetime. As only 1.7% of Er ions were found
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coupled to sensitizers for the reference sample excited with a
flux of few 10'° phem2s7"," the value of its N, is about
6.8 10'® cm™. The spectra were recorded with the same
photon flux and we assume that 7, is %n? (n is the refractive
index) owing to the importance of the local field effects in
our nanocomposite material, as demonstrated in Ref. 33. In
previous work,** the decay rate was found to increase with
the refractive index n of the embedding medium where only
variations in the mean field (instead of the local field) have
been considered. Thus, using the n values reported in Table I
for the HD and R samples, the values of 7,4 deduced from
Ref. 33 are 9 and 12 ms, respectively (see Table I). By com-
paring their Ip; (3.7 times higher for the HD layer) and their
characteristic data (Table I) in Eq. (1), one could estimate
Ng; for our HD sample to about 1.1 X 10* cm™, i.e., nearly
11% of the total Er content (~ 10%>' cm™). This fraction is
more than seven times higher than that of the R sample. It is
also comparable to the fraction (11%-12%) reported for our
other category of samples obtained by reactive sputtering of
two confocal cathodes,35 in spite of the detrimental effects
expected from the high concentrations of both Er content and
excess Si.

The high Er content (~10%' atcm™) would produce
prejudicial effects such as upconversion and concentration
quenching phenomena, which become significant under pho-
ton fluxes much higher than that used here. This would lead,
therefore, to a reduction of the gain, as was established in
Ref. 36. On the other hand, the high Si excess needed to
couple the maximum amount of the 10>! Er/cm? induces two
main detrimental effects: (i) losses due to confined carrier
absorption, as evidenced elsewhere for our samples31 and
which obviously increases with the Si excess and size of Si
nanoclusters, (ii) an inherent increase in the density of de-
fects, as reflected by the low lifetime (1.5-2 ms for Si ex-
cess >7 at. %) and the persistent disorder for any 7, value
(TO4-LO, doublet in Fig. 1).

Further comparisons were made for the two HD and MD
samples of Table I: the best layers of the series of heavily
(~10?' cm™) and moderately (3.5 X 10?° cm™) doped with
Er ions. Figure 8 shows the evolution of their Ip; as a func-
tion of the excitation photon flux ¢. The Er PL shows the
same intensity for both samples over all the range of ¢, with
an almost linear evolution. This is indicative of limited ef-
fects of concentration -related effects, although one may sus-
pect some slight tendency toward saturation for HD sample.
Nevertheless, the Ip; ratio as appears to be close to 1 when
applying Eq. (1) for a rough estimate of the fraction of Er
coupled to sensitizers in the MD sample. Using the values

TABLE I. Characteristics of the best samples in the heavily doped and moderaly Er-doped samples, labeled HD
and MD, respectively. The reference R sample was obtained earlier by the reactive sputtering of a single SiO,
cathode topped by Er,0O5 chips, as described in Refs. 11 and 15. Tg: substrate temperature; n: refractive index;
T,: annealing temperature; 74 time decay; 7,4: radiative lifetime; o.: effective excitation cross section.

Si excess Er content T T, Tee fo
Sample  (at. %) (10% cm™3) (°C) (°C) n (ms) Traa (MS) (1077 cm?)
R 7 4 100 900 1.52 3.5 9 1
HD 13 ~10 500 600 1.56 2 12 0.5-0.6
MD 9 3.5 500 900 1.54 6.5 10 1
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FIG. 8. Comparison of the variations of Er PL at 1.54 um against the
excitation photon flux for the two best samples of the two series: the heavily
doped (~10* Er/cm?®) sample annealed at 600 °C and the moderately
doped (3.5 10%° Er/cm®) layer annealed at 900 °C. Both samples were
originally grown at 500 °C.

reported in Table I, for both HD and MD samples in Eq. (1),
one can estimate Ng,. for our MD layer to about 7.8
X 10" em™3, ie., 21%-22% of the total Er content (3.5
X 10?° cm™). This fraction is almost double that of the
heavily doped samples. It is also more than one order of
magnitude higher than that of the earlier-described reference
sample R

F. Concentration-related effects

The effects related to the concentration of Er ions and/or
excess Si deserve to be identified. Some induce de-excitation
processes that govern the emission lifetime 74, and may ex-
plain the reduced values of 7y, in the heavily Er-doped
samples. They are, however, much more limited for the mod-
erately Er-doped layers that show high 7,... This is likely to
be due to the reasonable amounts of both Er content (three
times lower) and Si excess, which should induce much fewer
defects than their counterparts for the HD samples. The other
aspect of the concentration effects is related to the optimal 7,
corresponding to maximum /p; . For example, the optimal 7,
for the high Er concentration which was found lower than
that for the moderate Er content [500-700 versus
800-900 °C, see Figs. 4(a) and 6(a)] might be mainly ex-
plained by the diffusion and segregation of Er occurring at
lower temperatures for higher Er contents. This leads to the
decrease in the Er PL intensity Ip;, at 7,>600 °C, instead of
T,>900 °C for the moderate Er doping, as evidenced in Fig.
9. Similar observations of T, variation with the Er content
have been reported and similarly explained in Ref. 29. The
difference of Si excess in our two samples has not apparently
produced a significant influence on the optimal annealing
temperature, which is the same (around 600 °C) for all
heavily Er-doped samples. While the Si excess changes by
tens of percent, the concentration of Er varies by a factor of
about 3 and thus should have a prominent impact on the
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FIG. 9. Evolution of the 1.54 um PL as a function of the annealing tem-
perature for the two concentrations of Er content and for the two optimum
values of Si excess.

optimal annealing temperature and the decay time, which
decreases from an average value of 6.5 ms to about 1.5 ms
when the Er concentration is increased.

IV. CONCLUSION

In summary, this work provides a significant contribu-
tion to the optimization of coupling of Er ions and Si-based
sensitizers. The influences of Si excess and annealing tem-
perature 7, on the optical properties of Er-doped SRSO films
were examined for two concentrations of Er: high
(~10%' cm™) and moderate (3.5 % 10?° cm™). It was found
that the samples as grown at 400—600 °C emit a notable Er
PL under nonresonant excitation (476 nm), suggesting an in-
direct excitation of Er ions via small Si-based sensitizers
formed during growth. An annealing at 7, as low as 600 °C
was found to improve both Er PL and lifetime, without in-
ducing structural changes—as evidenced by a comparison of
FTIR spectra. This suggests the increasing formation of
atomic scale sensitizers. For the heavily Er-doped samples
(~10* ¢cm™), the optimum annealing temperature was
found to be lower (600 °C) than that prevailing for the mod-
erate Er doping (900 °C). Such an optimum annealing ap-
pears to be mainly governed by the concentration of Er,
which varies by a factor of 3—much more so than by the
corresponding 35% variation of Si excess in the best two
samples of the two series. A higher Er content induces a
lower temperature diffusion and segregation of Er, leading to
the observed downward shift of the optimal annealing tem-
perature. Moreover, the increasing Er—Er interaction gener-
ated by the three times increase in the Er concentration is
apparently responsible for the appearance of nonradiative ex-
citation processes that reduce drastically the decay time from
an average of about 6.5 ms to about 1.5 ms.

The fraction of Er ions coupled to the Si-based sensitiz-
ers has been roughly estimated for the two best samples of
the two Er concentration series. It was found that about 11%
of the total Er content is coupled for the heavily Er-doped
sample, and nearly 22% of the 3.5 X 10?° Er/cm? is coupled
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for the moderately doped samples. Such a high fraction has
not been observed before and might correspond to a higher
percentage with respect to the optically active Er ions. Fur-
ther optimization is still needed to ensure a population inver-
sion and then an optical gain.
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Optical properties of directly excited erbium (Er**) ions have been studied in silicon rich silicon
oxide materials codoped with Er**. The spectral dependence of the direct excitation cross section
(og,) of the Er** atomic *I,s5,,— *I;;,, transition (around 0.98 um) has been measured by time
resolved u-photoluminescence measurements. We have determined that oy, is 9.0* 1.5
X 1072 ¢cm? at 983 nm, at least twice larger than the value determined on a stoichiometric SiO,
matrix. This result, in combination with a measurement of the population of excited Er’* as a
function of the pumping flux, has allowed quantifying accurately the amount of optically active
Er**. This concentration is, in the best of the cases, 26% of the total Er population measured by
secondary ion mass spectrometry, which means that only this percentage could provide optical gain
in an eventual optical amplifier based on this material. © 2009 American Institute of Physics.

[doi:10.1063/1.3253753]

I. INTRODUCTION

Er doped materials have been subject of an extensive
research on the last decades, principally since they are used
as the active media for fiber optical amplifiers and lasers
operating at 1.55 wm in long-haul communications technol-
ogy. In planar optical amplifiers or lasers integrated in pho-
tonic circuits, where small overall sizes are required, the
presence of Er** sensitizers allows achieving high degrees of
population inversion for low pumping fluxes even if reason-
ably high Er** concentrations are present.1 During the last
years, Si nanoclusters (Si-nc) embedded in a SiO, matrix
have become one of the most promising Er’* sensitizers. In
fact, the presence of Si-nc significantly enhances and broad-
ens in energy the effective excitation cross section (o.g) of
the Er’* ions as a result of an efficient energy transfer
mechanism.”” The restrictive conditions to be fulfilled for a
pumping source could be thus relaxed, and either electrical®
or low-power broadband light sources’ would be possible. In
addition, this composite material is fabricated using standard
silicon complementary metal-oxide semiconductor pro-
cesses. Great efforts have been dedicated by a broad scien-
tific community during the last years toward understanding
the physics of the system and overcoming the small percent-
ages of the total Er population that can take advantage of the
indirect excitation mechanism.®™ However, the complete un-
derstanding of the indirect excitation mechanism is still un-
der debate. Recently, even the role of the Si-nc in the indirect
transfer has been questionedlo and it has been postulated that
luminescent centers could play the main sensitization role
instead of the Si-nc. In any case, although it seems clear that
the low percentages are mainly related with the short range
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0021-8979/2009/106(9)/093107/5/$25.00

106, 093107-1

interaction distance of the energy transfer process and could
be progressively improved,11 it has been additionally pro-
posed that up to several tens percent of the remaining Er
content could not be even optically active,*'? i.e., not able to
emit light even if pumped directly. In samples with a signifi-
cant Er** coupled content, the inactive population starts to be
a pressing issue to address a further optimization of the ma-
terial. Hence, it turns essential to study the optical properties
of the optically active Er** content and quantify accurately
its concentration (Ng,), which is proportional to the maxi-
mum potential internal gain that the material would provide.
The coupled Er** content should be thus compared to Ng,
and not to the total content.

In this work we have assessed N, in samples with high
coupled Er** content by performing quantitative measure-
ments of the Er** population found in the *I,5, state (N,) as
a function of the photon flux (®) when pumping the ions at
0.98 um (resonant to the direct *I;5,— %I, transition).
Such a pumping wavelength only allows direct excitation of
Er’* ions, since exciton formation within the Si-nc is very
improbable. This is a key point of the present work because
it both prevents indirect excitation and ensures no energetic
exchange from directly excited Er** to the Si-nc. In fact,
when pumping resonantly with Er’* transitions at wave-
lengths in the UV-visible region, excitons are created within
the Si-nc. Under these pumping conditions, it has been pos-
tulated the possibility that excited ions relax nonradiatively
by transferring the energy to the confined carriers, producing
an allowed carrier excitation among intraband levels.” This
effect would not distinguish if the excitation has been done
by direct or indirect excitation and would reduce the excited
state population with respect to a case where no excitons are
present.

© 2009 American Institute of Physics
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The saturation value of N, gives the total erbium content
that can actually be inverted, i.e., Ng,, among the total one,

_ 0giiNg P
2= )
Udir(I) + l/’Td

(1)

where 7, is the total decay lifetime of the transition and oy;,
is the direct excitation cross section at 0.98 um. It is worth
to note that if the pumping flux is low enough to neglect the
product o4, ® with respect to the inverse of 7, a linear ap-
proximation with ® of Eq. (1) is valid (N, = 04;,7;NgP). In
any case, in order to apply Eq. (1) accurately, the exact val-
ues of 7; and oy, should be determined independently for
each sample under study. However, the direct quantification
of oy, for these purposes is generally skipped and its value is
assumed to be that of Er in a stoichiometric SiO, matrix,
giving rise to an important uncertainty in the N, extracted
values.'*!® The main reason for the lack of oy, values in the
UV-visible region is the mentioned enhancement of o,
which, in addition, is a magnitude that depends on the dis-
tance of the particular ion with respect to the Si-nc surface.®
In the spectral region of the *I;s,,— *I;3, *I1 \» transitions,
the accurate determination of ay;, is also not straightforward.
In fact, with the absorption techniques used in Refs. 13 and
14, it is only possible to extract the optical losses of the
material that are given by the product g, N2, where N is
the Er** content able to absorb light. N2 is an unknown
quantity that could be lower than the total content and
greater than Ng,. In this work we present a different approach
based on time resolved u-photoluminescence (u-PL) mea-
surements that has allowed the first direct assessment of the
spectral dependence of oy, around 0.98 um for this mate-
rial.

Il. EXPERIMENTAL DETAILS

Two layers have been fabricated with the magnetron
sputtering technique. Sample A was grown at 500 °C under
argon pressure by the cosputtering of three targets (SiO,,
Er,O5, and Si)," while sample B was deposited at 100 °C
under argon-hydrogen mixture by the cosputtering of pure
Si0, and Er,04 targets.16 These samples are the result of an
optimization process until achieving maximum PL signal and
total lifetime under 476 nm excitation, which is not resonant
with an Er** direct transition. The compositions of the
samples were measured x-ray photoelectron spectroscopy
and secondary ions mass spectroscopy: 8.5 at. % of Si ex-
cess and 3.6 X 10%° Er/cm™ for sample A and 5 at. % of Si
excess and 3.4X 102 Er/cm™ for sample B.'® Both layers
were annealed at 910 °C during 60 min in pure nitrogen
flow and have a refractive index of about 1.51 at 1.55 wum,
while the thicknesses were 1.36 and 1.22 um for samples A
and B, respectively. In particular, in sample B it was deter-
mined an absolute Er** concentration efficiently coupled to
the Si-nc of 3.6X 10 cm™, ie., 11% of the total Er
content."” A soda-lime 1.3 mm thick sample supplied by
Corning, doped with Er to a density of 0.7 X 10%° at/cm?,
was used as a reference.

Quantitative continuous wave PL experiments were per-
formed by pumping with a 975 nm semiconductor laser

J. Appl. Phys. 106, 093107 (2009)

(~0.2 W maximum power) focused with a 15 cm focal
length lens onto a surface of 5X 10 cm? over the samples,
which allowed achieving pumping photon fluxes (®) as high
as 102! ph/cm?s. Since the depth of focus of the lens is
much longer than the studied samples thicknesses, the pump
spot surface can be assumed as constant along them. The PL
emission was analyzed with a monochromator and detected
with an InGaAs photomultiplier tube. The quantification of
N, was accomplished by calibrating our detection system
with the reference sample, in which the Er’* concentration is
fully active and whose cross sections and radiative and total
lifetimes are known. The theoretical photon flux emitted
(P, by this sample at a certain pumping photon flux is
calculated and used to calibrate the detection system. After
this calibration procedure, the emitted flux from any sample
can be directly calculated from a PL measurement.
N, can be related with @, in the following way:

q)emTrad
N 2= % > (2)
where V is the pumped volume. The radiative lifetime (7,,4)
was estimated to be 16 ms in the studied samples taking into
account the change in the refractive index with respect to the
pure SiO, case (7,,g=18 ms) in accordance with Ref. 18.

For determining oy, we have done time resolved u-PL
measurements, where the pump laser has been modulated
externally. The rise and decay lifetimes (7,, 7;) of the
1.55 um PL signal were determined as a function of ® in a
high ® regime (®>10%? ph/cm?s). For a quasitwo level
system under these experimental conditions it is possible to
demonstrate that®

l_l=o'dirq)- (3)

T Td
It is worth noting that, since the expected cross section is
very low (~1072! cm?) very high fluxes are required to ob-
serve non-negligible differences between the rise and decay
lifetimes.

The setup scheme used for performing these measure-
ments is shown in Fig. 1(c). The laser beam was passed
through a beam splitter while a charge-coupled-device
(CCD) camera was placed on the remaining free optical line.
For achieving the required high & it was focused into a
micrometric spot (3X 1077 cm? area) by a microscope ob-
jective. It is worth noting that the spot surface is more than
three orders of magnitude smaller than in the case of the
standard PL. measurements reported before. The CCD cam-
era allows observing the dimensions of the pumping spot on
the sample when the latter is on the focus of the objective.
Figure 1(b) shows the real image of the laser spot on the top
of a reference structure that is 32 um wide. This setup has
been also used for performing PL measurements at high ®.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 1(a) we show the actual time-resolved (TR)-PL
measurement. The 1.55 um PL signal temporal behavior of
sample A when the pump is switched on (rise) and off (de-
cay) is presented. The rise PL signals have been measured
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FIG. 1. (Color online) (a) Experimental PL rise for high (squares) and low
(circles) @ inverted and normalized for clarity, and PL decay (triangles). The
dashed lines are the single exponential fits of the experimental data. (b)
Analysis of the spatial energy distribution of the pumping spot on the sur-
face of a 32 um waveguide. (c) Scheme of the experimental setup built for
the u-PL time resolved experiments.

for minimum (circles) and maximum (squares) photon flux.
The lifetime of the rising signal noticeably increases by low-
ering ®@, converging to the PL decay lifetime (triangles) at
low ®. All the set of decaying and rising signals fit very well
to a single exponential law (dashed-dotted lines), thus allow-
ing the determination of 7, and 7,;. The decay lifetimes were
determined to be 4.2 ms for sample A and 4.8 ms for sample
B independently of .

In the inset of Fig. 2 we represent the left part of Eq. (3)
as a function of @ for both samples. The slope of the linear
fit, which has been forced to pass by zero, gives
04:(975 nm)=3.1+0.5X 1072 cm?, which is roughly the
same for the two samples under study.

The PL signal corresponding to the *I;,,— *I,5/, transi-
tion observed in those samples (Fig. 2, dashed curve) is, in a
first approximation, proportional to the emission cross sec-
tion o,,. Thus, it is possible to relate the latter with a;, by
using McCumber theory,19 which results in

10 12
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FIG. 2. (Color online) PL emission (dashed line) corresponding to the
12— 15> transition. It has been obtained by pumping at low @ at 488
nm. The solid curve shows the extracted spectrum for the excitation cross
section of the *I;s;,— *I,,, transition. The dashed-dotted gray curve shows
the spectrum of the pump laser used in the present study. (Inset panel)
Difference of the inverses of the rise and decay lifetimes as a function of @
for samples A (gray circles) and B (black triangles). The dashed curve cor-
responds to the fit using Eq. (2).
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FIG. 3. N, as a function of ® (in log-log scale) for samples A (gray circles)
and B (black triangles) together with their respective fits using Eq. (1). The
different achievable concentration levels are also represented as horizontal
lines. The inset represents the low ® set of data for sample B in a linear
scale together with a linear fit using the low flux approximation of Eq. (1).

() = oem(x)exp{ (- m,,»} , )

where \,, is defined as the wavelength of the transition be-
tween the lowest levels of the two manifolds involved. We
have applied Eq. (4) to the PL spectrum to extract the spec-
tral shape of oy, and then normalized the resulting curve by
using the measured value at 975 nm in order to have the
actual values. The result is the spectral dependence of the
oy, for the *I;5,— *1,,,, transition (Fig. 2, solid curve, left
axis).

At the maximum of the transition the extracted oy;, is
9.0+ 1.5X1072" cm?, whereas the values found in the litera-
ture for Er’* doped silicate glasses without Si excess are all
about 2—5% 1072! ¢m? at the peak wavelength.”’ The ob-
served twofold enhancement in the material under study is
associated to differences in the effective crystal field poten-
tial at the ion site,zo since the refractive index difference with
respect to the silicate cases is too small (less than 3%) to
have a significant effect. This small enhancement is quite
consistent with the one recently reported for the *I;s,
—*13 transition,'>'* although the determination of those
values have the limitations described previously.

In Fig. 3 we show the quantitative determination of N,
for both samples as a function of ®. Two ranges of ® are
reported: low ®(10°—10%' ph/cm?s) obtained with the
standard PL setup (calibrated as described previously) and
high ®(10*2-10%* ph/cm? s) obtained with the u-PL setup.
Since the linear approximation of Eq. (1) is valid in the low
® range and 7,; and o, are already known, it is possible to
extract Ng, from the slope of the linear fit. This is reported in
the inset of Fig. 3 for the case of sample B and the extracted
value is Np,=0.64 X 10%° cm™, which is only 19% of the
total Er’* content present in this sample (3.4 X 10 cm™).

The PL data obtained at high ® showed for both samples
a sublinear behavior, which indicates that the linear approxi-
mation made for low fluxes is no longer valid and the satu-
ration of N, is starting to be achieved. In order to extract the
quantitative data of NV, at high ® it is not possible to use the
reference sample for calibrating the w-PL setup since the
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depth of focus of the objective (tens of micrometers) is sig-
nificantly smaller than the reference sample thickness (1.3
mm). This makes @ vary significantly along this sample as
the beam spot changes its surface so that the determination
of ®,,,, requires the resolution of a complex integral. This is
not an issue on samples A and B since the thickness of the
active layer is small enough with respect to the depth of
focus, so ® (and, thus, N,) can be considered constant.

Therefore, in order to determine the total flux emitted by
a sample (and thus extract N, from the high ® PL signals
taken) we have used the N, data taken at low @ for sample B
and then normalized the high @ data by a factor that opti-
mizes the fitting using Eq. (1) (after introducing the mea-
sured values of 7, and oy;,). This procedure has allowed us to
extract a value of Ng=0.64X10* cm™ for sample B,
which is the very same value obtained by using only the
points at low ®, demonstrating the reliability of the followed
procedure for calibrating the w-PL setup.

The high flux N, data of sample A have been represented
together with the low flux data and fitted afterwards using
Eq. (1). A further demonstration of the accurate calibration of
the u-PL setup is that the fitted curve reproduces quite well
both set of data obtained with different setups.

Although it has already been stated that oy;, and the total
Er** content are roughly the same for both samples, N, is
visibly higher for sample A. Indeed, for sample A we have
obtained Ng,=0.97 X 10 cm™ (26% of the total Er** con-
tent, i.e., 3.6 X 10 cm™), slightly greater than what is ob-
tained for sample B. These values are compatible with those
reported for example in Ref. 6, although in that case the data
were extracted by pumping in the visible and assuming a
direct cross section equal to that of Er’* in stoichiometric
Si0,.

With the determined values for N, the potential gain in
an amplifier will be reduced by at least a factor of 3 with
respect to what would be given by the total Er’* content. For
sample B, this quantity can be compared with the indirectly
excitable concentration that is able to emit light, revealing
that about 53% of the optically active content (11% of the
total content) is coupled to the Si-nc and thus invertible by
indirect excitation. This means that in principle it is possible
to invert the population of optically active Er’** by exploiting
the indirect excitation of Si-nc.

If the remaining erbium content that is not emitting light
is either (i) totally inactive or (ii) unable to efficiently emit
light (although being able to absorb it) remains an open issue
out of the scope of this paper. Further spectral quantitative
measurements of the direct absorption coefficient would be
required for determining the Er** concentration able to ab-
sorb light, which is not possible to be extracted from PL
measurements. In our opinion hypothesis (ii) is more reason-
able since various possible configurations of Er** within the
matrix could efficiently quench the radiative recombination
paths. At this stage, we can only speculate that, since experi-
mentally the PL single exponential decays are independent
on ® with a quite long lifetime the emitting Er** population
does not suffer from strong cooperative up-conversion
mechanisms (otherwise the PL lifetime would be reduced as
a function of @ as the initial value of N, becomes higher).17
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Therefore, the hypothesis (ii) would imply the existence of
two completely different kinds of Er** ions populations: one
able to recombine radiatively with roughly the same prob-
ability and another surrounded by quenching centers where
the radiative recombination probability is negligible with re-
spect to the nonradiative one. A compatible scenario with the
previous statement would be that the nonemitting Er** popu-
lation is placed within the Si-nc or that it suffers from local
concentration quenching effects (in a way that the excitation
can migrate from one ion to another until it encounters a
quenching center where a local phonon or deformation can
deactivate the excitation). Indeed, it has already been re-
ported in bulk glass that the local structure of the material
can vary, such that clusters of ions can form in one region
whereas another region might have isolated ions.?'#
lar observation has been reported for ion implanted Si rich
Si0, codoped with Er*, which could contribute to the low
percentages of indirectly excitable Er** content reported.23 It
is possible that further annealing would improve the opti-
cally active Er** content as reported for example in Ref. 24
in Er** doped stoichiometric SiO, samples. However, fol-
lowing this procedure, we have observed a decreasing in the
Er’* content that can be excited indirectly.25

IV. CONCLUSIONS

In conclusion, we have made a novel study on the opti-
cal properties of the directly excited Er** ions in an Er**
doped SiO, sensitized by Si nanoclusters material, quantify-
ing both the spectral dependence of the direct excitation
cross section of the *I;5,— %I,/ transition and the optically
active Er** concentration. We have observed a twofold en-
hancement of the direct cross section with respect to the
values reported in the literature for silicate glasses. On the
other hand, it has been demonstrated that, in the best of the
studied samples, 26% of the total Er’* concentration is able
to emit light at 1.55 um when directly excited, result that
may impact in the potential performances of this material for
amplification purposes.
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This study investigates the influence of the deposition temperature 74 on the Si-mediated excitation
of Er ions within silicon-rich silicon oxide layers obtained by magnetron cosputtering. For Ty
exceeding 200 °C, an efficient indirect excitation of Er ions is observed for all as-deposited
samples. The photoluminescence intensity improves gradually up to a maximum at 73=600 °C
before decreasing for higher 7 values. The effects of this “growth-induced annealing” are compared
to those resulting from the same thermal budget used for the “classical” approach of postdeposition
annealing performed after a room temperature deposition. It is demonstrated that the former
approach is highly beneficial, not only in terms of saving time but also in the fourfold enhancement

of the FEr photoluminescence
[doi:10.1063/1.3481375]

I. INTRODUCTION

Silicon-rich silicon oxide matrix doped with Er** ions
(SRSO:Er) is now a well-known material investigated for
Si-based photonics.1 This system can take advantage of the
energy transfer from Si-nanoclusters (Si-nc) to erbium ions
and then benefits from the high absorption cross section of
Si-nc, which is nearly three orders of magnitude higher than
the direct excitation cross section of Er ions.”® Such a mate-
rial should, therefore, allow the fabrication of low-cost and
silicon-compatible photonic devices (LEDs, planar optical
amplifiers, laser, etc.). To achieve an amplifying medium, the
coupling between Si-nc and Er ions must ensure the popula-
tion inversion, and this requires in turn a careful optimization
of the material. The fabrication process appears, therefore, as
a crucial step regarding the distance-dependent interactions
between the Er’* ions and the Si-based sensitizers.*® It is
then essential to nanoengineer the density and distribution of
both Er** ions and Si-based sensitizers within the silica ma-
trix. In this regard, several groups have analyzed the influ-
ence of different annealing treatments on the optical perfor-
mance of SRSO:Er 1ayers9_13 usually deposited at room
temperature (RT) before being subsequently annealed at dif-
ferent temperatures. Such a process allowed the formation of
Si-nc sensitizers and then the observation of Er photolumi-
nescence (PL) under nonresonant optical excitation. How-
ever, our group has recently observed an Er-PL under these
indirect excitation conditions on the as-deposited samples at
about 500 °C."*'* The Er emission was improved after an-
nealing at about 500—600 °C, and this aspect was also con-
firmed by another team on similarly sputtered layers.15 We
have assigned such an observation to the formation of Si-
based sensitizers during the deposition process that are ex-
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pected to be very small and dense, ensuring a noticeable
coupling with the Er ions. Nevertheless, a careful and sys-
tematic examination of the influence of the deposition tem-
perature (T;) on SRSO:Er thin films is still lacking. In the
present study, we demonstrate that the deposition tempera-
ture governs, on the one hand, the formation of Si-sensitizers
in the as-deposited layers, and influences, on the other hand,
the composition and density of sensitized Er ions. The rel-
evance of such a “growth-induced annealing” is further evi-
denced through a comparison with a standard postdeposition
annealing bringing into operation the same thermal budget.

Il. EXPERIMENTAL DETAILS

Series of SRSO:Er samples were deposited onto a
p-type, 250-um-thick silicon wafer, thanks to the magnetron
cosputtering of three confocal cathodes (SiO,, Si, and Er,05)
under a plasma of pure Argon at a pressure of 2 mTorr. The
deposition temperature (7;) was varied from RT to 700 °C,
being the maximal temperature that can be applied. The du-
ration of all depositions were set to two hours. The power
densities applied on the three confocals targets Pgq
~8.88 W/cm®, Pg=1.63 W/cm®, Pg o =044 W/cm
were kept constant for all depositions. \

The Er content was measured by time-of-flight second-
ary ion mass spectroscopy (TOF-SIMS) measurements. This
TOF-SIMS technique was calibrated by a reference SRSO:Er
sample in which the Er concentration was accurately mea-
sured by Rutherford backscattering. surfaces of deposited
layers were analyzed by atomic force microscope (AFM)
provided by Digital Instruments (Nanoscope), operating in
tapping mode at RT. The Si excess was estimated by a Fou-
rier transform infrared (FTIR) spectroscopy approach de-
tailed elsewhere.'* The refractive index and the thickness
were measured using spectroscopic ellipsometry (SE).

© 2010 American Institute of Physics
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FIG. 1. (Color online) rms roughness measured by AFM and layer thickness
measured by SE as a function of deposition temperature 7. Two typical
AFM micrographs (scan area: 1 um?) are also shown for the depositions at
RT and at 600 °C.

Visible and IR PL spectra were obtained using the 476
nm excitation wavelength from an Ar* laser which is a non-
resonant wavelength for the erbium ion. The spot size of the
laser beam was measured by a “moving knife-edge” method
and was found to be around 1 mm at 1/e* of the maximum
intensity. A 1 m single grating monochromator (Jobin Yvon)
and a liquid-nitrogen-cooled germanium detector (North-
coast) were used to collect the Er-PL while the visible spec-
tra were collected with a photomultiplier tube. These mea-
surements were made by using the standard lock-in
techniques (SP830 DPS) referenced with a chopping fre-
quency of 9 Hz. Time-resolved measurements were obtained
by the 435 nm excitation wavelength of a pulsed Optical
Parametric Oscillator (OPO). The pulse duration was ~5 ns
and the spot size 0.8 mm at 1/e? of the maximum intensity.
The PL signal of the time-resolved measurements was col-
lected by an InGaAs detector.

lll. RESULTS AND DISCUSSION
A. Structural analyses

The deposition temperature T, is expected to have an
influence on several structural parameters. We have first ana-
lyzed the evolution of the surface quality of the deposited
layers by AFM techniques. Figure 1 shows the variation in
the surface roughness in terms of root mean square (rms) as
a function of T}, as well as two typical AFM images for two
T, values (RT and 600 °C). The roughness (rms) continu-
ously softens from 1.6 to 0.3 nm when 7, increases, with a
steep decrease for T, between 300 and 600 °C.

A similar behavior is observed for the thickness (Fig. 1)
which also decreases with Ty, from about 380 to 240 nm, i.e.,
a reduction in about 35%. The surface roughness is generally
correlated with both mobility and growth rate of the depos-
ited atoms, especially in this specific layer-by-layer deposi-
tion technique. Indeed, the surface roughness reflects some
balance between the deposition rate and the surface mobility
of the sticking elements. For example, a high surface rough-
ness is expected to result, either from a limited surface mo-
bility at a given sputtering rate, or from a high surface mo-
bility at a faster sputtering rate. Besides, a high surface
mobility should lead to a progressive relaxation of the net-
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FIG. 2. (Color online) Infrared absorption spectra normalized for as-
deposited samples, collected at Brewster angle (65°). Inset: relative evolu-
tion of LO,—TO, peaks intensity according to the deposition temperature 7.

work through lower distortion of the atomic bond angles and
an improved atomic rearrangement, together with better
compactness. Thus, the decrease in both thickness and
roughness can be explained by the increasing surface mobil-
ity of the deposited elements when T is increased. This lat-
ter statement would be further confirmed by a concomitant
decrease in the atomic disorder within the film material. We
have collected the FTIR spectra on the various films, in order
to examine the evolution of the so-called LO4,—TO, doublet
that is known to be indicative of the disorder within the SiO,
matrix.'®

Figure 2 compares the corresponding FTIR spectra ob-
tained at the Brewster incidence angle (65°) after being nor-
malized on the LO; peak. One can observe that the intensity
and structure of LO,—TO, doublet are slightly affected when
T, increases from RT to 400 °C. However, a gradual and
significant decrease in the intensity is observed for Ty
>400 °C, hence allowing an increasingly better separation
between the LO; and TO; peaks. This decrease demonstrates
that a strong reduction in the disorder occurs within the SiO,
matrix when T4 increases up to 700 °C. Such a phenomenon
confirms the above-mentioned increasing mobility of the de-
posited elements. This leads, therefore, to the following
straightforward conclusion: the higher is the deposition tem-
perature, the better is the atomic arrangement within the ma-
trix.

An optimum reduction in the disorder should result in an
improvement of the compactness, together with a more re-
laxed network. However, such suggestions explain only
partly the decrease in the thickness of the deposited films.
Indeed, the expected improvement of the compactness, com-
bined to the reduction in the structural disorder, is not suffi-
cient to explain the 35% decrease in the thickness. A signifi-
cant part of this thickness lowering may be due to a
temperature-dependent sticking/desorption rate of the sput-
tered elements, already demonstrated for elemental oxygen
on Si substrate,'’ and/or the creation of volatiles species.
Thus, the composition of the thin film may change according
to the deposition temperature. The concentrations of the de-
posited elements and especially those of the silicon excess
and Er ions are important parameters that must be deter-
mined.
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FIG. 3. (Color online) Evolution of the wave number of SiO,: Er references
and SRSO:Er samples for each deposition temperature.

The silicon excess is defined here as the percentage of
elemental silicon present inside the sample in addition to the
proportion of Si in stoichiometric SiO,. For the as-deposited
SRSO:Er thin films, the estimate of the Si excess is not
straightforward, considering that the transmission electronic
microscopy (TEM) observations are unable to detect either
the formation of Si-nc or their evolution with 7. This is due
to the lack of contrast between the amorphous Si-nc and the
silica matrix, as stated by previous studies.”'® Moreover, the
smallness of Si-nc in our as-deposited films makes difficult
their observation by energy filtered TEM approach.18 Never-
theless, a rough estimate of the Si excess content is possible
from the analysis of the TOs-peak energy shift evolution in
the FTIR spectra of our SRSO:Er film, as described
elsewhere'” and adopted in our previous work."* However,
the above-described atomic disorder induces some shift in
the TO; peak that can be misinterpreted as being due to some
Si excess. To overcome this issue, a reference SiO, sample
doped with Er was deposited for each T4 value. Such a ref-
erence sample is considered as free from silicon excess and
its TO; peak is compared to that of the SRSO:Er sample
deposited at the same T, (see Fig. 3).

It can be seen in Fig. 3 that for both SRSO:Er sample
and SiO,:Er reference, the TO; peak position decreases
when T, changes from RT to 300 °C (200 °C for the refer-
ence), then increases for higher values of T,. The evolution
of the TO; peak for the SiO,:Er reference is considered as
reflecting an evolution of the atomic arrangement rather than
any Si excess. On the basis of these considerations, the Si
excess in the SRSO layer has been estimated from the fol-
lowing linear relation:
reé}SiOz_ UiléiO:Er

o i,
where v{%fio? and v%%iO:Er are, respectively, the TO; peak
wavenumbers of SiO,:Er and SRSO:Er, while vy, is the
TO; peak wavenumber of Si taken constant for all T,
(960 cm™).

This approach allowed us to subtract the “background
disorder” of the sputtered SiO,:Er and hence determine the
corresponding Si excess for SRSO:Er. To note that the FTIR

X 100, (1)

90Sicxcess =
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FIG. 4. (Color online) (a) Ellipsometry measurements of the refractive in-
dex at 633 nm and Si excess as estimated by FTIR techniques and the
formula (1) in function of Ty (the curves are just a guide for the eyes). (b)
SIMS measurements of the erbium concentration according to the deposition
temperature.

approach underestimates the amount of Si excess because the
Si—Si links within the Si-nc formed during the growth are not
detected and then not taken into account. Nevertheless, re-
gardless of the absolute value of Si excess, their evolution is
considered as reliably described by the FTIR-related esti-
mate, as attested by an earlier comparison with our X-ray
Photoelectron Spectroscopy (XPS) analyses done on similar
samples..20

Figure 4(a) displays the evolution of the Si excess, as
estimated from Eq. (1), in function of Ty. A first increase in
Si excess is observed when T is raised from RT to 300 °C,
which indicates that the deposition of Si is favored by the
rise of 74 up to 300 °C. This increase is followed by a “sym-
metric” decrease for higher T, values. This behavior of Si
excess is consistent with a similar evolution of the refractive
index, n, as determined by SE measurements. To note that n
of the SiO,: Er references remains almost constant for all T4
at about 1.46 (not shown), i.e., very close to that of stoichi-
ometric SiO, (1.45). This corroborates the assignment of the
evolution of n for SRSO:Er samples to that of the Si excess.
In particular, the decrease in n for 7;>300 °C, concomitant
to a decrease in Si excess as estimated by FTIR, reflects an
effective lowering of the Si excess. Thus, the estimated de-
crease in Si excess is not only due to an increasing underes-
timate originated from further and further formation of Si-nc.
In this regards, the Si excess lowering can be provoked by
some increasing interactions/reactions between the deposited
species, inducing the formation of volatile elements such as
SiO for T4=300 °C, as supported by earlier studies.' ™
Such processes are temperature-dependent, and 7 can have
also some influence on the concentration N, of incorporated
Er. Indeed, Ng, was found to decrease gradually from 3.7
X 10% atom cm™ to 6.1 X 10" atomcm™ when T, in-
creases from RT to 700 °C [see Fig. 4(b)]. The origin of this
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FIG. 5. (Color online) PL spectra (normalized to the thickness) at a flux of
5X 10" photons cm?/s of both Si-nc (range 600-900 nm) and of Er** ions
(range 1400-1700 nm) for all deposition temperatures. Inset: Si-nc PL in-
tensities compared to the Er-PL intensities according to the deposition tem-
perature (both normalized to unity).

gradual decrease is difficult to identify but might be corre-
lated with the increasing reactive character of the sticking
mechanism of the sputtered elements when T is increased.

B. PL properties

Figure 5 shows the evolution of the PL spectra recorded
on all samples along two main wavelength ranges: the Si-PL
feature from 600 to 900 nm range and the Er-PL contribution
around 1540 nm. This latter corresponds to the *I;3,
=4 152 Er’* transition. The visible emission that peaks at
750 nm for T4=200 °C gradually shifts toward 720 nm
when T} is increased to 600—700 °C. This visible emission
is assigned to quantum confinement within Si-nc (Ref. 24)
that do not transfer their energy to Er** ions.** The slight
shift to higher energies, in spite of 7, increase, reflects some
lowering in the average size of Si-nc which is quite compat-
ible with the above-commented decrease in Si excess. It is
also worth noting that this visible emission was similarly
observed and attributed to Si-nc by Savchyn et al.’***" for
their samples annealed at 1000 °C during only 100 s. On the
contrary, no contribution is detected in our samples of the
so-called luminescent centers (LCs) emitting at around 500
nm.’

The presence of a significant Er-PL in our as-deposited
samples (for T3=200 °C) excited with a nonresonant wave-
length reveals the occurrence of an efficient energy transfer
from Si-nc to Er**. When T, is raised from 200 to 600 °C,
the Er-PL shows a systematic increase at the expense of the
Si-nc-PL, hence indicating an increase in sensitized Er ions
(see inset of Fig. 2) through Si-nc sensitizers. The sample
deposited at RT is suspected to be free from Si-sensitizers,
since no Er-PL is detected. Such sensitizers start apparently
to form when T, reaches and exceeds 200 °C. It is worth
noting that the Er-PL intensity increases by a factor of almost
5, in spite of the N, lowering, when T} is increased from
200 to 600 °C, before showing an abrupt decrease for Ty
=700 °C [Fig. 4(b)]. The increase in T4 improves also the
quality of the matrix, as demonstrated by the systematic in-
crease in the Er emission lifetime, for the longer time decay,
from ~1 ms at 200 °C to 2.5 ms at 700 °C, (Fig. 6) which
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FIG. 6. Behavior of the lifetime values of Er** at 1.53 wm according to the
deposited temperature detectable at the lower excitation photon flux. Inset: a
typical PL decay trace of SRSO:Er collected for sample deposited at
600 °C. Note the PL decay dynamics is biexponential as described in Ref.
28.

is almost one order of magnitude higher than the lifetime
reported for similar layers containing LCs.”?¢

The increase in the Er-PL intensity with Ty may origi-
nate from the formation of small Si-sensitizers, as already
mentioned, and also from the improvement of the environ-
ment of Er’* ions which is expected to increase the number
of optically active Er’* ions. Indeed, under the resonant
wavelength of 980 nm corresponding to a resonant direct
excitation of Er (i.e., without the Si-nc relays) from the
ground state 4115/2 to the second excited level 4111/2, the
Er-PL increases systematically up to T;=600 °C (see Fig. 7),
reflecting a concomitant enhancement of the number of the
optically active ions. On the other hand, the sudden abrupt
decrease in the Er PL at 700 °C for both nonresonant 476
nm and resonant 980 nm excitation lines, suggests some ag-
glomeration of the Er ions at this deposition temperature
(700 °C), which reduces the number of optically active Er
ions,” and consequently the PL intensity.

The deposition temperature thus governs three different
phenomena occurring during the growth process: (i) the for-
mation and growth of Si-based sensitizers, (ii) the variation
in both Si excess and Er content, and (iii) the improvement

1.6 T T T T T T T T
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—— 980nm excitation
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1 1 1 1
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I
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FIG. 7. (Color online) Comparison of PL intensity of as-deposited samples
recorded at 1.53 wm and obtained after indirect excitation (476 nm) and
direct excitation (980 nm). Note that the results corresponding to the 980 nm
excitation are multiplied by 10%.
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of the quality of the matrix as demonstrated by the decrease
in atomic disorder and the increase in the Er emission life-
time. Those concomitant effects lead to a positive paradox
when the deposition temperature is raised from 200 to
600 °C: the PL of Er’* still increases whereas both the Si
excess and the Er concentration get lower. Indeed, the im-
provement of the Er-PL up to a maximum for 73=600 °C
corresponds to a moderate value of Si excess and almost the
lowest Ng,.. Such an improvement of the PL intensity is,
therefore, arising from the influence of the deposition tem-
perature on the growth mechanisms. This leads to some op-
timum density and distribution of both sensitizers and Er
ions, resulting in better luminescence of Er3* for the used
growth parameters. Two relevant parameters also compete
for this enhancement: the number of optically active Er’*
ions which evolves similarly against T (Fig. 7) and the re-
duction in nonradiative recombination, as attested by the
raise of the lifetime by a factor of ~3 (Fig. 6).

To give further insight on the influence of the growth-
induced annealing, we compare the optical emission of each
as-deposited sample grown at a given T, to that recorded
from its counterpart film deposited at RT and then annealed
for 2 h (i.e., equivalent to the deposition duration) at 7=Tj.
This approach allows one to compare the samples having
been submitted to the same “thermal budget,” either during
deposition or after deposition. The main difference between
the intrinsically heated samples during the deposition process
and those annealed after RT deposition, lies in the composi-
tion evolution: for the former, both N, value and Si excess
are varying with T4, whereas these concentrations remain
constant for the latter. To take into account this aspect and
accurately compare the two kinds of samples, we define the
Er-PL efficiency as the ratio IE{/ Ng,, depending on 7. Fig-
ure 8 compares the Er-PL efficiency according to the tem-
perature of thermal treatment, for both as-deposited and post-
deposition annealed samples. For the as-deposited films, the
Er-PL efficiency increases by a factor of 6—7 when T} raises
from 200 to 600 °C. When compared to their counterparts
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annealed after RT deposition, their Er-PL efficiency is sys-
tematically higher by a factor that reaches a maximum of
about 4 for T4=600 °C (see inset).

This result demonstrates the relevance of layer deposited
at a temperature as high as 600 °C which favors the surface
mobility of the sticking elements that can diffuse with rela-
tively low activation energy. By comparison, the volume dif-
fusion of the elements occurring during the postdeposition
annealing requires higher activation energy and result appar-
ently in the formation of much less Si-based sensitizers and
optically active Er** ions. One can therefore infer that the
growth-induced annealing is not only a “time-saving” ap-
proach but it is also a way to enhance the optical perfor-
mance of SRSO:Er thin films. On the other hand, the matrix
of the as-deposited samples could be further improved by an
additional postdeposition annealing treatment which can be
the object of a specific work beyond the scope of this study.

IV. CONCLUSION

In conclusion, the influence of the deposition tempera-
ture on the optical properties of SRSO:Er thin films was
carefully investigated. The concentration of Er** ions and the
amount of Si excess were found to change with the deposi-
tion temperature. It was also demonstrated that an efficient
energy transfer from Si-nc to Er’* can be obtained for as-
deposited samples at a deposition temperature exceeding
200 °C, without any annealing. When the deposition tem-
perature is further raised to 600 °C, the Er-PL efficiency is
enhanced by a factor of 6-7, compared to 200 °C, originat-
ing from optimum density and distribution of both Si-
sensitizers and optically active Er ions, as well as from the
matrix improvement. The emission lifetime shows a consis-
tent improvement with Ty, up to about 2.5 ms. For compa-
rable thermal budget, the growth-induced annealing at Ty
=600 °C was found to favor the Er-PL efficiency by a factor
of about 4, in comparison with the classical annealing per-
formed on layer deposited at RT.
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Abstract

The microstructure and optical properties of HfSiO films fabricated by RF magnetron sputtering
were studied by means of x-ray diffraction, transmission electron microscopy, spectroscopic
ellipsometry and attenuated total reflection infrared spectroscopy versus annealing treatment. It
was shown that silicon incorporation in the HfO, matrix plays an important role in the structure
stability of the layers. Thus, the increase of the annealing temperature up to 1000 °C did not
lead to the crystallization of the films. The evolution of the chemical composition as well as a
decrease of the density of the films was attributed to the phase separation of HfSiO on HfO, and
SiO; phases in the film. An annealing at 1000—1100 °C results in the formation of the
multilayer Si-rich/Hf-rich structure and was explained by a surface-directed spinodal
decomposition. The formation of the stable tetragonal structure of HfO, phase was shown upon

annealing treatment at 1100 °C.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transition metal oxides and silicates with dielectric constants
higher than that of SiO, have been considered to replace
the silicon dioxide employed in gate dielectric systems of
microelectronic devices [1, 2]. In principle, high-k dielectrics
allow the reduction of the leakage current and demonstrate
good thermal stability, as well as high transparency.

One of the goals for high-k materials is to attain a
sufficiently high-quality interface with the Si channel coupled
with a stability of the amorphous structure of the gate oxide
during deposition. Such a requirement comes from the fact
that grain boundaries act as diffusion paths for dopants or
oxygen towards the film/substrate interface. Thus, it was
observed that post-growth oxidation of pure HfO, layers in
a 180, atmosphere at 490950 °C results in oxygen exchange
without increasing the oxygen content in the films [3]. The
atomic diffusion of oxygen via oxygen lattice exchange was
found to be the predominant diffusion mechanism. When pure
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HfO,; films are amorphous and/or nanocrystalline, the diffusion
of oxygen is minimized and the excess of oxygen atoms is
stabilized as interstitials. The exchange rate increases with
temperature due to crystallization of the films [3].

It is known that the dielectric properties of HfO, depend
significantly on its structure. Amorphous and monoclinic
phases exhibit a dielectric constant of about 16-20, but
cubic and tetragonal phases have higher relative permittivity
(about 28 [4]). From the device application point of
view, these latter phases are preferable to the monoclinic
one. It was demonstrated both theoretically [5-7] and
experimentally [8-10] that the incorporation of cationic
dopants in the HfO, matrix favors the formation and the
stabilization of the tetragonal or cubic phase. At the same time,
the dopants have to be chosen to avoid a significant decrease
of the band gap energy and dielectric constant of the high-k
materials.

The most promising candidate to fulfil these conditions is
silicon. For instance, for HfSiO layers grown by atomic vapor
deposition [3] it was observed that the Si incorporation in HfO,
matrix allows the oxygen diffusion from the environment into
the films to be controlled. This diffusion was minimized due to
the formation of covalent Si—O bonds in comparison with ionic
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Hf-O ones and, depending on the Si content, it was completely
suppressed. Besides, it was shown that the annealing treatment
of such HfSiO films at 490-950 °C results in the formation of
SiO, close to the film surface that significantly decreases the
oxygen diffusion at high temperatures and completely blocks it
at low temperatures [3]. On the other hand, the Si incorporation
minimizes oxygen exchange inside the film and controls the
formation of the SiO, interfacial layer during the deposition
process and post-deposition treatment [3, 11, 12]. Thus, for
HfSiO layers grown by atomic vapor deposition, the formation
of a SiO; interfacial layer was observed at temperatures higher
than 600°C [3], whereas for HfSiO layers grown by RF
magnetron sputtering it started at 900 °C [12].

Taking advantage of this Si incorporation in such a
matrix, let us turn to consideration of multilayer applications
of HfO-based layers. It is known that they can be used
as gate and/or control oxides [2]. Besides, HfO,-based
materials with different embedded nanoparticles can be used
widely for nanomemory applications [13]. However, the
formation of Si nanoparticles usually requires high temperature
annealing [14] that can lead to total crystallization of high-k
oxide. For example, for HfO,/Si-rich SiO,/HfO, structures it
was shown that the formation of Si nanoparticles was achieved
upon annealing at 1100°C for 1 h, when HfO, gate and
control oxides were completely crystallized in the monoclinic
phase [14]. However, for such structures one can expect that
it is possible to use a rapid thermal annealing process to form
Si seeds at high temperature in a short time (less than 1 min),
and then to decrease the annealing temperature down to the
critical temperature value to prevent the crystallization of high-
k material during the formation of Si nanoparticles. The latter
does not require temperatures as high as 1100°C (usually
800-900 °C is sufficient), but longer annealing time (about 15—
30 min) is necessary. In such a case, the gate material has to be
stable during such a treatment.

As we showed earlier [11, 12], hafnium silicate thin
films grown by the RF magnetron sputtering approach are
homogeneous, amorphous and the thickness of the interfacial
SiO, layer between the high-k layer and the Si substrate does
not exceed 1 nm. Moreover, they demonstrate their thermal
stability by conserving the amorphous structure after an
annealing at temperatures as high as 800—1000 °C for 15 min.
Thus, they can be considered as promising candidates for
gate materials, especially when higher temperature annealing
is required for processing of the device, for example for
nanomemory applications.

In addition to the thermal stability of the amorphous phase,
the stability of the chemical composition of the high-k silicates
is also required. This condition comes from the fact that during
the growth process and/or annealing treatment the formation
of high-k and low-k regions can occur [15-17]. Most of the
studies were performed for Zr silicates. The formation of
ZrOs-rich and SiO,-rich regions during the growth process
was observed whereas the films were found to be amorphous.
The alternation of ZrO,-rich layers with SiO,-rich layers in the
normal direction to the film surface was governed by a driving
force that was normal to the film surface. A similar effect was
also found for ZrSiO films upon annealing [16].

A similar phenomenon was observed for HfSiO films
grown by the atomic vapor deposition technique [17, 18]. The
effect of the formation of HfO,-rich and SiO;-rich regions in
HfSiO materials was explained similarly to that observed for
ZrSiO [15, 17]. Unfortunately, no analysis of the crystalline
structure of the films versus annealing treatment was reported.

The evolution of the microstructure and chemical
composition, as well as the optical properties of the HfSiO
materials under annealing treatment is the issue of the present
study. The layers, fabricated by RF magnetron co-sputtering
of a pure HfO, cathode topped by Si chips in a pure argon
plasma, were analyzed by means of x-ray diffraction, infrared
absorption spectroscopy, spectroscopic ellipsometry and high
resolution transmission electron microscopy.

This paper is organized as follows. First, the optical
properties of as-deposited and annealed films will be analyzed.
The refractive index, thickness and density of as-deposited
and annealed films will be extracted from analysis of the
spectroscopic ellipsometry data. Next, the obtained results
will be compared with the chemical composition and structure
of the as-deposited and annealed films. The phase separation
stimulated by annealing treatment will be described and a
mechanism of this phenomenon will be proposed.

2. Experimental procedure

The HfSiO films were deposited on B-doped Si substrates
with a resistivity of 15 € cm and the (100) orientation. To
remove native oxide the substrates were cleaned in a diluted
hydrofluoric solution (10%) and after drying in a nitrogen flow
they were immediately placed into the vacuum preparation
chamber of the deposition setup. The layers were grown by
RF magnetron sputtering of a 4 inch HfO, target (99.9%)
topped with Si chips in a pure argon plasma. The RF power
density, total plasma pressure and substrate temperature were
0.74 W cm™2, 40 pbar and 100 °C, respectively. The Si chips
covered 12% of the total surface of the HfO, target.

To study the effect of annealing treatment on the layer
properties, the samples were annealed under a nitrogen flow
in a conventional furnace at different temperatures, 7n =
800-1100°C, during t5, = 10-30 min.

The combination of non-destructive methods allows
information about microstructural and optical properties of the
films to be obtained. Thus, infrared attenuated total reflectance
(ATR), usually used for thin film investigation, will provide
information about the structure and chemical composition of
the films. ATR-FTIR spectra were measured in the range
600-4000 cm~! by means of a 60° Ge Smart Ark accessory
inserted in a Nicolet Nexus spectrometer. Microstructure
properties were analyzed by an x-ray diffraction method using
a Phillips XPERT HPD Pro device with Cu Ko radiation
(A = 0.1514 nm) at a fixed grazing incidence angle of 0.5°.
An asymmetric grazing geometry was chosen to increase the
volume of material interacting with x-ray beam, as well as to
eliminate the contribution from the Si substrate.

Spectroscopic ellipsometry was used to determine
different parameters of the samples such as optical constants,
thickness and surface roughness. The data were collected
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by means of a Jobin-Yvon ellipsometer (UVISEL) where the
incident light was scanned in the range 1.5-4.5 eV with an
incidence angle of 66.3°. The fitting of the experimental data
was performed using DeltaPsi2 software [19].

The analysis of film structure versus annealing treatment
was completed by TEM observation. Cross-sectional
specimens were prepared by a standard procedure involving
grinding, dimpling and Ar" ion beam thinning until they
were electron transparent. The samples were examined by
conventional (CTEM) and high resolution electron microscopy
(HRTEM) using a FEG 2010 JEOL instrument, operated at
200 kV. Image processing was done with the commercial
Digital micrograph GATAN software.

3. Results and discussion

3.1. Spectroscopic ellipsometry analysis

It is known that spectroscopic ellipsometry is a fast, sensitive
and non-destructive method for thin film characterization. It
requires no special environment and can be easily integrated
into semiconductor processing [20, 21].

The spectra consist of the measured W and A ellipsometric
angles defined from the fundamental equation of ellipsometry

7, /Ty =tan W expiA, (1)

where 7, and 7y are the complex reflection coefficients for the
parallel and perpendicular polarization of light, respectively.
The spectral dependencies of W and A can be fitted with
appropriate modeling approaches to extract the film thickness
and optical constants (refractive index, n, and extinction
coefficient, k) based on the best fit between the experimental
and simulated spectra [20]. Besides the optical dielectric
constant, the surface roughness and film density can also be
obtained [21].

Before describing the model used for extraction of the
different parameters of the layers, let us recall that the HfSiO
layers investigated in the present study were found to be
amorphous and homogeneous, in terms of their structural
properties and chemical composition, by energy filtered TEM
analysis [12]. Moreover, for the as-grown films it was shown
that they had a very thin (no more than 1 nm) interfacial
SiO, layer. This allowed us to consider the as-grown films
as a homogeneous medium and to apply the effective medium
approximation (EMA) [20, 22] to fit the experimental spectra.

Such an approximation supposes that the macroscopic
properties of a medium are based on the properties and the
relative fractions of its components. There are several EMA
models (Bruggeman, Maxwell-Garnet, etc). They all assume
that the macroscopic system is homogeneous (with correlation
length below the Lorentz cavity radius) and typical of all mean
field theories; they fail to predict the properties of a multiphase
medium close to the percolation threshold due to its long-range
correlation length. The most frequently considered parameters
are conductivity or/and dielectric constant. The Bruggeman
effective medium approximation (BEMA) used in this work is
defined by the following two equations:

Zv.ﬂ_o 2)
"ei+2e

i

and

=1, 3)

where ¢; and v; are the complex optical dielectric function
and volume fraction for the ith component, respectively. ¢ is
the effective dielectric function corresponding to the measured
value for the film.

A four-phase optical model was used to investigate the
as-deposited and annealed layers. It consists of the silicon
substrate, a SiO, interfacial layer, an amorphous HfSiO layer,
and a surface rough layer composed of a mixture of void
space and HfSiO. It is worth noting that the roughness of
the films was estimated to be less than 1.5 nm, as confirmed
by film surface observations using atomic-force microscopy.
The model structures and optical properties of the films were
optimized by least-square refinements (x?) from the fit of the
experimental data.

To fit spectroscopic ellipsometry data, a dispersion
law was chosen based on the Forouhi—Bloomer model
(FBM) modified for amorphous semiconductor and insulating
materials [23] using an improved parameterization [24]. The
dispersion formulae for n and k were given as follows
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where n, is the refractive index at high frequency, f; is an
oscillator strength, I'; is an amortization factor, and w; and w,
are the frequencies of free oscillator.

Two dependencies, Iy = [Isin2WsinA and I, =
Isin2Wcos A, where I = £(|r,> + |r,*) and Ej is the
amplitude of electric field of incident light, were fitted. The
obtained values of n and k of the as-deposited films are shown
in figure 1(a) and (b), respectively. The experimental data and
their best fitting are presented in the inset of figure 1(b). n and
k values of HfO,, SiO,, SiO and bulk Si are also included in
figure 1(a) and (b) for comparison.

Usually, Hf silicates are considered as being composed of
pure HfO; and pure SiO; structural units as (HfO,), (Si02);_x
and the relative contributions determine the composition of the
films [4, 16, 21, 25]. Of HfO, and SiO,, the first has the
higher refractive index (figure 1(a)). It is obvious that the
n value of HfSiO material must increase with an increase of
the HfO, fraction, furo,, up to a limit value corresponding
to pure HfO, (figure 1(a)). In such a case, one can suppose
that the k value has to follow this rule too. As one can see
in figure 1(b), both oxides are completely transparent in the
spectral range of our interest. However, the as-deposited HfSiO
sample demonstrates some absorption ability in the 1.5-4.5 eV
spectral range, contrary to the data reported in [26]. The
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Figure 1. The estimated refractive index, n (a) and absorption
coefficient, k (b) of the as-grown HfSiO layer. The inset in figure (b)
represents experimental ellipsometry data (symbols) and the fitting
curve (solid line) for the as-deposited HfSiO samples.

I, = Isin2W¥sin A and I, = I sin2W cos A (W and A are the
measured ellipsometry parameters). The n(E) and k(E)
dependencies for pure HfO,, SiO,, SiO and bulk Si are also
presented.

comparison of the absorption properties of SiO,, SiO and bulk
Si reveals that SiO, is transparent in this spectral range, while
Si suboxides and bulk Si demonstrate high enough absorption
(figure 1(b)). Thus, one can speculate that the absorption in
the as-deposited HfSiO films occurs due to a presence of the
SiO, phase instead of SiO,. On the other hand, it is possible
to assume that the absorption could be due to the formation
of a HfSiO network which cannot be considered as a mixture
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Figure 2. The calculated refractive index, n, for as-deposited films
and those annealed at 900-1100 °C for 15 min, grown at

RFP = 0.74 W cm™2. The n variation for both pure HfO, and pure
SiO, materials are also shown by dashed lines.

of HfO, and SiO, phases alone. However, since Hf ions
are less electronegative than Si ones, it is obvious that the
formation of HfO, structural units is preferable to SiO, ones
and consequently, the formation of the SiO, phase is possible.
This could explain the behavior of the extinction coefficient k
in the as-deposited layers (figure 1(b)).

The analysis of the annealed films shows a gradual
decrease of n with annealing temperature (figure 2).
Furthermore, k decreases and a shift of the ‘absorption edge’
to higher energy was observed, which could be evidence of
the increased transparency of the films after the annealing
treatment (not shown here). The data obtained can be explained
by the difference in the structure and in the composition of the
as-deposited and annealed films.

It is known that the refractive index of pure HfO, increases
with the annealing temperature due to the crystallization
process [27]. In our case, the n decrease could be explained
by the formation of pores and/or by the increasing contribution
of the SiO, phase. The latter could be due to oxygen diffusion
into the films during the annealing treatment resulting in the
formation of a thicker interfacial SiO, layer. Both these facts
would be a reason for the decrease of n and k values.

However, as we showed earlier [11, 12], after annealing
at 800 °C for 15 min, the films kept their amorphous structure
without any pore formation. Moreover, the thickness of the
interfacial SiO, layer did not exceed 2 nm; so they cannot be
the only reasons for such a decrease of the refractive index.
Thus, another fact has to be taken into consideration, for
example a higher contribution of SiO, phase in the film due
to phase separation and formation of HfO, and SiO, phases.

Further increasing the annealing temperature up to
1100 °C results in a decrease of the n and k values (figure 2).
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Table 1. The physical and optical parameters of HfSiO samples versus annealing treatment.

Annealing temperature (°C)

Parameters 25 800 900 1000 1100

Thickness (nm) HfSiO layer 17.15 173 2046 21.05 22.54

SiO; interfacial layer  1.03 1.06 2.73 3.32 5.0
Refractive index, n at1.5eV 2.081 1.790 1.743 1740 1.704
Polarizability, & (bohr?) ayfo, for HfOg units 35.28 [4]

ayfo, for HfOg units 32.21 [4]

asio, for SiO4 units 19.68 [4]

aprsio for HfOs/S104  33.25  30.61 29.82 29.04 28.26
Fraction of HfO, Suro, 0.87 0.70 0.64 0.60 0.55
Density for (g cm™) pursio for HFOg/Si0,  8.02 6.08 5.56 5.55 5.21

pursio for HFOg/Si0,  8.72 6.54 5.94 5.92 5.54

At the same time, if HfO, crystallization occurs at higher
temperatures, the n and k decreases will be due to the more
important contribution of the SiO; phase. As one can see from
table 1, an annealing treatment leads not only to the increase
of the interfacial layer thickness but also to the increase of the
thickness of the HfSiO layer itself. Such an expansion can be
caused by a further increase of the contribution of the SiO,
phase which has higher lattice parameter than HfO, and must
affect the density of the films.

3.2. Effect of annealing treatment of the density of the films

The density of the films can be estimated using the Clausius—
Mossotti relationship between optical dielectric constant and
film density, p, given by equation (4)

8—1_47‘[5{
e+2 3V

“

where V is the average structure unit volume and polarizability
o can be considered as a local and additive quantity in the
contrast with €. The film being composed by different phases,
its density, p, can be considered as Zi v; pi = p, where p; is
the density of the ith component, one can extract the p value,
using equation (4) rewritten as

n?>—1 4 (N Ap) _

Lo a,

n?+2 3 M
where M is the molar mass and N, is Avogadro’s constant,
taking into account that ¢ = n”. In such a case, the
refractive index is taken from the fitted parameters, while the
polarizability was estimated based on the values available for
Hf silicate materials [4].

To estimate the value of p, we have to use an appropriate
value of the polarizability, . This is an important parameter
for mixed media. It has additive properties, contrary to the
dielectric constant, that allow it to be estimated using the
known polarizabilities of HfO, and SiO, phases and their
contribution to the HfSiO film following the equation (6)

%)

(6

aussio = fHro,%Hfo, + fsio, %sio,

where furo, and fsio, are the volume fractions of HfO, and
Si0,, auro, and asio, are the corresponding polarizabilities.

The agssio values can be calculated for different HfO, contents
in the matrix. We have also to know fufo, and fsio, for our
films. One possibility to get information about the contribution
of both phases is to examine the theoretical dispersion of the
refractive index of HfSiO materials versus HfO, content and
to compare these results with the experimental ones presented
above. After getting both parameters, n and opfsio, We can
estimate the density of the films, p.

3.2.1. Dispersion of the refractive index for HfO,-based
systems. ~ First of all, we estimate the fyjo, value. We
consider HfSiO material as a two-phase system. One of them
is HfO,. The other one is often assumed to be SiO,. However,
we can assume that incorporation of Si into the HfO, matrix
can occur as SiO, and/or Si itself since the layers investigated
were grown by sputtering of a HfO, target topped by pure Si
chips. Thus, the Si-based phase was assumed to be SiO,, or
SiO, or Si to simplify the modeling. The dispersion of the
refractive index in 1.5-6 eV spectral range was estimated for
three different Si-rich HfO, media versus the contribution of
each phase. The results versus HfO, content are shown in
figure 3(a) and (b) only at 2 eV since they are representative
over the whole spectral range.

As one can see, n values increase with furo, for the
case of the HfO,/SiO, medium, while it decreases for the
HfO,/Si0 and HfO,/Si media. To compare these results with
experimental n values obtained for as-deposited films, we
added the latter to the figure 3(a). Since it was only one value
n = 2.21, we added it as a straight line. The intersection
of this line with the calculated curves gives the possibility to
estimate the fyr0, value for the as-deposited films. As one can
see, the experimental n value exceeds the values calculated
for HfO,/SiO, and for HfO,/SiO media. In such a case,
it should be possible to consider that the Si-based phase is
incorporated as amorphous Si itself. However, comparing the
electronegativity of elements present in HfSiO material, it is
obvious that the formation of Hf~O and Si—O bonds is more
likely to occur than Hf-Si and Si-Si bonds, whereas Si-O
bonds are more probable than Si—Si bonds. As a consequence,
the Si-based phase is presented as SiO, with 0 < x < 1. Such
an assumption could explain the high n value obtained for the
as-deposited films (figure 3(a)).
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Figure 3. (a) Calculated refractive index for (HfO,), (S1);—,, (HfO,),(SiO)_, and (HfO,),(SiO,),_, versus HfO, content, fyio,, using the
Bruggemann EMA model. The refractive index for as-deposited samples is shown by the dashed line. All the data are taken for 2 eV light
energy. (b) Comparison of calculated refractive indexes for (HfO,), (Si),_y, (1), (HfO,),(SiO),_, (2) and (HfO,), (Si0,),_, with
experimental values obtained for as-deposited (HfSiOap) and annealed films (from HfSiOgggoc to HfSiO,g-c) represented by straight lines.
The horizontal dashed lines represent the experimental n values whereas the corresponding vertical dashed lines show the possible volume
fraction of HfO, in the films, considering results for the n and chemical composition obtained by the ATR method. All the data are taken for
2 eV light energy. (c) The polarizability, «, calculated using equation (6) for different HfO, content in HfSiO films using the approach
described in [4]. The dashed line frames the range of the polarizability for the films versus HfO, content estimated from the corresponding
refractive index data. (d) The estimated density of as-deposited films and films annealed at 800—1100 °C for 15 min (for the film composed by
HfO4/Si0,4 and HfOg/SiO, structure units). The densities of SiO, and HfO, are also presented for comparison.

The experimental data obtained for annealed films are
presented similarly in figure 3(b) that is a frame of figure 3(a).
It is seen that the refractive index of the annealed films is
less than that calculated for the HfO,/SiO medium. This
means that for the annealed samples, the Si-based phase can be
considered as SiO, with x > 1 for any furo, values. Since the
best modeling results were found for the HfO,/SiO, medium
(figure 3(b)), we estimate the fyso, based on this dependence.
One can see that fyro, decreases with annealing treatment from
0.7 (T» = 800°C) to 0.55 (Ta = 1100°C). For the as-
deposited films, furo, < 0.86 (figure 3(b)) and the upper limit

can be overestimated, but its lower limit was not less than 0.7.
To calculate the maximum density of the as-deposited films we
used furo, = 0.86.

We obtained information about the refractive index and
the contribution of the HfO, phase. To finalize the estimation
of the density of as-deposited and annealed films, we have to
determine the polarizability of the films.

3.2.2. Polarizability of HfSiO films. Itis known that HfO, can
be presented by HfO,4, HfOg and HfOg structure units [4], but
the most probable ones are HfOs and HfOg. Among these, the
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highest value of apro, is 35.28 bohr? corresponding to HfOg
structure units. However, in the case of HfSiO materials, it was
shown that HfOg units prevail, giving apro, = 32.21 bohr? [4].
Since both types of structure units can compose HfSiO films,
we will consider that the HfO, phase is built by HfOg or HfOg
units that will give us the lower and upper limits of the density
of the films. For the case of the SiO, phase, it is usually
composed of SiO4 and SiOg units [4]. At the same time, it
was shown that for the case of high-k silicates, SiO4 units
are the most probable structural elements [4] corresponding to
asio, = 19.68 bohr’.

Thus, based on the assumption that our films are composed
of HfOg/SiO4 or of HfOg/SiO4 structure units, we calculated
the values of polarizability versus HfO, content for HfSiO
films using equation (6). The results are presented in table 1
and in figure 3(c). As one can see, ayssio decreases with the
annealing treatment (table 1) from 33.25 down to 28.26 bohr?
for the case of HfO4/SiO,4 and from 30.58 to 26.57 bohr for
HfOg/Si0y.

Thus, we can turn now to the estimation of the density of
the films.

3.2.3. Density of the films. Taking into account equation (5)
and using the aygsio and n values, we estimated the density of
the films. The results are given in table 1 and in figure 3(d). The
decrease of the film density is clearly seen. Using both types
of media we found that the density of the as-deposited films is
in the range of 8-8.7 g cm~>. This value can be overestimated
due to uncertainties in the estimation of the HfO, fraction in
the as-deposited films based on the refractive index data. At
the same time, they demonstrate an agreement with the data
of [21]. The density of the films decreases from 6.1-6.5 to 5.2—
5.5 g cm™ when the annealing temperature increases from 800
up to 1100 °C (figure 3(d)).

It is worth noting that the film density was obtained for
the HfSiO layer itself. The model used for the fitting of
ellipsometry spectra allowed us to eliminate the contribution
of the interfacial SiO, layer in the optical parameters of
annealed films. In this case, the decrease of the density of
the films can be explained by the increasing contribution of
a low density phase. The SiO, phase is one of the most
probable candidates to explain the decrease of the density of
the films annealed at 800°C since, as shown earlier, such
an annealing did not lead to a significant transformation of
the film structure [12]. However, the decrease of the film
density at higher annealing temperatures could be due to a
gradual increase of the contribution of the SiO, phase as well
as pore formation. Note that even if the HfO, phase formed
under annealing, its density increases usually [27] due to its
crystallization. To discriminate the reasons responsible for
the variation of the film density, the analysis of the chemical
composition as well as structure properties of the films was
performed for the same samples by ATR and XRD methods,
whereas the TEM study was used to obtain information,
not only about the presence of pores, but also to get an
answer as to whether the phase separation occurs over the film
thickness.

3.3. ATR spectra of as-deposited and annealed layers

Among non-destructive methods to study thin films, the ATR
technique holds an important place, since it allows very thin
layers to be analyzed. Unfortunately, referenced ATR data
for HfSiO materials are not so numerous. The only known
data are those regarding the monoclinic HfO, phase, while for
tetragonal and cubic phases of HfO, and, moreover, for HfSiO4
they are not available in the case of ultrathin films.

The interpretation of experimental data obtained for high-
k silicate materials is usually based on the comparison of
infrared spectra obtained for amorphous SiO, and HfO,, and
their transformation due to an increase of the high-k material
contribution.

The continuous random network of SiO, consists of
corner-coordinated SiO4 tetrahedra, and the disorder of the
amorphous structures comes from the Si—O-Si bond angle
changes. Usually, SiO, demonstrates three main peaks in
the mid-infrared range, coming mainly from the motion of
oxygen atoms, and under specific conditions several LO
and TO phonons of the Si—-O bond can be detected in the
450-1350 ecm™! spectral range: at 1076 cm~' (TO;) and
1256 cm~! (LO3), at 1160 cm~! (TO,) and 1200 cm~! (LO,),
at 810 cm™!' (TO,) and 820 cm™!' (LO,), as well as at
457 cm™! (TO;) and 507 cm™! (LOy) [28, 29]. It is known
that the decrease of SiO; layer thickness to nanometer scale is
accompanied by a shift of the peak positions of all vibration
bands to lower wavenumbers, as well as a decrease of the
intensity of TO4,—LO, phonons that are usually considered
as a feature of the disordering of the SiO, matrix [29]. In
the case of LO3; and TO; phonons this shift is about 25—
30 cm~' [30]. However, the detection of the LO; phonon is
usually considered as evidence of the formation of a perfect
Si/Si0O; interface [31].

The typical ATR spectrum of SiO, film, having a similar
thickness to the studied HfSiO films, is presented in figure 4(a).
Two Si—O vibration bands, peaked at about 1060 cm™' (TO3
phonon) and at about 815 cm™' (TO, phonon), are revealed
in the 6001350 cm™! spectral range. The difference in the
observed peak positions for Si—O bands in comparison with
the corresponding values mentioned above is due to the film
thickness [29].

ATR spectra of as-deposited HfSiO layers demonstrate the
presence of a broad band peaked at 1050 cm~! with a shoulder
at about 900 cm™! with a tail up to 600 cm™' (figures 4(a)
and (b)). The broadening of Si—O vibration bands as well as
the shift of their peak positions to lower wavenumbers is due to
the Hf incorporation into the SiO, matrix. The latter modifies
the SiO, network due to the higher Hf~O bond length (1.96—
2 A)in comparison to the Si—O one (1.6 A). The shape of the
ATR spectrum (figure 4) gives evidence of the formation of an
amorphous network of a binary compound in the as-deposited
films.

An annealing of the layers at T4 = 800°C for 15 min
leads to an increase of the intensity as well as to the slight
narrowing and to the shift of the broad ATR peak from 1050
to 1070 cm~'. By contrast, the lower wavenumber part of the
ATR spectrum is featureless (figure 4). A further increase of
the temperature up to 7o = 1000 °C results in a continuous
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Figure 4. (a) Comparison of ATR spectra of HfSiO and SiO, thin
films. The thickness of both films is about 18 nm. The vertical
dashed lines show the peak positions of all vibration bands observed
for the SiO, and HfSiO layers. (b) Evolution of ATR spectra with
annealing treatment of the HfSiO layer at 800—1100°C. The
annealing time is 15 min.

increase of the peak intensity, to the shift of the peak position
to 1120 cm™! and to the appearance of a shoulder at about
1220 cm™'. A treatment at 7, = 1100 °C causes the narrowing
of this vibration band, a redistribution of the intensities of its
components and the appearance of a band at about 820 cm™".
All these three bands can be ascribed to the SiO, phase,
as observed for the SiO, film (figure 4(a)). The intensity
increase and the peak shift to higher wavenumbers can be
explained by the increasing contribution of the SiO, phase in
the film structure as well as by a realignment of the Si—O bonds

followed the SiO, phase formation. The latter could be due
to the formation of an interfacial SiO, layer confirmed by the
higher intensity of the LO3 phonon exceeding the TO3 one
(figure 4(b)). At the same time, the contribution of TO3; and
TO4-LO4 phonons to the ATR spectrum enables us to assume
the presence of a SiO, phase in the film due to the phase
separation inside the HfSiO film into SiO, and HfO, phases.

The phase separation under annealing at 74 = 1000 and
1100°C is confirmed by an increase of the ATR intensity in
the range of 780-600 cm ™', corresponding to Hf~O vibrations.
Usually, two vibration bands peaked at 770-780 cm™' and
680 cm™!, and coming from the HfO, monoclinic phase,
can be found in this spectral range [32-34], whereas a broad
and featureless band is ascribed to amorphous HfO, [11, 12].
We suppose that this increase of the ATR band intensity
corresponds to the HfO, phase formation. However, it is
hardly believable that such a high annealing temperature
(1100°C) could lead to an amorphous HfO, phase. To get
more information about the structure of the HfO, phase, we
performed a XRD study for these samples.

It is worth noting that the absence of any transformation
of the ATR band in the range 780-600 cm~! during annealing
at To up to 900°C gives evidence that the incorporation of
silicon into an HfO, matrix improves the thermal stability of
the layers. The most probable reason is that the high flexibility
of the Si—O bonds allows the amorphous nature of fused silica
to be conserved. However, even if HfSiO could be stable at
such an annealing temperatures, the transformation of the Si—O
vibration band might be due to a better silicon oxide structure
and/or due to the formation of a SiO, interfacial layer. Such a
transformation occurs at lower temperatures (less than 900 °C)
than the phase separation in the HfSiO film (1000-1100 °C).
To clarify this issue, we performed TEM observations of cross
sections of the samples which we will present below.

3.4. XRD study of HfSiO films

To obtain information about the phase separation caused by
high temperature annealing and about the HfO, structure, an
XRD study has been performed on the samples described
above.

It is worth noting that most of the crystallographic data for
HfO,-based materials found in the literature are for monoclinic
HfO; and tetragonal HfSiO,4 phases. The data for other HfSiO
compounds are rare and in most cases they were interpreted
based on results obtained for bulk HfO, and HfSiO4 materials.

In figure 5, the XRD pattern for as-deposited films shows
a broad peak in the range of 20 =~ 25°-35° with a maximum
intensity located at 20 =~ 32°. This result demonstrates the
amorphous nature of as-deposited layers. An annealing at
temperatures as high as 7, = 800-900°C for 15 min does
not lead to a transformation of the shape of this broad peak.
The appearance of two overlapped peaks at 20 ~ 30.3° and
35.3° occurs after annealing at 75 = 1000°C. The increase
of annealing temperature results in an increase in the intensity
of these peaks with their concomitant narrowing, as well as
the appearance of other peaks in the range of 20 = 40°-65°
at 20 ~ 50.6° and 59.8°. Note that the peak at 20 =~ 55°
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Figure 5. XRD patterns of as-deposited and annealed HfSiO layers.
Annealing parameters are mentioned for each spectrum in the figure.

observed for all the samples is due to the Si substrate. The layer
annealed at 7a = 1100°C for 15 min shows the most intense
XRD peaks at 20 ~ 30.3°, 20 ~ 35.3° and 20 ~ 50.6°
corresponding to the (111), (200) and (220) planes of the
tetragonal HfO, phase, respectively. The peak at 20 ~ 59.8°
can be considered as a overlapping of the reflections from the
(311) and (222) planes of the same phase.

Usually the tetragonal phase of HfO, is observed for
ultrathin films, while the annealing treatment at temperatures
as high as 800 °C favors its transformation to the monoclinic
phase [35]. However, in our case, a longer annealing treatment
(up to 30 min) at 75, = 1100°C results in an increase of the
intensities of only the observed XRD peaks and does not lead
to the appearance of other peaks. This could be evidence of the
thermal stability of the tetragonal HfO, phase in our samples.
Since it has higher dielectric constant in comparison with that
of the monoclinic phase, such a film can be used as a gate
material for structures needing a high temperature annealing
process, for example, for some nanomemory structures with
embedded Si nanoparticles [14].

One of the important results obtained from comparison
of our XRD data with ATR spectra measured for the same
samples, is the fact that the increase of intensity of ATR band
in the spectral range of 600-780 cm™! is due to the HfO,
phase formation, which begins mostly at 74, > 1000°C.
However, the absence of a well-defined peak at 770780 cm™!

demonstrates that our samples do not contain the monoclinic
HfO, phase, while they cannot be considered as amorphous
only. As we showed above, the formation of the tetragonal
HfO, phase is also possible, leaving the low wavenumber part
of the ATR spectra as featureless. In such a case, a combination
of both techniques is required to obtain the information about
the structure of the HfSiO films.

The analysis of the optical properties of the layers showed
a decrease of their refractive index with annealing treatment.
Regarding the structural properties, the phase separation
is confirmed by ATR spectra, whereas the crystallization
of the HfO, phase is demonstrated by the XRD data.
Since an increase of refractive index is expected with HfO,
crystallization, one can conclude that the continuous n
decrease occurs due to an increasing contribution of the SiO,
phase. At the same time, neither ATR nor XRD studies
can reveal unambiguously where this SiO, phase is located,
i.e. at film/substrate interface or embedded in the film itself.
However, based on these results and on the estimation of the
film density, we can assume the presence of the SiO, phase
inside the volume of the HfSiO layer. The latter will be
confirmed by TEM analysis of the as-deposited and annealed
films.

3.5. TEM analysis of the structural properties of the films

TEM images of the cross sections of as-deposited and
annealed samples are shown in figure 6.  As-deposited
samples are homogeneous, smooth enough and do not have
a thick interfacial layer (its thickness not higher than 1 nm).
These observations corroborate the results obtained by fitting
of ellipsometry spectra. The increase of the annealing
temperature up to 900°C leads to an increase of total film
thickness. However not only an increase of the interfacial
SiO, layer thickness, but also an expansion of the HfSiO
film itself occurs (figure 6(b)). The appearance of bright and
dark alternate lines parallel to the film/substrate interface is
seen and can be explained by the Hf segregation process,
whereas the film stays amorphous (figure 6(b)). A further
increase of annealing temperature up to 1000 °C results in
the formation of a thicker SiO, interfacial layer as well as
in a greater contrast between the bright and dark regions
(figure 6(c)). They correspond to SiO,-rich and HfO,-rich
phases that are evidence of the HfSiO phase separation. Also,
the crystallization of a HfO, phase begins to appear. Upon
annealing at 1100 °C, an increase of the SiO, interfacial layer
thickness (up to 5 nm) is seen. The crystallization of the HfO,
phase is more pronounced (figure 6(d) and (e)). The crystallites
are mainly located in the dark regions as demonstrated by
figure 6(e) which is an enlargement of the squared region
shown in figure 6(d).

The evolution of the interfacial SiO, layer thickness as
well as that of the entire film confirm the values obtained by
fitting of ellipsometry spectra (table 1).

Figure 6(f) represents a typical selected area electron
diffraction (SAED) pattern corresponding to the film and a
part of the [110] oriented silicon substrate. Apart from the
well-defined dots coming from the silicon substrate, four weak
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Figure 6. TEM cross sections of the HfSiO layer taken for
as-deposited (a), annealed at 900 °C (b), 1000 °C (c) and 1100°C (d)
in N, flow for 15 min. The electron diffraction pattern is shown for
the sample annealed at 1100 °C. IL is the interfacial layer.

rings appeared, as marked in figure 6(e). The lattice plane
distances estimated from SAED were 2.95, 1.80 and 1.53 A.
These distances are compatible with lattice planes of the HfO,
tetragonal phase: djj11) = 2.95 A, diooy = 1.82 A and
dizi = 1.59 A.

It is known that thick pure HfO, usually has the
monoclinic phase, whereas tetragonal and cubic phases appear
at 1670-2200°C [35]. When the thickness of the layer
decreases to the nanometer scale, the presence of the tetragonal
phase can be observed in pure HfO, layers [36]. However,
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it transforms easily to the monoclinic phase at moderate
temperatures [36]. TEM observations of HfSiO films show that
the tetragonal phase is stable in such films under annealing at
1100°C and such films can be used for applications that need
high temperature annealing [14].

The appearance of bright (SiO,-rich) and dark (HfO,-
rich) regions without crystallization of the films (at 900 °C,
figure 6(b)) can be explained by a diffusional spinodal
decomposition [16, 17] that requires an external field or
sources. The latter could be the difference in free energies
between the film volume and the film/substrate interface or film
surface. For ultrathin films, both of them play an important
role in the film decomposition and surface-directed spinodal
decomposition was predicted for thin silicate films.

It is known that the Si—O bond is covalent, whereas the
M-O (M = Ti, Zr, Hf) is ionic, giving rise to a metastable
miscibility gap in high-k silicates. They are usually strained,
and a decrease of their free energy is predicted through a
phase separation process [37]. The appearance of SiO, and
MO, phases occurs due to lowering of the coordination of
silicon and metal cations. The reduction of the Si-Si and Si—-O
distances and the lowering of Si coordination occur faster than
the lowering of metal cation coordination and an optimization
of the M—M distance. This is due to an energetic barrier for
movement of metal cations through the O sub-lattice caused
by the ionic behavior of M—O bonds [37]. At the same time,
this barrier is lowered at elevated temperatures and favors the
formation of MO, nuclei followed by the growth of crystallites
around them [37].

A similar film decomposition was observed in previous
works for ZrSiO films [15, 25]. It was shown that
(Zr0,),(Si07)_, films with x 0.1-0.6 decompose into
ZrO;-rich and SiO,-rich phases under annealing at 900 °C.
The alternation of ZrO,-rich layers with SiO,-rich ones was
formed in the direction normal to the surface. The nature of the
layer closest to the film/substrate interface (i.e. ZrO; rich layer
or SiO; one) depends on the total thickness of the film [25].
Above a critical thickness, the ZrO, layer can be localized at
the film/substrate interface as well as near the film surface,
leading to the formation of a multilayer structure.

It was shown that the mechanism of phase separation of
HfSiO films is also a surface-directed spinodal decomposition.
This effect was demonstrated in films fabricated by the atomic-
layer deposition technique [16, 17]. It was shown that, usually,
a very thin SiO; layer (about monolayer of SiO;) is located
near the film surface, whereas beneath it a Hf-rich layer was
observed. For films thinner than 5 nm, a Hf-enrichment of
the top layer of the film occurs during the growth process
due to the diffusion of Hf towards the film surface, while a
Si-rich layer forms close to the film/substrate interface. For
thicker films, the formation of an alternating Si-rich/Hf-rich
structure was found and explained by the diffusion of Hf ions
towards the substrate. However, films thicker than 10 nm lose
their layered structure in the middle of the film [16, 17]. It
was shown that rapid thermal annealing of such films results
in the formation of a layer structure, while longer annealing
time led to the formation and crystallization of the HfO,
phase. Unfortunately, this study was performed only for
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(HfO3)0.25(S103)0.75 films [16, 17] without detailed analysis
of the crystalline HfO, structure.

Considering the fact that the decomposition of (ZrO,),
(S8i03)—y films was studied for x = 0.1-0.6 and the properties
of (HfO,).25(Si10,)¢.75 were found to be similar to Zr silicates
with a close composition, one can admit that Hf and Zr silicates
have similar properties over a wide range of x. In such a case,
the mechanisms responsible for the phase separation in both
silicates have to be the same.

Based on the results presented above, we can assume
that the formation of HfO,-rich and SiO;-rich layers in our
films during the annealing treatment is also governed by
a surface-directed spinodal decomposition. Annealing at
moderate temperatures results in a diffusion transformation of
the layer composition leading to the formation of HfO,-rich
and SiO,-rich regions without crystallization of the films. This
was observed at T = 800°C in [14] and demonstrated in
figure 6(b) for T4 = 900°C. The further increase of the
annealing temperature and/or time governs the HfO, phase
crystallization, as is demonstrated by figures 5 and 6(c) and (d).

TEM study showed also the increase of the total thickness
of the film stimulated by annealing treatment (figure 6),
confirming the results obtained by fitting of ellipsometry data
(table 1). The increase of film thickness occurs not only due
to the increase of the interfacial layer thickness. Since no
formation of pores in the layers was observed in the TEM
experiment, the expansion of the HfSiO film itself takes place
due to the SiO; phase formation. The latter has a lower density
than the HfO, one and can be considered as the only reason for
the decrease of the density of the annealed films.

It is worth noting that the use of high-k silicate as a gate
material supposes that the thickness of the gate layer can be
increased in comparison with the SiO, gate. At the same
time, as shown above, the annealing of HfSiO films at specific
temperatures enables them to keep their amorphous structure
without major transformation of their chemical composition.
Post-deposition treatment at 1000-1100°C results in the
formation of a stable HfO, tetragonal phase that favors the
increase of the film permittivity. The latter is considered as
an advantage of the high-k gate material [S5]. However, the
formation of the alternating HfO,/SiO, multilayer structure
at 1100°C demonstrated above could be a reason for the
worsening of the dielectric properties of the films. In such a
case, the use of the appropriate thickness of HfSiO material
could be a solution.

4. Conclusion

Si-rich HfO, layers have been fabricated by RF magnetron
sputtering of a HfO, target topped by Si chips in a pure
argon plasma. The effect of the annealing treatment on
the properties of the layers had been investigated by means
of spectroscopic ellipsometry, x-ray diffraction, infrared
absorption spectroscopy and high resolution transmission
electron microscopy. It was demonstrated that annealing
treatment results in the formation of an interfacial SiO, layer
as well as in the increase of the HfSiO film thickness itself.
The latter was explained by a phase separation of HfSiO into
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HfO, and SiO, phases over its volume. The density of the
films versus annealing temperature was estimated. Its decrease
with an increase of annealing temperature is explained only
by a formation of SiO, phase over the film volume and the
increase of its contribution with annealing. The formation of
a HfO, phase was also revealed. It is shown that annealing at
temperatures less than 900 °C results only in phase separation,
without crystallization of the films. The higher temperature
annealing favors HfO, crystallization into the tetragonal phase.
The latter was found to be stable, offering a possibility to
use such HfSiO materials for microelectronic applications,
for example, for nanomemory structures with embedded Si
nanoparticles requiring high temperature annealing. The
formation of the multilayer Si-rich/Hf-rich structure after
annealing treatment was observed and explained by surface-
directed spinodal decomposition.
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Gallium oxide and more particularly 3-Ga,05; matrix is an excellent material for new generation of
devices electrically or optically driven as it is known as the widest band gap transparent conductive
oxide. In this paper, the optical properties of neodymium doped gallium oxide films grown by
magnetron sputtering have been analyzed. The influence of the Nd ions concentration on the
excitation/emission mechanisms of Nd ions and the role of gallium oxide matrix have been
investigated. The grain size reduction into gallium oxide films have been observed when
concentration of Nd increases. It has been found for all samples that the charge transfer is the main
excitation mechanism for Nd ions where defect states play an important role as intermediate states.
As a consequence Nd emission efficiency increases with temperature giving rise to most intensive

emission at 1087 nm at
[doi:10.1063/1.3484039]

I. INTRODUCTION

Light emitting diodes or laser sources working in the
near infrared region are under extensive investigation due to
a wide range of their potential applications. Among many
different solutions like quantum wells,1 quantum dashes,2 or
quantum dots,” and doping or codoping of semiconductors
by rare earth (RE), i.e., Nd, Er ions™ gives many new op-
portunities for infrared light sources. Their exceptional prop-
erties arise from the fact that their optical transitions take
place among internal 4f orbitals, which are shielded from the
environment by 5d-orbital electrons. It results in an emission
with a narrow band and extremely stable wavelength, regard-
less in some extent of the external conditions in matrix trans-
parent in the wide spectral range. In addition, this concept
gives many other new possibilities since this kind of matrices
can be easily codoped by other ions covering a spectral range
from 400-2000 nm.°

However, the main limitation of RE ions is their small
absorption cross section due to electric dipole transitions
which are forbidden according to Laporte’s rule. In addition,
their low solubility in the matrix is reflected as ions cluster-
ing which quenches their emission above critical, often very
low (less then 0.1%), RE content. Thus, in order to increase
their emission efficiency, crucial for practical applications,
their excitation should be sensitized by an additional donor
center, i.e., matrix,7 defects states,8 nanocrystals,4 or other
molecules, i.e., molecular oxygen.9 At these limited condi-
tions for using RE ions as emitters in real devices, a better
understanding of the excitation and quenching mechanisms
should be investigated in details to optimize their optical
properties.
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The other important issue, to overcome for this kind of
“discrete” light emitters is the poor electrical properties of
matrices used as a RE ions host. Thus, even if optical pump-
ing of RE ions via the energy transfer gives promising re-
sults, electrical pumping became very difficult to realize in
practice.

In the following, gallium oxide films were used as a host
matrix of Nd** ions. This material is well known as a trans-
parent conductive oxide with the widest band gap (4.9 eV),
which can exhibit n-type semiconductor properties in case of
some oxygen deﬁciency.lo Thus, this material is a promising
matrix for next generation optoelectronic devices working in
a longer wavelength. Due to its low maximum phonon en-
ergy (~793 cm™!) (Ref. 11) as compared to silicate glasses
(~1100 cm™), and its high refractive index (n=1.96 at
1.06 pm) (Ref. 12) it is expected to provide significantly
high radiative decay rates and low nonradiative relaxation
rates of RE excited-state levels. RE-doped gallium oxide is
also a promising material for electroluminescent based
devices."* !¢ Additionally, this matrix can exhibit good elec-
trical properties when doped within."”

In the present work, gallium oxide films doped with vari-
ous Nd** concentrations have been investigated to determine
their excitation mechanism and its evolution versus Nd con-
tent in the matrix. The absorption, photoluminescence (PL)
and photoluminescence excitation (PLE) measurements in
the wide temperature range of 10-300 K have been per-
formed for all the samples.

Il. EXPERIMENTAL DETAILS

The neodymium doped gallium oxide films have been
elaborated by magnetron sputtering of a Ga,0; target
(99.99% purity) partially covered by Nd,O5 (99.99% purity)

© 2010 American Institute of Physics
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pellets of calibrated shapes. Nd** concentration varies with
the r parameter, corresponding to the Nd,O4
pellets-to-Ga,O5 target surface ratio. The samples investi-
gated in our study had r in the range 0%—38.8%. The layers
were grown on p doped and (100)-oriented Si substrates.
During all the growth process, the 100 °C temperature was
kept constant. Post annealing treatments were carried out at
1000 °C during 1 h under a continuous flow of nitrogen. A
more detailed description of the sample preparation was al-
ready presented in a previous article.'®

Rutherford backscattering spectroscopy (RBS) experi-
ments were performed using a *He* ion beam with a 2.5
MeV Van de Graaff accelerator of the “Institut des Nano-
sciences de Paris.”

Transmission electron microscope (TEM) observations
of the films were carried out using a JEOL 2010F TEM
operated at 200 kV. Dark field images and high resolution
TEM images were taken along the [110] direction of the Si
substrate. This direction allows a cross sectional view of the
samples with the beam parallel to the film/substrate interface.

Regarding the optical properties of the films, for PLE
spectroscopy, samples were excited by a xenon lamp (450
W) coupled with a monochromator (Jobin Yvon TRIAX 180)
and for absorbance measurements, a tungsten—deuterium
halogen lamp was used. The visible PL, absorbance, and
PLE signals were collected and transmitted by an optical
fiber to the spectrometer (HR4000 Ocean Optics) and di-
vided by the light source characteristic. The PL spectra in the
infrared spectral range were obtained by cooled linear In-
GaAs array detector of 512 pixels coupled to the monochro-
mator (Jobin Yvon TRIAX 550).

lll. RESULTS AND DISCUSSION

The relationship between r values and Nd contents in the
films has been established thanks to RBS measurements
from as-deposited films, in which the Nd distribution is sup-
posed to be homogeneous. Obtained in this way values are
equal to 0.08 at. %, 0.94 at. %, 1.56 at. %, and 1.79 at. % of
Nd for r=24.2, 29.1, 33.9 and 38.8, respectively. Also, sec-
ondary ion mass spectroscopy experiments are in progress
and complementary results will be published in a forthcom-
ing publication.19

As it has been already shown in previous works,? all
as-grown films are amorphous. Upon annealing treatment at
1000 °C, the films become mostly crystalline. TEM images
of cross-section views of annealed gallium oxide films are
shown in Fig. 1. Figures 1(a) and 1(c) correspond to a film
grown with r=9.7%, which is equivalent to a Nd** atomic
concentration lower than 0.08%. The images show a rather
good crystallinity of the film with a columnar growth more
particularly in the upper part of the film [Fig. 1(c)]. In the
bottom part of the film [Fig. 1(a)], relatively large grains are
visible with no texture or columnar structure. The average
grain size is approximately 55 nm, but the size distribution is
large (from 10 up to 100 nm). It is worth noting that voids
(brightest regions in the image) are also present in the film as
well as amorphous regions (gray regions). Figure 1(b) pre-
sents a bright field TEM image of a sample prepared with
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(C) columnar growth
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FIG. 1. Bright field TEM images of annealed samples elaborated with (a)
r=9.7% and (b) r=38.8%. Dark field TEM images of the corresponding r
values (c) and (d), respectively. In the first case, columnar growth and rela-
tively large grains are observed whereas in the latter case, a random growth
prevails with a concomitant nanostructuration of the film.

1.79% of Nd ions. A dark field image of this sample is also
reported in Fig. 1(d). In this case, the average grain size is
about 10 nm and then much smaller than the previous case. It
is also interesting to notice that the grain size is more uni-
form.

In our previous article,” x-ray diffraction experiments
demonstrated the formation of the stable 3-Ga,O; phase for
all r values upon annealing. This result was confirmed by
high resolution TEM (HREM) observations of well oriented
grains whose patterns were consistent with the above men-
tioned structure. However, RBS experiments have revealed
that, for low r values, the expected gallium oxide stoichiom-
etry (Ga,03) is not reached and this was observed for both
as-deposited and annealed films. Indeed, the stoichiometry
evolves from Ga,0, - for low r values and tends to the ex-
pected Ga,05 alloy for higher r values.

These results mean that, despite the formation of the
B-Ga,05 phase in all cases, a more pronounced oxygen de-
ficiency is observed for low r values. Furthermore, a high
degree of Nd doping favors the formation of 3-Ga,0O5; nano-
particles.

Regarding Nd localization in the film, local energy dis-
persive x-ray diffraction (EDX) experiments have been
tempted for both samples of Fig. 1. No variation in the Nd
concentration has been noticed for the lowest r value (9.7%).
A more particular attention has been paid to grain boundaries
but the Nd concentration remained lower than the detection
limit of the spectrometer. Concerning the highest r value,
significant Nd concentrations (up to 7%) have been noticed
around the B-Ga,03; nanoparticles confirming a nonuniform
distribution of the RE in the film and a pronounced presence
of Nd in the surrounding of the 3-Ga,05; nanoparticles. By
contrast, local composition measurements in the grains lead
to a Nd concentration varying from 1.5 up to 2%.
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FIG. 2. (Color online) PL spectra obtained for Nd doped gallium oxide films
at two different excitation wavelengths: 266 (blue line) and 787 nm (red
line). All films have been annealed, excluded the one related to the (a)
spectra. (Scales have been adapted for better view).

Figure 2 shows the PL spectra obtained for gallium ox-
ide films with different Nd contents at two different excita-
tion wavelengths, resonantly through the Nd** levels (‘Iy),
—*Fs,) at 787 nm (thick red line) and nonresonantly at 266
nm (thin blue line). As we can see, for all samples excited by
the UV light, a strong and complex green emission (GE)
band centered at 500 nm is clearly observed with subbands at
~440, 500, 550, and 600 nm [see Fig. 2(b)]. This band is
also present for undoped annealed sample. Moreover, emis-
sion band covering a very similar energy range appears also
for undoped but also not annealed sample [Fig. 2(a)]. How-
ever, its intensity is much lower than for the annealed one
(factor ~40). Based on our observations, where the emission
intensity for this GE band strongly increases with the anneal-
ing, the energy levels responsible for this emission could be
related to Ga,05 nanoclusters (Ga,O5-nc), whose formation
is strongly enhanced by the annealing. These levels can be
related to cluster’s core but more probable to energy levels
(defects or surface states) related to nanoclusters boundaries
formation.

The blue side of observed emission bands in Ga,05 can
be explained as originating from Ga vacancies (Vg,), O va-
cancies (Vo),”' and Ga-O vacancy pairs in Ga,0;.** In
B-Ga, 03, the donors (V) were found to be gathered in clus-
ters that form a donor band 40 meV below the conduction
band where gallium—oxygen vacancy pair clusters form an
acceptor band 420 meV above the valence band. These levels
are responsible for the formation of an exciton bound as
donor-acceptor pair giving rise to a blue-GE band. In addi-
tion, red band centered at about 706 nm has been already
observed in 8-Ga,O; originating from the recombination of
an electron trapped by (V) donor and a hole trapped by
acceptor due to the nitrogen doping, presumably replacing
oxygen in the lattice.”**
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FIG. 3. (Color online) PL intensities for Nd ions and VIS emission vs
surface ratio (r).

Additionally, it has been found that the emission inten-
sity of the GE band depends on the Nd content what can be
seen in more details in Fig. 3. This feature could be a con-
sequence of more efficient coupling between the Ga,0s3-nc
and Nd ions when the Nd content increases. In consequence,
the averaged intensity of the Ga,O5-nc is reduced since part
of absorbed carriers is lost for Nd excitation. Unfortunately,
when the Nd content increases, the shape of the emission
band also changes and well resolved interference patterns are
observed [see Fig. 2(c) for instance]. Despite this thickness
effect, a more detailed analysis of the effect of Nd doping on
the visible emission intensities has been tempted and the
integrated PL intensities have been extracted and shown in
Fig. 3. This figure will be discussed in the next paragraphs.

Moving to Nd related emission, at this nonresonant ex-
citation (266 nm) emission appears only for samples with r
values higher than 17.4%. Three main emission bands related
to Nd ions have been observed for these samples centered at
900 nm, 1087 nm, and 1362 nm and related to transitions
from *F5, to 419,2, 4111,2, 4115,2 energy levels of Nd** ions,
respectively, while the most intense band is at 1087 nm,
which band is the most interesting from the application point
of view. Above this concentration, Nd related emission
strongly increases and the shape of Nd emission lines be-
comes narrower and characterized by a Stark effect leading
to at least two sets of emission lines at characteristic energies
S;=1.1462 eV (1081 nm) and S,=1.1419 eV (1085 nm).

On the other hand, when the samples are excited reso-
nantly, unwanted emission band centered at 1100 nm can be
observed for all Nd concentrations which band overlaps with
the emission from Nd ions. We associated this band to a
recombination process from the silicon substrate.” Second,
as for nonresonant excitation, emission from Nd ions appears
clearly when r is above 17.4% and also characterized by the
evolution of the emission line shape.

When comparing both PL spectra related to the emission
from the Nd ions obtained at resonant and nonresonant exci-
tations, two phenomena are observed with the increase in Nd
content. First, in both cases, the Stark splitted lines become
stronger and the peaks are well separated with a spectral
narrowing. This implies that with the r increase, Nd sites
distribution goes from a broad one (amorphous environment)
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FIG. 4. (Color online) PLE spectra obtained both for emission at 500 nm
(red line) and emission related to Nd ions at 900 nm (dark line) for samples
containing different amount of Nd ions. Additionally, absorbance spectra
have been given (dotted line).

to a sharper one (crystalline environment). Second, we deal
with different contributions of the Stark splitted lines
grouped at two different spectral positions, which is clearly
observed for the highest r value. These results suggest that
there are two main sites of Nd ions, where the ions at site-S,
are mostly excited during a nonresonant process.

Based on these observations, we can conclude that when
the gallium oxide matrix is excited resonantly (787 nm), Nd
ions placed at two averaged sites (S; and S,) are excited
equally but when the matrix is excited nonresonantly (266
nm) most of the ions which are excited are Nd ions “coupled
to element” responsible for their high energy sensitization,
i.e., energy levels related to Ga,Os-nc. Moreover, the im-
provement in emission line shapes is in agreement with our
structural data which indicates that with Nd content the sto-
ichiometry of the matrix became improved thus ions are
placed in more crystalline environment.

First of all, to confirm this coupling between the sensi-
tizing element and the Nd ions, the integrated emission in-
tensity has been calculated for both emission bands. An evi-
dent correlation for these two emission bands (~500 and 900
nm) can be observed indicating that we deal with the
“medium-coupling regime” since the element sensitizing the
Nd ions is also responsible for the emission observed at 500
nm and only a part of excited carriers sensitizes the Nd ions.

In the second step, to define the “sensitizing element”
and to confirm the excitation energy transfer from it to the
Nd ions, the excitation spectra have been measured for Nd
emissions at 900 and 500 nm. Figure 4 shows the excitation
and the absorbance spectra obtained from the reflectance data
corrected by the Si substrate reflectance. As it can be seen for
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FIG. 5. (Color online) Normalized at 10K integrated PL intensities of the
500 nm (a) and 900 nm (b) bands, measured at different temperatures and
obtained for samples with different Nd contents at 266 nm excitation
wavelength.

each sample, the excitation spectra overlap each other and
their maxima agree with the maxima of the absorbance bands
centered at 250 nm (4.95 eV). These observations indicate
that the excitation mechanism responsible for the emission
band at 500 nm is the same as for the emission at 900 nm.

In addition, it can be seen that the excitation band posi-
tion, within the experimental errors, is approximately the
same for all samples. Moreover, from the absorbance spectra,
evident interference patterns are clearly resolved, confirming
also our previous conclusions related to the origin of multi-
peaks structure of the emission band centered at 500 nm. The
obtained excitation (absorption) band position is in good
agreement with the values reported by other authors for the
band gap of Ga,O3 in B phase. This indicates that the main
excitation mechanism of Nd ions is through the Ga,O; ma-
trix which plays the role of a sensitizer for the Nd ions. Since
we know that the Ga,0Os-matrix plays a crucial role in the
excitation of the Nd ions, the question is to know what kind
of physical process is responsible for the excitation energy
transfer after the carriers are absorbed by the matrix. Is this a
direct excitation energy transfer from the grains to the lan-
thanide ions* or is this a defect mediated process?8 For the
latter one, two main processes can be responsible for the
energy transfer mediated by the defect states, namely nonra-
diative dipole-dipole energy transfer (Forster—Dexter) (Ref.
26) or charge (electron/hole) transfer from donor/acceptor
states to Nd ions.’

To verify these hypotheses, the emission intensities for
both emission bands at 500 and 900 nm have been recorded
at different temperatures and at nonresonant excitation (266
nm). Results are shown in Fig. 5. The PL integrated intensity
of the visible emission band [Fig. 5(a)] obtained for undoped
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and doped with r=19.4% samples decreases with tempera-
ture and can be well fitted with a simple model describing a
thermal quenching with one thermal deactivation energy
equals to 43 meV and 44 meV, respectively. For doped
samples with 1=29.1% and 38.8%, the behavior with tem-
perature is a bit different but the main quenching mechanism
seems to be similar to the ones observed in a previous
samples and can be characterized by deactivation energies
equal to 54 meV and 65 meV for samples with r=29.1 and
38.8, respectively.

Surprisingly, emission intensity of Nd ions has a much
more different behavior when the temperature is changing
[Fig. 5(b)]. In this case, the emission does not change at all
until the temperature exceed approximately 150 K, which
temperature corresponding to deactivation energy respon-
sible for the quenching in emission intensities related to
Ga,05 grains. Based on this temperature behavior, it has
been concluded that the main excitation path of Nd ions must
include the charge transfer (CT) process, either the charge is
directly transferred to Nd ions or via an intermediate defect
states.

Taking all these results into account, excitation mecha-
nisms of the Nd ions can be discussed in details. When the
free electron will appear in the conduction band and a hole in
the valence band after the 266 nm excitation (or after elec-
trical pumping) the carriers quickly relax to the lowest levels
within the energy gap of Ga,05; nanocrystalline matrix (sur-
face or defect states related to Ga,O5-nc). For all tempera-
tures, these carriers recombine radiatively giving rise to a
complex emission band centered at 500-550 nm. However,
when the temperature increases (above corresponding energy
of 40 meV), the recombination states become thermally de-
populated to: (i) conduction band, (ii) over the potential bar-
rier directly to Nd* ions in CT process, or (iii) over the
potential barrier to the other defects energy levels which are
in close spatial vicinity of Ga,O3-nc. However, based on the
fact that observed Nd emission is characteristic of +3 oxida-
tion state and direct CT from GE related donor levels to Nd
requires also CT of hole to keep Nd ions optically active, we
believe that the main excitation mechanism of Nd ions can
be explained by two steps process via defects states. Thus, in
the first step, absorbed by Ga,O; matrix carriers are ther-
mally depopulated and form an exciton localized at the en-
ergy levels related to defect states spatially close to Nd ions.
In the second step, localized in this way exciton transfer its
energy to Nd ion via nonradiative dipole-dipole interaction.
After such a nonradiative excitation, the upper 4f state of Nd
ions may then decay via a variety of radiative and nonradi-
ative pathways giving rise to emission bands at 900, 1087,
and 1362 nm.

Moreover, deactivation energy of 40 meV agrees very
well with reported value of 40 meV below the conduction
band for the oxygen vacancies related subband.'” This pro-
cess decreases the number of carriers captured on nanoclus-
ters related energy levels, what will be directly reflected in a
decrease in GE band intensity and accompanied by an in-
crease in energy transfer efficiency to Nd ions as observed in
Fig. 5 and finally to increase in Nd related emission.
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IV. CONCLUSIONS

Nd doped gallium oxide films of micron scale thick have
been grown by magnetron sputtering. Nd concentration plays
an important role in the film structure since the grain size is
at least five times lower when the Nd concentration reaches
1.79%. For high Nd concentrations, Nd ions are mainly lo-
cated in the surrounding of the nanoparticles of B-Ga,0;.
The films are nonhomogeneous and contain empty cavities
and small amorphous regions where the Nd content is higher
than that in the grains. The optical properties have shown
that a maximum intensity of Nd** emission upon optical ex-
citation source is observed for r=19.4% corresponding to a
Nd concentration slightly lower than 0.08%.

Based on the results presented above, we can conclude
that there are at least two main Nd ions sites in the Ga,0O3
film: ions being coupled to Ga,O; nanoclusters, which are
responsible for their sensitization and ions not coupled to any
sensitizating center, which can only be excited resonantly
through the Nd energy levels. Moreover, it has been shown
that the main excitation mechanism of Nd ions involves a
thermally activated CT process, where electrons localized in
the vicinity of Ga,O5 nanoclusters are transferred to other
states from which nonradiative dipole-dipole energy transfer
to Nd ions appears. This indicates that even if Ga,0O5; nano-
clusters are the main sensitization center for Nd ions, the
defect states play a crucial role in transferring excitation en-
ergy to Nd ions.
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High Energy Excitation Transfer from Silicon Nanocrystals
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In this work, direct experimental evidence of the excitation energy transfer from silicon quantum dots (Si-QDs) to Nd ions has
been given based on photoluminescence (PL) and PL excitation measurements in a wide spectral range. The indirect excitation of
Nd ions by transfer from excited Si-QDs is possible and even more efficient at higher energy levels (*Iy, — “Ds5, “Ds)) than the
indirect excitation reported up to now at lower energy (*lo;, — “Fy, —*F3,) levels.

© 2010 The Electrochemical Society. [DOI: 10.1149/1.3279688] All rights reserved.

Manuscript submitted October 28, 2009; revised manuscript received December 4, 2009. Published January 5, 2010.

The recent discovery of efficient luminescent emission from sili-
con nanoclusters' and their sensitizing action toward rare-earth (RE)
ions® has opened the field of important applications for integrated
optoelectronic devices using the complementary metal oxide semi-
conductor technology. For example, in the fields of optical telecom-
munications, the erbium ion that emits at 1.54 wm has become at-
tractive because this wavelength corresponds to the minimum
absorption of the optic silica fiber. For this reason, silica-based ma-
trices co-doped with erbium ions and silicon quantum dots (Si-QDs)
have been extensively investigated.}9 However, up to now, among
all the teams working on that domain, only one group has reported
net gain in an Er-doped structure.'” One of the main reasons lies in
the nature of the three-level electronic 4f structure of the Er’* ions
so that the de-excitation from 4113,2 to 4I|5/2 may lead to a reabsorp-
tion of the photon emitted by the neighboring Er** ions. Among the
other RE ions that can benefit from the sensitizing effect of Si-QDs
described by Kenyon et al.,2 Nd* offers the 4Fy3,—*1;1,, emission at
about 1060 nm, which corresponds to an operating mode based on
four levels. The relaxation toward the fundamental state *I, takes
place by nonradiative de-excitation. Consequently, the signal emit-
ted by the Nd>* ions is not reabsorbed by another Nd** ion. This
confers to the Nd-doped material the possibility of reaching a net
gain. Therefore, such a Nd-doped system appears to be more favor-
able than its Er-doped counterpart for the achievement of a signifi-
cant population inversion. It would consequently be the “preferred
material” to obtain a net gain in structures containing Si nanoclus-
ters even if the fiber absorption is higher at this emission wavelength
than at 1.54 pm. The possible sensitizing role of Si-QDs toward
Nd3* in such a dielectric matrix has been reported so far by only a
few studies.!!* However, Seo et al.' claimed that only films with
Si content lower than 44 atom % show significant Nd** lumines-
cence because low Si excess is needed to precipitate small Si nano-
clusters. Similar results were also reported by Franzo et al.,” who
investigated Nd-implanted Si-rich silicon oxide (SRSO).

In this article, we discuss the indirect excitation of Nd3* ions
embedded in SRSO thin films produced by reactive magnetron
cosputtering. We propose an excitation channel describing the en-
ergy transfer from the high energy levels of Si-QDs to the high
energy levels of the Nd** ions.

Thin RE-doped layers were deposited by reactive magnetron
cosputtering of a pure SiO, target topped with Nd,O5 chips. The
silicon excess in the layer was obtained through the monitoring of
the hydrogen partial pressure mixed to the Ar plasma in the cham-
ber. This reactive deposition approach was based on the ability of
hydrogen to reduce the oxygen species originating from the sput-
tered SiO, target. This allowed the control of Si incorporation in the
growing thin films."”> The RE content was controlled through the
number of the Nd,Oj5 chips placed on the SiO, target. For this study,

* E-mail: artur.p.podhorodecki@pwr.wroc.pl
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Si excess was kept constant at about 7 atom %, while Nd concen-
tration was fixed at 0.08 atom %. These parameters have been cho-
sen based on our previous investigationm and have led to an optimal
Nd emission intensity. The Nd-doped SRSO (Nd-SRSO) layers were
deposited at a power density of 0.76 W cm™ on (1 0 0) p-type Si
wafers and were annealed at 1100°C for 1 h under a N, flow.

Photoluminescence (PL) experiments have been obtained using a
266 nm excitation wavelength. The UV-visible spectral range has
been detected by an HR4000 Ocean Optics spectrophotometer,
while the near-IR visible emission has been collected by an InGaAs
charge-coupled device camera after dispersing through a Triax 550
Jobin Yvon monochromator. For the total photoluminescence exci-
tation (TPLE) measurements, a 450 W xenon lamp has been used as
the excitation source. The configuration (Triax 180, Jobin Yvon
monochromator and HR4000 Ocean Optics spectrophotometer)
gives an averaged excitation flux lower than ~10'° photons/s cm?
in the whole excitation range. The TPLE spectrum has been built
from PL spectra corrected by the power wavelength dependency,
integrated (hachured areas, Fig. 1) and plotted as a function of the
excitation wavelength.

Figure la shows the PL spectrum obtained at 266 nm excitation
wavelength for the SRSO matrix doped with 0.08% of Nd ions and
annealed at 1100°C. The emission band centered at ~650 nm (1.9
eV) has been related to Si-QDs. Additionally, PL lines centered at
920, 1100, and 1400 nm correspond, respectively, to transitions
originating from the 4F3,2 state to the 419/2, 411 12, and 4113/2 levels of
Nd ions. At nonresonant excitation, these strong Nd-related emis-
sions suggest an efficient energy transfer from excited Si-QDs (or
defect states) to Nd ions.

To further analyze this effect, TPLE spectra of Si-QDs and Nd
ions recorded at ~10'° photons/s cm? are shown in Fig. 1b and
normalized to the maximum value. It can be observed that the stron-
gest signal for both emission bands has been detected in the 250—
450 nm range. We observed a similar shape of both excitation spec-
tra obtained for Nd and Si-QDs, suggesting a common mechanism
of the excitation for both elements. Additionally, except for the sig-
nal in the UV-vis range, there is no evidence of resonant excitation
of Nd** ions or indirect excitation through Si-QDs at 488 nm at this
low excitation flux.

Contrary to this result, the reference TPLE spectrum recorded for
the Si-free Nd-doped commercial glass, using the same excitation
flux shown in Fig. lc, proves that the lack of resonant excitation
bands for the SRSO-doped sample (Fig. 1b) is due to its very low
excitation cross section (compared to indirect excitation) rather than
due to the setup limitations. Such a result suggests that (i) the direct
excitation of Nd ions is not efficient for SRSO films, (ii) a high
energy excitation followed by the energy transfer from Si-QDs to
Nd?* jons is observed, and (iii) this excitation mechanism is much
more efficient than the indirect one reported up to now.'!* This
latter point is observed using the 488 nm argon laser excitation line,
which allows us to populate lower energy states in the vicinity of
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Figure 1. (Color online) (a) PL spectrum of SRSO:Nd sample annealed at
1100°C obtained at 266 nm excitation wavelength, (b) excitation spectra
obtained for the emission band related to recombination in the vicinity of
Si-QDs and for the emission band related to 4F3/2 — 419,2 transition of Nd
ion, and (c) reference excitation spectrum obtained for the emission band
related to *Fy, — *Iy, transition of Nd ion embedded inside the commercial
glass matrix. Inset: Ratio of the excitation signal obtained for the Nd ion and
for the Si-QD reflecting the excitation wavelength dependency of the energy-
transfer efficiency from Si-QDs to Nd ions.

Si-QDs from which the energy is transferred to the 4F3,2 Nd level,
but only at a much higher excitation flux.

To investigate the wavelength-dependent excitation mechanism,
we focus on the 250-425 nm range. The observed emission intensity
related to Nd ions is a combination of the probability of several
processes: PPLNd(Eexc)O’-PabsSLst(Eexc)Ptran(Eexc=Eem)PemNd(Eem),
where the first term describes the probability of Si-QD light absorp-
tion dependent on the excitation energy E.,., the second term is the
probability of the energy transfer from Si-QD to Nd ions dependent
on the excitation and emission energies, E.,. and E.,,, and the last
one is the probability of the Nd ion emission, which can be assumed
to be excitation energy independent of indirect excitation via Si-
QDs. Thus, assuming that Pemy, is constant, the ratio
(PPLNd/PabSSi-st) is a signature of the excitation wavelength depen-
dency of the energy transfer between Si-QDs and Nd ions. This ratio
is shown in the inset to Fig. 1b. The inset shows that the excitation
process of the Nd ions is the most efficient at the 350 nm excitation
wavelength, which is typical of the 419,2 — 4D3/2 and 4D5,2 absorp-
tion bands of Nd ions and thus at an energy in which the resonant
energy transfer takes place.

Such an energetically high process, which is more efficient than
the energy transfer from the lower energy states, can be due to two
facts. First, from the point of view of the silicon dot, the relaxation
from the hi7gher excited states is inhibited due to the discreteness of
the states.!” Second, the relaxation process from the higher excited
energy levels to the lowest ones can be strongly reduced due to the
formation of charge-separated complexes as it has been evidenced
for CdSe nanocrystals. 8 Those two facts may increase the carrier’s
lifetime at higher energy levels, making energy transfer from these
higher levels very efficient.
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Figure 2. (Color online) Schematic presentation of possible excitation
mechanisms of a silica matrix co-doped with Nd ions and Si-QDs. The
energy levels for Si-QDs, with a size of 1.36 nm, have been redrawn after
Bulumy.21

This finding can have important applicative consequences be-
cause in most cases, researchers choose the RE ions based on the
correspondence of their energy levels to the Si-QD bandgap (~1.5
to 2.0 eV), evaluated from its emission band position. However, our
result shows that the excitation energy can be transferred from the
Si-QDs to the Nd ions at much higher energies (~3 to 5 eV) than
usually assumed so that channels of excitation of the RE ions may
open.

The last issue arising from Fig. 1b concerns the shape and the
position of the excitation band related to Si-QDs, which is com-
posed of two bands centered at 280 nm (4.40 eV) and 350 nm (3.54
eV). The double-peak nature and the sharp edge of the excitation
band suggest the presence of well-crystallized nanocrystals, which
can be expected at such high annealing temperatures. Moreover,
such a high value of the Si-QD bandgap is characteristic of very
small Si-QDs, with a diameter close to 2 nm. For example, a very
similar spectrum was obtained theoretically by Trani et al."® for Si:H
nanocrystals with sizes close to 2 nm, or by Wilcox et al.”™" Similar
absorption bands were also observed by Bulutay™ for Si nanocrys-
tals with a size of 1.36 nm. The result obtained in his work has been
schematically redrawn in Fig. 2.

These results enable us to provide a schematic representation of
the energy levels of the Si-QD and Nd ions and a possible energy-
transfer process, which has been shown in Fig. 2. Thus, two main
energy-transfer processes are possible in our system: the most effi-
cient nonradiative energy transfer from higher energy levels of Si-
QDs (R}) and the weak nonradiative energy transfer from the lowest
energy levels (most probably surface/defect states) described as (R,)
and preceded by a carrier relaxation (R}) from higher energy levels
(confined states of Si-QDs).

In summary, it has been shown that the excitation energy transfer
from the Si-QDs to Nd ions is possible. Moreover, an excitation
channel of Nd ions has been proposed and discussed. It has been
shown that the excitation of Nd ions through the Iy,
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— “Dy,%Ds), transition from the higher energy levels of Si-QDs
through the nonradiative energy-transfer process is very efficient
and seems to be much more efficient than the excitation through the
lower energy absorption transitions of Nd ion (i.e., 419,2 — 4F5/2).
This opens possibilities for sensitizing a wide range of RE ions and
thus paves the way to promising photovoltaic or photonic applica-
tions.
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Abstract

In this article, the microstructure and photoluminescence (PL) properties of Nd-doped silicon-rich silicon oxide
(SRSO) are reported as a function of the annealing temperature and the Nd concentration. The thin films, which
were grown on Si substrates by reactive magnetron co-sputtering, contain the same Si excess as determined by
Rutherford backscattering spectrometry. Fourier transform infrared (FTIR) spectra show that a phase separation
occurs during the annealing because of the condensation of the Si excess resulting in the formation of silicon
nanoparticles (Si-np) as detected by high-resolution transmission electron microscopy and X-ray diffraction (XRD)
measurements. Under non-resonant excitation at 488 nm, our Nd-doped SRSO films simultaneously exhibited PL
from Si-np and Nd** demonstrating the efficient energy transfer between Si-np and Nd** and the sensitizing effect
of Si-np. Upon increasing the Nd concentration from 0.08 to 4.9 at.%, our samples revealed a progressive
quenching of the Nd** PL which can be correlated with the concomitant increase of disorder within the host
matrix as shown by FTIR experiments. Moreover, the presence of Nd-oxide nanocrystals in the highest Nd-doped
sample was established by XRD. It is, therefore, suggested that the Nd clustering, as well as disorder, are
responsible for the concentration quenching of the PL of Nd**.

Introduction

Over the last decade, there has been an increasing inter-
est toward nanomaterials for novel applications. One of
the challenging fields concerns silicon-compatible light
sources which are getting more and more attractive
since they can be integrated to microelectronics devices
[1]. Amorphous SiO, is an inefficient host matrix for
the photoluminescence (PL) of Nd®* ions since, on the
one hand, the absorption cross section of Nd is low (1 x
10° cm®) and, on the other hand, the Nd solubility in
silica is limited by clustering [2 ,3], which quenches the
PL of the rare earth (RE) ions [4,5]. However, since the
discovery of the sensitizing effect of silicon nanoparticles
(Si-np) toward the RE ions [6], RE-doped a-SiO, films
containing Si-np are promising candidates for the
achievement of future photonic devices. In such nano-
composites, Nd>* ions benefit from the high absorption
cross section of Si-np (1-100 x 1077 cm?) by an efficient

* Correspondence: fabrice.gourbilleau@ensicaen.fr
CIMAP, UMR CNRS/CEA/ENSICAEN/UCBN, Ensicaen 6 Bd Maréchal Juin,
14050 Caen Cedex 4, France

SpringerOpen®

energy transfer mechanism, which enables the PL effi-
ciency of RE ions to be enhanced by 3-4 orders of mag-
nitude offering interesting opportunities for the
achievement of future practical devices optically excited.
In contrast to Er®* ions [6-8], such materials doped with
Nd have not been widely investigated and, accordingly,
the energy transfer mechanism between Si-np and Nd**
ions, and its limitation [9-16]. Several authors have
demonstrated that the energy transfer is more effective
with small Si-np [10,11]. Seo et al. [11] have observed a
decrease of the PL intensity of Nd*>* ions upon increas-
ing the Si excess, i.e., increasing the Si-np average size.
They concluded that only small Si-np which present
excitonic states with a sufficient energy band-gap can
excite the *F;, level of Nd>* ions. Several groups, which
studied the effect of the Nd concentration in the PL
properties of Nd-doped Si-np/SiO, demonstrated
that the PL of Nd** ions is more efficient at low Nd
concentration [12,13].

The object of the present investigation is therefore to
characterize the PL properties of nanostructured thin
films containing a low concentration of Si excess as a

© 2011 Debieu et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.



Debieu et al. Nanoscale Research Letters 2011, 6:161
http://www.nanoscalereslett.com/content/6/1/161

function of the Nd concentration and the annealing
temperature in relation with their microstructures. The
Nd-doped silicon-rich silicon oxide (SRSO) thin layers
were synthesized by reactive magnetron co-sputtering.
Their microstructures were examined using high-
resolution transmission electron microscopy (HRTEM),
X-ray diffraction (XRD), and Fourier transform infrared
(FTIR) spectroscopy. We could notably establish the
proper conditions to obtain efficient PL of Nd>* but
also describe its limitations.

Experiment

In this study, Nd-doped SRSO thin layers were depos-
ited at room temperature on p-type Si wafers by a reac-
tive magnetron RF co-sputtering method that consists in
sputtering simultaneously a pure SiO, target topped
with Nd,O3 chips. The Nd content was monitored by
the surface ratio between the Nd,O3 chips and the SiO,
target. The sputtering gas was a mixture of argon and
hydrogen; the latter enables us to control the Si excess
of the deposited layers by reacting with oxide species in
the plasma [17]. The samples were subsequently
annealed at high temperature ranging from 900 to
1100 °C in a dry nitrogen flow.

The composition of the deposited layers was deter-
mined by Rutherford backscattering spectrometry, while
microstructural analyses were performed using of XRD
and HRTEM on samples prepared in the cross-sectional
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configuration using a JEOL 2010F (200 kV). The infra-
red absorption properties were investigated unsing a
Nicolet Nexus FTIR spectrometer at Brewster’s
incidence.

Room temperature PL measurements were performed
using an argon ion laser operating at 488 nm (7.6 W/
cm?) as excitation source. This excitation wavelength is
non-resonant with Nd®* ions so that only an indirect
excitation of Nd can occur [13,15]. The visible spectra
were recorded using a fast photomultiplier (Hamamatsu)
after dispersion of the PL with a Jobin-Yvon TRIAX 180
monochromator, while the infrared PL was measured
using a Jobin-Yvon THR 1000 monochromator mounted
with a cooled Ge detector and a lock-in amplifier to
record the near-infrared spectra up to 1.5 pm.

Results
In this study, we were interested in four Nd-doped
SRSO thin films containing the same excess of Si
(7 at.%) with various Nd contents ranging from 0.08 to
4.9 at.%.

Microstructure

Figure 1 shows the FTIR spectrum of the lowest Nd-
doped sample as-deposited and a fit with eight Gaussian
peaks. Several bands characteristic of amorphous SiO,
are observed. The two prominent bands at 1236 (red),
and 1052 cm™ (blue) are assigned to longitudinal optical
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Figure 1 FTIR spectrum of the lowest Nd-doped sample as-deposited.
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(LO3) and transverse optical (TO3) phonons of Si-O
bonds, respectively. One can notice that these two
bands are slightly shifted to lower wavenumbers com-
pared to the stoichiometric positions of a-SiO, at 1256
and 1076 cm™, respectively. The TO,, LO,, LO,4, and
TO, vibration modes are also present at 810, 820, 1160,
and 1200 cm™?, respectively. In addition to Si-O vibra-
tion modes, a weak absorption band centered at 880
cm™ is observed. This peak, which is assigned to Si-H
bonds, disappears after annealing because of the hydro-
gen desorption.

Figure 2a shows the evolution of the positions of the
LO; and TOj; vibration modes, and the LO3/TO3 inten-
sity ratio, as a function of the annealing temperature.
One can observe that, while the annealing temperature
was increased, the TO3 and LOj3 peaks’ positions pro-
gressively shifted to higher wavenumbers toward their
respective stoichiometric positions. It is explained by the
phase separation that results in the formation of Si-np
[18,19]. The increase of the LO3 band intensity (see Fig-
ure 2b) is related to the increase of the number of Si-O-
Si bonds at the SiO,/Si-np interface [19,20], i.e., the
increase of the density of Si-np [21].

Figure 3 presents the evolution of the FTIR spectra of
samples annealed at 1100 °C as a function of the Nd
concentration. One can observe that the LO3 band
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intensity, which is constant at low Nd concentrations of
0.08 and 0.27 at.%, significantly decreased while the Nd
content was increased from 1.68 to 4.9 at.%. This evolu-
tion contrasts with the one of the TO4-LO, pair modes.
Indeed, the TO4-LO, intensity remains constant at low
Nd concentrations of 0.08 and 0.27 at.%, and then, it
progressively increases with increasing Nd content. This
demonstrates that the incorporation of Nd in the thin
films generates disorder in the host SiO, matrix.

Moreover, one can notice, in the spectrum of the
highest Nd-doped sample, the emergence of two weak
absorption peaks centered at 910 and 950 cm™ which
are assigned to asymmetric mode of Si-O-Nd bonds
[22]. These peaks are located above a shoulder which
can originate from Si-O” and Si-OH phonons [23,24].
However, one can exclude the existence of the Si-OH
vibration mode after annealing because of the hydrogen
desorption. The emergence of these two absorption
peaks suggests that other phonons are also optically
active in this spectral range.

In Figure 4 is depicted the XRD spectra of the lowest
and highest Nd-doped samples. In the former sample,
one broad band corresponding to a-SiO, is observed,
while the pattern of the latter sample indicates the pre-
sence of additional phases. In the 27-32° range, it shows
various sharp peaks that are located above a broad band
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centered at 29°. This peak, and the 48° one, indicate the
presence of nanocrystalline Si [21,25], while the sharp
and intense peaks located at 27.6°, 28.8°, and 30.7° are
assigned to Nd,O3 crystals. However, the 28.8° peak
may result from both crystalline Si and Nd,Os;. It is
interesting to note that the 27.6° and 30.7° peaks fairly

concur with the ones observed in neodymia-silica com-
posites containing Nd,O3 nanocrystals by several groups
[2,3]. As a consequence, the presence of Nd,O3 and Si
nanocrystals in the highest Nd-doped sample is estab-
lished, while no crystalline phases are detected in the
low Nd-doped one.
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Figure 4 XRD patterns of the highest and lowest Nd-doped samples annealed at 1100 °C.
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Figure 5 shows the HRTEM images of the two latter
samples investigated by XRD after annealing at 1100 °C.
In the image of the sample with the highest Nd concen-
tration of 4.9 at.% (Figure 5a), one can recognize small
Si nanocrystals because of the lattice fringes correspond-
ing to the Si crystalline feature, while no crystalline
structure was observed in the images of the film con-
taining the lowest Nd concentration of 0.08 at.% (Figure
5b). These two images are in accordance with the XRD
results (see Figure 4). However, one cannot exclude that
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the lowest Nd-doped sample could small contain amor-
phous Si-np.

PL spectroscopy

Figure 6 shows the PL spectrum of the lowest Nd-doped
sample after annealing at 1100 °C. In the visible domain,
one can observe a broad PL band that is originating
from quantum-confined excitonic states in small Si-np,
while in the infrared domain, three peaks centered at
around 920, 1100, and 1350 nm are distinguishable and

Figure 5 HRTEM images of the highest (a) and lowest (b) Nd-doped samples annealed at 1100 °C.
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are attributed to the infra-4f shell transitions of Nd>*
ions from the 4F3/2 level to the 419/2, 4111/2, and 4113/2
levels, respectively. The presence of the PL of Nd>* ions
after non-resonant excitation brings to light the sensitiz-
ing effect of Si-np towards Nd** ions.

The evolution of the integrated PL intensity of the Si-
np PL band and the 920-nm PL peak is shown in the
inset of Figure 6. The enhancement of the PL intensity
of the broad visible PL band with the annealing tem-
perature is characteristic for Si-np embedded in SiO,. It
is due to the increase of the Si-np density, as shown by
the increase of the LO3 band intensity in the FTIR spec-
tra (see Figure 2) [21], as well as the improvement of
their passivation [26] and the decrease of disorder in the
host matrix. The latter is a source of non-radiative
recombination channels. Interestingly, one can observe
that the evolution of the PL intensity of Nd** ions as a
function of the annealing temperature is manifestly cor-
related with the one of Si-np. Reminding that the PL
measurements were done under non-resonant excita-
tion, this behavior underlines the strong coupling
between Si-np and Nd** ions, and, accordingly, the
potential of sensitizing of Si-np. The increase of the PL
intensity of Nd®* is then explained by the increase of
the Si-np density as well as the increase of non-radiative
de-excitation channels of both Si-np and Nd**. The Nd?
" PL intensity is then maximal after annealing at
1100 °C which is generally admitted as the optimal
annealing temperature for the PL of Si-np.

Figure 7 shows the behavior of the PL spectra of the
thin films annealed at 1100 °C as a function of the Nd
concentration. As the Nd content increases from 0.08 to
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0.27 at.%, the PL intensity of Si-np drastically drops and
disappears at 1.68 at.%. Then, PL of Si-np surprisingly
reappears at the highest Nd concentration of 4.9 at.%.
Interestingly, one can observe that the positions and
widths of the PL peaks of the two lowest Nd-doped
samples remain identical (see the inset); whereas the PL
peak of the highest Nd-doped film is manifestly shifted
to longer wavelengths. According to the quantum con-
finement model, the PL of the latter sample therefore
emanates from Si-np that are sensibly larger than the
ones present in the two former samples. In the infrared
spectral domain, one can observe that the PL intensity
of Nd>* ions drops progressively with increasing Nd
concentration.

Discussion

During the annealing, a phase separation occurs as
demonstrated in the FTIR spectra in Figure 1, leading to
the condensation of Si-np that were detected by XRD
(see Figure 4) and HRTEM (see Figure 5). Besides, the
presence of Si-np in the films was confirmed by the
occurrence after annealing of a 740-nm broad PL band
that is characteristic for Si-np.

The presence of PL of Nd** ions under non-resonant
excitation evidenced the efficient energy transfer
between Si-np and Nd** ions (Figure 6). The concentra-
tion quenching of the PL of Nd>* ions that was
observed in Figure 7 is partly explained by cross relaxa-
tion processes between Nd** ions and neighboring Nd**
ions and/or Nd,O3 nanocrystals as reported in glass
matrices [4,5]. This is supported by the existence of
Nd,O3 nanocrystals in the highest Nd-doped sample
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Figure 7 Evolution of the PL spectra as a function of the Nd concentration.

(see Figure 4). Besides, non-radiative channels inherent
to disorder induced by the Nd incorporation (see
Figure 3) can be in competition with the energy transfer
mechanism between Si-np and Nd** ions in such nano-
composite systems leading to the common decrease of
the PL intensity of Nd** and Si-np. As a consequence,
the emission of Nd>* ions is more efficient while Si-np
are formed, and while the Nd content is low (0.08 at.%).
In such conditions, Nd®>* ions benefit from the sensitiz-
ing effect of Si-np and from the weak competition of
non-radiative recombinations in the host matrix. The
decrease of the PL of Si-np with increasing Nd content
ranging from 0.08 to 4.9 at.% (Figure 7) is explained by
the raise of energy transfer between Si-np and Nd**
ions (which can be luminescent or not), and by the
increase of non-radiative recombinations provided by
the increase of disorder as shown in Figure 3. Besides,
the presence of a Nd,Oj3 phase in the host matrix at the
highest Nd content significantly modifies the number of
oxygen atoms available to form the silicon oxide host
matrix consequently leading to the formation of larger
Si-np with a higher density. Besides, the formation of
Nd,O3 nanocrystals results in the rise of the average
interaction distance between Si-np and Nd atoms
(agglomerated or not) leading to the occurrence of not-
coupled Si-np, which therefore enables emission of light
in the visible range. This explains the presence of the
PL peak of Si-np in the highest Nd-doped sample
(Figure 7) which is significantly shifted to longer wave-
lengths. The fact that XRD pattern of Si nanocrystals,
were detected in the latter sample and not in the lowest
Nd-doped sample (Figure 4) may also be attributed to
the modification of the Si-np size and density.

Conclusion

The relationships between the composition, the micro-
structure, and the PL properties of Nd-doped SRSO
thin films that contain the same Si excess were studied.
We could establish that the maximum of the PL inten-
sity of Nd®* ions was obtained after annealing at
1100 °C which corresponds to the better situation for the
achievement of highly luminescent Si-np embedded in
SiO,, i.e., containing a small quantity of non-radiative
recombination channels. It was demonstrated that the PL
of Nd** ions was quenched at high Nd-concentration
(4.9 at.%) because of the formation of Nd,O3 nanocrys-
tals and the occurrence of disorder in the host matrix.
The former participates in the concentration quenching
mechanism because of cross relaxation processes, while
the latter induces the occurrence of new non-radiative
channels which are in competition with the energy trans-
fer mechanism between Si-np and Nd** ions.

Abbreviations

FTIR: Fourier transform infrared; LO: longitudinal optical; PL:
photoluminescence; RE: rare earth; Si-np: silicon nanoparticles; SRSO: silicon-
rich silicon oxide; TO: transverse optical; XRD: X-ray diffraction.

Acknowledgements

The authors are grateful to the French Agence Nationale de la Recherche,
which supported this study through the Nanoscience and Nanotechnology
program (DAPHNES project ANR-08-NANO-005).

Authors’ contributions

OD fabricated the thin films and carried out the optical and microstructural
characterizations. XP investigated the films by HRTEM. JC made significant
contribution to the optical properties. FG conceived of the study and
participated in the coordination and writing of the manuscript. All authors
read and approved the final manuscript.



Debieu et al. Nanoscale Research Letters 2011, 6:161
http://www.nanoscalereslett.com/content/6/1/161

Competing interests
The authors declare that they have no competing interests.

Received: 24 September 2010 Accepted: 21 February 2011
Published: 21 February 2011

References

1.

20.

21.

22.

23.

24,

Kenyon AJ: Recent developments in rare-earth doped materials for
optoelectronics. Prog Quant Electron 2002, 26:225.

Kepinski L, Zawadzki M, Mista W: Hydrothermal synthesis of precursors of
neodymium oxide nanoparticles. Solid State Sci 2004, 6:1327.

Lal B, Kumar S, Aghamkar P, Rohilla S, Singh D: Structural studies of
annealed neodymia-silica composite synthesized by solgel technique.
Physica B 2009, 404:3452.

Caird JA, Ramponi AJ, Staver PR: Quantum efficiency and excited-state
relaxation dynamics in neodymium-doped phosphate laser glasses. JOSA
B 1991, 8:1392.

Jacinto C, Oliveira SL, Nunes LAO, Myers MJ, Catunda T: Normalized-
lifetime thermal-lens method for the determination of luminescence
quantum efficiency and thermo-optical coefficients: Application to Nd3
+-doped glasses. Phys Rev B 2006, 73:125107.

Kenyon AJ, Trwoga PF, Federighi M, Pitt CW: Optical properties of PECVD
erbium-doped silicon-rich silica: evidence for energy transfer between
silicon microclusters and erbium ions. J Phys Condens Matter 1994, 6:L319.
Franzo G, lacona F, Vinciguerra V, Priolo F: Enhanced rare earth
luminescence in silicon nanocrystals. Mater Sci Eng B 2000, 69-70:335.
Gourbilleau F, Levalois M, Dufour C, Vicens J, Rizk R: Optimized conditions
for an enhanced coupling rate between Er ions and Si nanoclusters for
an improved 1.54-um emission. J Appl Phys 2004, 95:3717.

Franzo G, Vinciguerra G, Priolo F: The excitationmechanism of rare-earth
ions in silicon nanocrystals. Appl Phys A Mater Sci Process 1999, 69:3.
Watanabe K, Tamaoka H, Fujii M, Moriwaki K, Hayashi S: Excitation of Nd3+
and Tm3+ by the energy transfer from Si nanocrystals. Physica E 2002,
13:1038.

Seo SY, Kim M-J, Shin J: The Nd-nanocluster coupling strength and its
effect in excitation/de-excitation of Nd3+ luminescence in Nd-doped
silicon-rich silicon oxide. App/ Phys Lett 2003, 83:2778.

MacDonald AN, Hryciw A, Lenz F, Meldrum A: Interaction between
amorphous silicon nanoclusters and neodymium ions. Appl Phys Lett
2006, 89:173132.

Bréard D, Gourbilleau F, Dufour C, Rizk R, Doulan J-L, Camy P:
Spectroscopic studies of Nd3+-doped silicon-rich silicon oxide films.
Mater Sci Eng 2008, 146:179.

Bréard D, Gourbilleau F, Belarouci A, Dufour C, Rizk R: Nd3+
photoluminescence study of Nd-doped Si-rich silica films obtained by
reactive magnetron sputtering. J Lumin 2006, 121:209.

Gourbilleau F, Belarouci A, Bréard D, Dufour C, Rizk R: Active emitters
based on nanostructured Si. Int J Nanotechnol 2008, 5:574.

Podhorodecki A, Misiewicz J, Gourbilleau F, Cardin J, Dufour C: High Energy
Excitation Transfer from Silicon Nanocrystals to Neodymium lons in
Silicon-Rich Oxide Film. Electrochem Solid State 2010, 13:K26-K28.

Ternon C, Gourbilleau F, Portier X, Voivenel P, Dufour C: An original
approach for the fabrication of Si/SiO2 multilayers using reactive
magnetron sputtering. Thin Solid Films 2002, 419:5.

Hinds BJ, Wang F, Wolfe DM, Hinkle CL, Lucovsky G: Study of SiOx
decomposition kinetics and formation of Si nanocrystals in an SiO2
matrix. J Non-Cryst Solids 1998, 227-230:507.

Ono H, Ikarashi T, Ando K, Kitano T: Infrared studies of transition layers at
SiO2/Si interface. J Appl Phys 1998, 84:6064.

Charvet S, Madelon R, Gourbilleau F, Rizk R: Spectroscopic ellipsometry
analyses of sputtered Si/SiO2 nanostructures. J Appl Phys 1999, 85:4032.
Gourbilleau F, Dufour C, Levalois M, Vicens J, Rizk R, Sada C, Enrichi F,
Battaglin G: Room-temperature 1.54 pm photoluminescence from Er-
doped Si-rich silica layers obtained by reactive magnetron sputtering. J
App! Phys 2003, 94:3869.

Ono H, Katsumata T: Interfacial reactions between thin rare-earth-metal
oxide films and Si substrates. App/ Phys Lett 2001, 78:1832.

Fidalgo A, llharco LM: The defect structure of sol-gel-derived silica/
polytetrahydrofuran hybrid films by FTIR. J Non-Cryst Solids 2001, 283:144.
Innoncenzi P: Infrared spectroscopy of sol-gel derived silica-based films:
a spectra-microstructure overview. J Non-Cryst Solids 2003, 316:309.

25.

26.

Page 8 of 8

Kapaklis V: Structural characterization of silicon nanocrystals from
amorphous silicon oxide materials. J Non-Cryst Solids 2008, 354:612.
Garrido B, Lépez M, Pérez-Rodriguez A, Garcia C, Pellegrino P, Ferré R,
Moreno JA, Morante JR, Bonafos C, Carrada M, Claverie A, de la Torre J,
Souifi A: Optical and electrical properties of Si-nanocrystals ion beam
synthesized in SiO2. Nucl Instrum Meth. B 2004, 216:213.

doi:10.1186/1556-276X-6-161

Cite this article as: Debieu et al. Effect of the Nd content on the
structural and photoluminescence properties of silicon-rich silicon
dioxide thin films. Nanoscale Research Letters 2011 6:161.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




@ Nanoscale Research Letters

a SpringerOpen Journal

Dufour et al. Nanoscale Research Letters 2011, 6:278
http://www.nanoscalereslett.com/content/6/1/278

NANO EXPRESS Open Access

Electromagnetic modeling of waveguide amplifier
based on Nd** Si-rich SiO, layers by means of
the ADE-FDTD method
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Abstract

By means of ADE-FDTD method, this paper investigates the electromagnetic modelling of a rib-loaded waveguide
composed of a Nd** doped Silicon Rich Silicon Oxide active layer sandwiched between a SiO, bottom cladding
and a SiO; rib. The Auxilliary Differential Equations are the rate equations which govern the levels populations. The
Finite Difference Time Domain (FDTD) scheme is used to solve the space and time dependent Maxwell equations
which describe the electromagnetic field in a copropagating scheme of both pumping (A,m, = 488 nm) and
signal (Agignas = 1064 nm) waves. Such systems are characterized by extremely different specific times such as the
period of electromagnetic field ~ 10"° s and the lifetimes of the electronic levels between ~ 10"% and ~ 10 s.
The time scaling method is used in addition to specific initial conditions in order to decrease the computational
time. We show maps of the Poynting vector along the propagation direction as a function of the silicon nanograin

propagate so that a signal amplication is possible.

(Si-ng) concentrations. A threshold value of 10** Si-ng m™ is extracted below which the pump wave can

Keywords: Silicon nanograin, Silica, Neodymium, ADE-FDTD, Waveguide, amplification

Introduction

The feasibility of optical amplifying waveguide has been
for almost two decades the purpose of numerous experi-
mental works [1]. The devices under study were based on
an active layer constituted of a silica film co-doped with
silicon nanograins (Si-ng) and rare earth ions RE (Er** in
particular) deposited on a substrate and covered by a
cladding layer of pure silica. The differences in the opti-
cal indices of the three layers ensure the optical guiding.
The amplification of a signal is based on an efficient
population inversion of the rare earth levels whose
energy difference correspond to the signal wavelength.
Due to the very low RE signal absorption cross section, a
solution has been found using silicon nanoparticles. The
physical background lies on two major phenomena: on
the one hand, the ability of Si-ng’s to absorb efficiently a
pumping light and, on the other hand, the effective
energy transfer between Si-ng’s and RE ions. In this way,
a RE population inversion could have been achieved in

* Correspondence: christian.dufour@ensicaen.fr
CIMAP, CEA/CNRS/ENSICAEN/UCBN, 6 Boulevard Maréchal Juin, 14050 Caen
Cedex 4, France

SpringerOpen®

order to fulfill the amplification function of the device.
Despite all these promising features, a net gain is hardly
achievable with the former Er** ions due to their great
probability of signal reabsorption from the ground state.
This drawback is prevented with the use of Nd** ions
described by a five level scheme since the transition does
not involve the ground state. The theoretical studies of
the waveguide amplifiers have accounted for both rate
population equations and Maxwell equations. In this
paper we investigate the ADE-FDTD method applied to a
rib-loaded waveguide whose active layer is composed of a
silica film co doped with Nd** ions and silicon nano-
grains. One of the main issues to be addressed in such
systems consists in dealing with extremely different time
scales: the populations lifetimes (1 ms) and the electro-
magnetic field period (101° ). According to [2,3] we use
a time scaling that allows to circumvent this issue. All
the lifetimes have been shortened by a factor of 10°, and
consequently the transfer coefficient K has also been
divided by the same coefficient. In this paper, we investi-
gate the accuracy of this scaling method through longitu-
dinal and trans-verse maps of the Poynting vector for

© 2011 Dufour et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
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several Si-ng concentrations. The applicability of this
method is linked to the space and time calculation steps
since a reasonable computing time must not be exceeded.

Computational details

We treat the problem within a calculation box as
described in Figure 1. Each axis (x,y and z) is divided
into space steps (Ax, Ay and Az respectively).

Four zones appear and will be described hereafter: i)
the rib-loaded waveguide composed of the active layer
(optical index n,.; = 1.52) stacked between the SiO,
cladding and rib (optical index ns0, = 1.45), ii) the
plane containing the electromagnetic field source (zyce
= 6 Az), iii) the diaphragm (between 7Az and 10Az)
which transforms the source into a realistic electromag-
netic Gaussian field impinging on the waveguide and iv)
the boundary zone (PML) (4Az in thickness) character-
ized by appropriate values of electrical (p) and magnetic
(o) conductivities in order to absorb the electromagnetic
field so that the box borders do not influence the field
in the zone of interest [4].

Lorentz Model for the dielectric susceptibility
Considering a transition between levels i and j we use the
Lorentz following relationship which makes the coupling
between the polarization density P; , the level popula-
tions Ni and N; in m™ and the total electric field E:

di’-Pij(t)+ a)"dpij(t)
dr? Vot

Awj; is the FWHM of the jj transition deduced from
photoluminescence measurements according to [5],

wl%Pij(t) = KANij(t)E(t) (1)

2mce
@i = is the oscillator pulsation linked to the i tran-
ij
- 6 eoc® v . y
sition wavelengh 4, « = ) and v, is the ij

ij

, Caloulation box

Diaphragm

/ .
/ ) ,,aoé rib
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Figure 1 Computing scheme.
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radiative transition rate in s [6,7]. The level popula-
tions difference in m™ is given by AN; = N;- N ;.

In the same way, we describe the polarisation density
P;; linked to the silicon level populations Ng; (ground
level) and Ng; (excited level),to the oscillator pulsation
ws; and finally to the transition FWHM Awsg;.

Maxwell equations: FDTD numerical method
We start from the Maxwell equation which links the
displacement vector D to the magnetic excitation H:

D —
= curlH —J,

where the current density J, is related to E by J, =cE
where o is the electrical conductivity. Accounting for
the relationship between D and the total polarisation
density, D = gE + X P;; we may write:

oE 1 — 1 0 Pg;
= cadH- ° E— (Ps) (2)
at  goér 08y 08y at
JH 1—

- ami-"H (3)
ot j 2

All the calculations are performed with real variables.
Hence, in order to account for absorption processes
other than those due to the level transitions, we charac-
terize (especially for the diaphragm and PML) a specific
electric conductivity o and magnetic conductivity p.

Both equations 2 and 3 are solved using the Yee algo-
rithm [8]. The space steps are chosen so that: Ax = Ay
= Az < A,,;, (the lowest values among all the wave-
lengths) Hereafter: Ax = Ay = Az = 45 nm. The time

A
step At must fulfill the condition: At « ‘ Finally the
c

fields inputs (pump and signal) are known as the ‘source
issue’. Since no perfect source is available, we choose an
xy plane at z;,,,.. = 6Az in which we define a polarized

electric field. Eqoypce = Ex (x,y) _1) This source impinges

on the diaphragm so that a Gaussian beam enters the
waveguide itself at z = 11Az. The total waveguide length is
15Az = 0.665 ym and the number of time steps is 25000,
which amounts to a total simulated time of 0.3 10™*s.

Rate equations

In this section, we detail the ADE part of the method

which describes the time population dynamics of Si-ng

and Nd?+ levels with the following rate equations.

Silicon nanoclusters

We consider both radiative r and non radiative nr tran-

sitions. The optical pumping power (in m®) writes
1 dP,(t)

- E(t) it

i . The energy transfer between Si-ng and
®p
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RE ions is described by a transfer coefficient K and
equal to KNg;(t) No(t) at time ¢. This leads to the fol-
lowing rate equations:

ANg (1) 1 dPy(t)  Ng(1) .

I —+;_lwa(t) i — — KNg;(t)No (1), (4)
dNsi(t) 1 dPy(t)  Ng(1) "

it ——;—lwa(f) A " +KNg;(t)No().  (5)

Rare earth ions Nd **
A five level scheme is adopted for the Nd*>* ion in
Figure 2 [9,10].

We consider three radiative transitions (4Fs, —> 41y,
Aoo = 945 nm; 4Fz,5 —4111,9, A>; = 1064 nm; and
4F535 —> 4l13/9, A2s = 1340 nm) and three non radiative
transitions (4Fs5/y - > 4F3,5 (N3 = Ny ) 41115 - > 4lg)y
(N1 = Np ) and 41,3/, - > 41115 (Ny = Ny)).
dPy (t) 1 E(t)

E(t , + o
O * o

dP5(t)

it and

The terms +_
@21

1 P

correspond to the stimulated transi-
hw)a d

N> (1)

tions 2 > 1, 2 - 0 and 2 — 4. The terms — ,
1},

_Nz(t) _Nz(t)

7207 24l
transitions 2 > 1, 2 — 0 and 2 — 4.
The associated rate equations read:

correspond to the spontaneous

dN3(t) _ _Ng(t)
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sz(t) 1 dP24(t) 1 dpzl(t)
= _ E _ E
dt hwoa () dt * hwoy ) dt )
1 O N0 _Na) _ Na() _ Na(0)
hawao dt Tl 2l T2l Toall
dN4(t) - 1 E(t) dP24(t) . Nz(t) B N4(t)’ (8)
dt hwoa dt T4l Tatler
dN (1) 1 dPy(t)  Na(f)  Ni(r)  Na(t)
= — _ E — ,
dt hwn (t) dt 21 Izr T10lnr 41 |nr (9)
dN()(t) - 1 E(t) sz()(t) . Nz(t) . Nl(t)
dr hawno dt Tolh  Twole  (10)
— KN ()N (0).

Application to rib-loaded waveguide

In table 1, we collect the simulation parameters taken
into account for the transitions. The lifetimes corre-
spond to the experimental ones divided by the scaling
factor 10°.

The transfer coefficient K estimated to ~ 1072° m? s
[11] has also been scaled with the same factor 10°% K =
10™"* m3s". The amplitudes of the input pumping and
signal electric fields have been taken equal to E,,,,, =
107 V.m™ and g,y = 100 V.m™.

After the time Fourier transform of both E and H
fields, we deduce the z component of the pump (RY“™P)
and signal (R;ignal) Poynting vectors (in W.m.?)

Three Si-ng concentrations have been investigated
(N,; = 10%°, 10%* and 10?®> m™®). In the initial states,

%k
dt T3 |nr + KNG (t)No (1), ) only the ground level is populated. The corresponding
(xz) maps (RE“™P) are plotted in Figures 3, 4 and 5.
In these figures, the different calculation box zones
may be recognized: i) the Perfectly Matched Layer
(PML) which lies in the area from the lefthand side
Si0, between z = 0 nm and z = 180 nm, and from the
Nd ¥
- ., Eootb.. Table 1 Simulation parameters of the Si-ng and Nd**
LX M. Fin transitions
l Transition lifetime(s) type w; () Aoy (s)
Si —Si * 410" R 386 10" 4410
-16
R — . 352 2310 NR
(LR p— M, lzs 250 31070 R 207 10" 13810
™ | P 21 3101 R 1710 139 10"
24 3101 R 1310 133 10"
- 41 97107° NR
1=0 51107° NR

Figure 2 Five level scheme of Nd** ions.

R and NR stand for radiative and non-radiative transitions respectively.
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the dashed-dot rectangle represents the waveguide rib.

righthand side between z = 890 nm and z = 1000 nm,
ii) the plane containing the electromagnetic field
source at z ~ 300 nm, iii) the FDTD zone which is
located at about 180 nm from border of plot, the
Gaussian beam impinging in the waveguide at z ~ 500
nm and the intensity propagating in waveguide from z
~ 500 nm to z ~ 900 nm.

On the basis of the parameters taken from experi-
ments, these plots evidence the fact that for Si-ng con-
centrations above 10** m™, the pumping wave does not
reach the end of the waveguide. This concentration
threshold corresponds to high experimental values [12],
and is above the lower values leading to minimal optical
losses [1].
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Figure 5 (yz) maps of Rg'”"p in W.m™ for [Si-ng] = 10%> m’3,
the dashed-dot rectangle represents the waveguide rib.

In order to reduce the computing time, in addition to
the scaling method, we start the calculations with Si-ng
levels already populated at the maximum inversion rate,
Ns: = N% = 5 102 m™. Hence, for a given total Si-ng
concentration of 10*®> m™, this result (Figure 6) can be
compared to the preceding one where Ng; = 10> m™
and N§; = 0 (Figure 5). The propagation of the pump
power within the waveguide seems to be similarly atte-
nuated in both cases. The main difference occurs in the
N3 level concentration which is directly populated from
the excited Ng; level. In case of maximum inversion rate,
the stationary regime is reached and the concentration
becomes equal to N3 = 732.K.N%.No ~ 1.1 10" m™, In
case of Ng; = 10> m™ and N} =0 starting
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Figure 4 (yz) maps of R2“"™ in W.m™ for [Si-ng] = 10** m?,
the dashed-dot rectangle represents the waveguide rib.
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concentration, the N3 concentration does not reach a
stationary regime and stays below several 10'” m™,

Conclusion

We have investigated by means of ADE-FDTD method
the electromagnetic field propagation in rib-loaded
waveguides constituted of an active layer of Nd** doped
silicon rich silica stacked between pure silica bottom
cladding and rib. This numerical method treats Nd>*
and Si-ng levels rate equations (ADE) coupled to the
Maxwell equations (FDTD). The extremely different spe-
cific times involved in the ADE (levels lifetimes ~ 10 us)
and in FDTD (electromagnetic wave periods ~ 10> s)
have required the use of the scaling time method which
allows reasonable computing time: the number of time
iterations has been reduced by six orders of magnitude. In
addition to this method, we have proposed to start the cal-
culations with steady state Si-ng ground and excited popu-
lations. The numerical computation has been performed
for several Si-ng concentrations. Therefore we can infer
that the pumping wave propagation (A, = 488 nm ) is
possible for [Si-ng] < 10** m™ in agreement with experi-
mental loss measurements. The upper Nd>* level reaches
its stationary value predicted with the analytical solution
of the steady state rate equations.
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Abstract

Microstructural, electrical, and optical properties of undoped and Nd**-doped SiO,/SiN, multilayers fabricated by
reactive radio frequency magnetron co-sputtering have been investigated with regard to thermal treatment. This
letter demonstrates the advantages of using SiN, as the alternating sublayer instead of SiO,. A high density of

silicon nanoclusters of the order 10' nc/cm? is achieved in the SiO, sublayers. Enhanced conductivity, emission,

nanoparticles, and nanoclusters).

and absorption are attained at low thermal budget, which are promising for photovoltaic applications.
Furthermore, the enhancement of Nd** emission in these multilayers in comparison with the SiO,/SiO,
counterparts offers promising future photonic applications.

PACS: 88.40fh (Advanced materials development), 81.15.cd (Deposition by sputtering), 78.67.bf (Nanocrystals,

Keywords: SiO,/SiN,, multilayers, Nd* doping, photoluminescence, XRD, absorption coefficient, conductivity

Introduction

Silicon nanoclusters [Si-ncs] with engineered band gap
[1] have attracted the photonic and the photovoltaic
industries as potential light sources, optical interconnec-
tors, and efficient light absorbers [2-5]. Multilayers
[MLs] of silicon-rich silicon oxide [SiO,] alternated with
SiO, became increasingly popular due to the precise
control on the density and size distribution of Si-ncs
[6,7]. Moreover, the efficiency of light emission from
SiO,-based MLs exceeds that of the single SiO, layers
with equivalent thickness due to the narrower Si-nc size
distribution. The ML approach is also a powerful tool to
investigate and control the emission of rare-earth [RE]
dopants, for example, Er-doped SiO,/SiO, MLs [8]. It
also allows us to control the excitation mechanism of
the RE ions by adjusting the optimal interaction distance
between the Si-ncs and the RE ions. However, achieving
electroluminescence and hence extending its usage for
photovoltaic applications are problematic due to the
high resistivity caused by SiO, barrier layers [9]. Hence,
replacement of the SiO, sublayer by alternative

* Correspondence: pratibha-nalini.sundar@ensicaen.fr

'CIMAP UMR CNRS/CEA/ENSICAEN/UCBN, 6 Bd. Maréchal Juin, 14050 Caen
Cedex 4, France
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@ Springer

dielectrics becomes interesting. Due to the lower poten-
tial barrier and better electrical transport properties of
silicon nitride [Si3Ny] in comparison to SiO,, multilayers
like SiO,/SisN, [10], Si-rich SizNy (SiN,)/SizsNy [11], and
Si-rich Si3N4/SiO, [12] were proposed and investigated
[13] for their optical and electrical properties.

In this letter, we investigate SiO,/SiN, MLs and com-
pare them with the SiO,/SiO, counterparts reported
earlier [9,14]. We demonstrate that an enhancement in
the conductive and light-emitting properties of SiO,/
SiN,, MLs can be achieved with a reduced thermal bud-
get. We also report a pioneering study on Nd-doped
SiO,/SiN, MLs. A comparison between the properties of
Nd**-doped SiO,/SiO, and SiO,/SiN, MLs are pre-
sented, and we show the benefits of using SiN,, sublayers
to achieve enhanced emission from Nd>* ions.

Experimental details

Undoped and Nd-doped 3.5-nm SiO,/5-nm SiN, (50
periods) MLs were deposited at 500°C on a 2-inch p-Si
substrate by radio frequency [RF] magnetron co-sputter-
ing of Si and SiO, targets in hydrogen-rich plasma for
the SiO, sublayers and a pure Si target in nitrogen-rich
plasma for the SiN, sublayers. An additional Nd,O; tar-
get was used to dope the SiO, and SiN, sublayers by

© 2012 Nalini et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
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Nd®* ions. More details on the growth process can be
found elsewhere [15]. The excess Si content in the cor-
responding SiO, and SiN, single layers obtained from
RBS studies are calculated to be 25 and 11 at.%, respec-
tively (i.e., SiO, _ ; and SiN,, _ 1 o3). Conventional fur-
nace annealing under nitrogen atmosphere at different
temperatures, 75 = 400 to 1,100°C, and times, 4 = 1 to
60 min, was performed on the MLs. X-ray diffraction
analysis was performed using a Phillips XPERT HPD
Pro device (PANalytical, Almelo, The Netherlands) with
CuK,, radiation (A = 0.1514 nm) at a fixed grazing angle
incidence of 0.5°. Asymmetric grazing geometry was
chosen to increase the volume of material interacting
with the X-ray beam and to eliminate the contribution
of the Si substrate. Photoluminescence [PL] spectra
were recorded in the 550- to 1,150-nm spectral range
using the Triax 180 Jobin Yvon monochromator (HOR-
IBA Jobin Yvon SAS, Longjumeau, Paris, France) with
an R5108 Hamamatsu PM tube (Hamamatsu, Shizuoka,
Japan). The 488-nm Ar" laser line served as the excita-
tion source. All the PL spectra were corrected by the
spectral response of the experimental setup. Top and
rear-side gold contacts were deposited on the MLs by
sputtering for electrical characterization. Current-voltage
measurements were carried out using a SUSS Microtec
EP4 two-probe apparatus (SUSS Microtec, Germany)
equipped with Keithley devices (Keithly, Cleveland, OH,
USA). Energy-filtered transmission electron microscopy
[EFTEM] was carried out on a cross-sectional specimen
using a TEM-FEG microscope Tecnai F20ST (FEI, Eind-
hoven, The Netherlands) equipped with an energy filter
TRIDIEM from Gatan (Gatan, Minchen, Germany).
The EFTEM images were obtained by inserting an
energy-selecting slit in the energy-dispersive plane of
the filter at the Si (17 eV) and at the SiO, (23 eV) plas-
mon energy, with a width of £ 2 eV.

Results and discussions

Effect of annealing on the PL

Since an annealing at 75 = 1,100°C and £, = 60 min is
the most suitable to achieve an efficient PL from Si-ncs
either in sputtered SiO, single layers [7] or in SiO,
/SiO, MLs [16], such treatment was first employed on
SiO,/SiN,, MLs. The X-ray diffraction [XRD] broad peak
centered around 26 = 28° is the signature of the Si
nanoclusters’ formation in the SiO, /SiO, (Figure 1,
curve 1) and SiO,/SiN, MLs (Figure 1, curve 2) as
already observed by means of atomic scale studies on
similar multilayers [17]. However, contrary to the PL
emission obtained from the SiO,/SiO, MLs, no PL
emission was observed in the SiO,/SiN, MLs after such
annealing (Figure 2a). This stimulated a deeper investi-
gation of the post-fabrication processing to achieve effi-
cient light emission from the SiO,/SiN, MLs.
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Figure 1 XRD spectra of annealed Si-based MLs. (curve 1) SiO,/
SiO, 1 h, 1,100°C; (curve 2) SIO,/SiNy 1 h, 1,100°C; (curve 3) SIO,/SIN,,
1 min, 1,000°C; and (curve 4) SiO,/SiO, 1 min, 1,000°C.

It was observed that the PL signals from the MLs
annealed during t, = 60 min are significant only at
lower temperatures (7T, = 400°C to 700°C), and high
intensities are obtained when the samples are annealed
at high temperatures for a short time (75 = 900°C to
1,000°C, t54 = 1 min). It is interesting to note that an
interplay between T, and 5 can yield similar PL effi-
ciencies, as can be seen for T = 900°C and £, = 1 min,
and T, = 700°C and ¢, = 15 min (Figure 2a).

The highest PL intensity in SiO,/SiN, MLs was
obtained with T, = 1,000°C and £, = 1 min (Figure 2b,
¢), whereas the SiO,/SiO, MLs showed no emission
after such short-time annealing treatment (Figure 2a).
Corresponding XRD pattern of this short-time annealed
[STA] (STA = 1 min, 1,000°C) SiO,/SiN, showed a
broad peak in the range 20 = 20° to 30° which is absent
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Figure 2 Photoluminescence. (a) Maximum PL intensity [/p ] of SIO,/SIN, MLs vs T, and t,, and SiO,/SiO, at 1,100°C; (b) PL spectra of STA SiO,/
SiN, MLs; (c) /o vs Ta for ty = 1 min. The asterisk represents the peak from second order emission of laser.

in STA SiO,/SiO, MLs (Figure 1, curves 3 and 4). This
suggests the presence of small Si clusters in the SiO,/
SiN, MLs, with lower sizes (broader peak) by compari-
son with higher annealing temperature (1,100°C; Figure
1, curves 1 and 2). However, we cannot distinguish
which of the sublayer is at the origin of the PL emission.
Consequently, the recorded PL may be a combined con-
tribution of the Si-ncs in the SiO, sublayers and the
localized bandtail defect states in the SiN,, sublayers.

Absorption and electrical studies

The absorption studies show similar absorption coeffi-
cients for as-grown and STA MLs, whereas annealing at
Tx = 1,100°C and £4 = 60 min results in an absorption
enhancement (Figure 3a). One can say that, at such
temperature, an increase in density and size of the Si-
ncs occurs due to phase separation of the SiO, sublayers
into Si and SiO, phases. The formation of Si nanocrys-
tals is complete at T4 = 1,100°C and £, = 60 min and
leads to this enhancement. This reasoning is supported
by the results obtained from the PL and the XRD analy-
sis of the samples annealed at such temperature. The PL
in the SiO,/SiN, MLs is quenched after an increase in
the time and temperatures of annealing (Figure 2a), and
this can be attributed to the increase in the size leading
to the loss of quantum confinement effect. The

formation of Si nanoclusters can be witnessed from the
appearance of the XRD peak at 20 = 28° (Figure 1,
curve 2), which is not seen in the short-time annealed
sample (Figure 1, curve 3).

Considering a balance between light emission and
absorption for photovoltaic applications, we chose to
study STA SiO,/SiN, MLs with a total thickness of 850
nm for electrical measurements. Figure 3b compares the
dark current curves of 3.5-nm SiO,/5-nm SiN, with our
earlier reported 3.5-nm SiO,/3.5-nm SiO, (140 nm)
MLs [14]. The resistivity was calculated at 7.5 V to be
2.15 and 214 MQ-cm in the SiO,/SiNy and SiO,/SiO,
MLs, respectively. Since the thickness of the SiO, sub-
layer is the same in both cases (3.5 nm), this decrease in
the resistivity of the SiO,/SiN, MLs can be ascribed to
the substitution of 3.5-nm SiO, by 5-nm SiN,, sublayers.
This hundred-times enhanced conductivity at low vol-
tage paves way for further improvement of the SiO,/
SiN, MLs’ conductivity, for example, by decreasing the
thickness of this SiN,, sublayer.

Microstructural studies

The high-resolution transmission electron microscope
[HRTEM] and EFTEM observations on STA SiO,/SiN,,
show Si-ncs in the SiO, sublayers with an average dia-
meter of 3.4 nm. Only a couple of Si nanocrystals were
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observed in the HRTEM (Figure 4a), whereas a high
density of Si-nanoclusters of about 10*° nc/cm?® can be
witnessed from the EFTEM images taken at the Si plas-
mon energy (Figure 4c) implying that they are predomi-
nantly amorphous. Interestingly, this density of the Si-
ncs in the SiO,/SiN, MLs is an order of magnitude
higher than the Si-ncs formed in the SiO,/SiO, MLs
fabricated under similar conditions. The brighter SiO,
sublayers are distinguished from the darker SiN, sub-
layers by filtering the SiO, plasmon energy (Figure 4b).
No evidence of Si-ncs within the SiN, sublayers was

obtained. The STA could favor the formation of Si-ncs
only in SiO, and not in SiN, sublayers. This could be
attributed to the different mechanism of Si-ncs forma-
tion in SiO, and SiN, in MLs as opposed to that in sin-
gle layers [18] and/or the low Si-excess content in SiN,,.

Effect of Nd**-doping

Understanding the microstructure of MLs and consider-
ing the enhancement of absorption and emission prop-
erties in SiO,/SiN, MLs compared to the SiO,/SiO,
MLs, we investigate the effect of using SiN, sublayer on
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Figure 4 HRTEM (a) and EFTEM (b, c) images. SiO,/SiN, ML
annealed at Tp = 1,000°C, ty = 1 min by filtering the energy at SiO,
plasmon (b) and Si plasmon (c) energies, respectively.

the PL emission from Nd>* ions. For this purpose, the
SiO,-Nd/SiN,-Nd and SiO,-Nd/SiO,-Nd MLs were fab-
ricated, and their PL properties were compared. No PL
emission was detected from the Nd>*-doped SiN,, single
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layers at the different annealing treatments investigated
here. Figure 5 shows the PL spectra of the Nd**-doped
as-grown MLs under non-resonant excitation with peaks
corresponding to the *F3/5—*o, and *F;3,,—*I11 5 tran-
sitions at 1.37 and 1.17 eV, respectively. The comparison
between the PL properties of undoped (Figure 2¢) and
Nd?*-doped MLs (Figure 5, inset) clearly shows the
quenching of visible PL emission and the appearance of
two Nd**-related PL peaks in the Nd-doped MLs. More-
over, the intensity of Nd** PL from the doped SiO,/SiN,,
MLs exceeds that of the SiO,/SiO, MLs (Figure 5,
inset). Thus, we deal with the efficient energy transfer
towards Nd** ions not only in SiO, but also in SiN,,
sublayers. Since this emission is observed for as-grown
MLs, when no Si-ncs were formed in these MLS, it is
obvious that the emission from the Nd>* ions in the
SiN,-Nd sublayers is due to an efficient energy transfer
from SiN,-localized defect states towards the Nd** ions
[19,20]. PL observed from the doped MLs after STA
was not intense, and it was quenched with increasing
annealing time. The same behavior was observed for the
900°C annealing. This could be due to the decrease in
the number of defect-related sensitizers in SiN, and the
formation of Nd,O3 clusters in the SiO, sublayers [21].
On the other hand, annealing at 75 = 400°C to 700°C,

0.10
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i S
i © Ay ~@-Si0,_ -Nd/Si0, - Nd
0.08 4 > e —-Si0_-Nd I SiN_- Nd
o 0.07 5 8
~— £ 0
S ] T ‘ . . .
; 0.06 ~ 1.4 1.6 18 20
= Energy(eV)
® .
>
= —=—400°C
= —e—700°C
= —A—900°C
a —v—1000°C
—_— .
v
T T T T T T
40 50 60

Annealing time (min)

Figure 5 PL intensity with annealing time and temperature. Evolution of the Nd** PL intensity at 1.37 eV for doped SiO/SIN,, MLs with
annealing temperature and time. (Inset) PL spectra of as-grown Nd**-doped SIO,/SIN, and Si0,/SIO, MLs with equal number of periods. The
thicknesses of the SiO,, SiO,, and SiN, sublayers are 3.5, 5.0, and 5.0 nm, respectively.
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discussed above for the undoped SiO,/SiN, MLs,
enhance Nd** PL emission when applied to the doped
counterparts (Figure 3). Thus, we attain intense PL at a
low thermal budget with T4 (400°C to 700°C) and t4 (1
min). To optimize Nd** emission, the effect of the
thickness of each sublayer in SiO,/SiN, MLs is under
consideration now.

Conclusion

In conclusion, we show that SiO,/SiN, MLs fabricated
by RF magnetron sputtering can be engineered as struc-
tures for photovoltaic and photonic applications. The
as-grown and STA SiO,/SiN, MLs show enhanced opti-
cal and electrical properties than the SiO,/SiO, counter-
parts. Besides achieving a high density of Si-ncs at a
reduced thermal budget, we show that high emission
and absorption efficiencies can be achieved even from
amorphous Si-ncs. The Nd-doped MLs, as-grown and
those annealed at lower thermal budgets, demonstrate
efficient emission from rare-earth ions. We also show
that our STA SiO,/SiN, MLs have about a hundred
times higher conductivity compared to the SiO,/SiO,
MLs. These results show the advantages of SiO,/SiN,,
MLs as materials for photovoltaic and photonic applica-
tions and open up perspectives for a detailed study.

Abbreviations

MLs: multilayers; PL: photoluminescence; Si-nc: silicon nanoclusters; SiN,:
silicon-rich silicon nitride; SiO,: silicon-rich silicon oxide; STA: short time
annealing at 1,000°C for 1 min.
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Nd-doped Si-rich silicon oxide thin films were produced by radio frequency magnetron co-sputtering of
three confocal cathodes: Si, SiO,, and Nd,0s, in pure argon plasma at 500 °C. The microstructure and
optical properties of the films were investigated versus silicon excess and post-deposition annealing
treatment by means of ellipsometry and Fourier transform infrared spectrometry as well as by the
photoluminescence method. A notable emission from Nd>* ions was obtained for the as-deposited
sample, while the films annealed at 900 °C showed the highest peak intensity. The maximum emission
was observed for the films with 4.7 at% of Si excess.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

During last decade a great research effort has been focused on
the development of the Si-based nanostructured materials for
photonic application [1-5]. Among them, Si nanoclusters (Si-ncs)
embedded in SiO, host are widely studied due to an achievement
of room-temperature light emission from the blue to the infrared
depending on the Si-ncs size [6,7].

Rare-earth (RE) ions possess narrow emission lines and receive
more and more interest from the scientists in the world [8]. RE
doped silica is a well-known medium for laser application, but its
use requires high-power sources to achieve an efficient emission.
Considerable attention was paid to silica co-doped with RE ions
and Si-ncs since (i) such nanocomposite materials can be pumped
using broadband sources due to the spectrally wide absorption of
Si-ncs and (ii) Si-ncs are found to be efficient sensitizers of
RE ions.

In this regard, the most studied materials are Er-doped Si-rich
silicon oxide (SRSO) due to promising application as a source for
optical communication. In previous works [9-15] a significant
enhancement of photoluminescence (PL) intensity of the intra-4f
shell transition of Er** due to the energy transfer from Si-ncs to
RE ions has been demonstrated. The detailed study of the
excitation mechanism of Er’* ions showed that the excitation
rate depends on the Si-ncs size and becomes higher for the
smaller Si-ncs [16].

In the contrast of well-studied Er-SRSO system, other RE ions
are not well-addressed. On the contrary to Er>* ions, the doping
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E-mail address: julien.cardin@ensicaen.fr (J. Cardin).

0022-2313/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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of SRSO with Nd>* jons is most promising due to overlapping of
4f-shell absorption transitions with the range of intrinsic Si-ncs
PL. Moreover, Nd3* ions offer very important light emission in
the infrared spectral range at 1.06 and 1.32 pum in a four-level
system configuration which avoid re-absorption of the emitted
radiation. The benefits of Si-nc sensitizers towards Nd3+ ions
was already demonstrated [17,18]. However, its improvement
requires a special attention to some critical parameters as the
coupling rate between Nd>* ions and Si-ncs as well as the quality
of the surrounded host medium aiming significant decrease of the
non-radiative channels contribution. In the former case, the
coupling rate can be monitored via the Nd>* ions content and
the Si excess (Siex) concentration. The latter has a direct influence
on the number of Si-ncs embedded in SiO, as well as on the host
quality.

In this study, both the structure and the optical properties of
Nd-doped SRSO thin films were investigated versus Siex and the
annealing treatment in order to obtain high efficient of Nd>* light
emission via energy transfer from Si-ncs toward Nd>* ions.

2. Experimental techniques

The samples were deposited onto p-type silicon wafers by
radio frequency magnetron co-sputtering of three confocal cath-
odes: Si, SiO,, and Nd,0s3, in a pure argon plasma. The substrate
was rotated during the deposition to ensure a high homogeneity
of the film. The deposition temperature and the total plasma
pressure were kept at 500 °C and 3 mTorr, respectively. The
power density applied on the SiO, and the Nd,03 cathodes were
fixed at 8.88 and 0.30 W/cm?, respectively, whereas the power
density applied on the Si cathode, Ps;, was varied from 0.74 to
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2.37 W/cm?. The deposition time was tuned to achieve the film
thickness in the 250-300 nm range for avoiding the effect of
the film stresses on the optical parameters [19]. An annealing
treatment was performed in a conventional furnace at 900 and
1100 °C during 1 h in a nitrogen flow. Spectroscopic ellipsometry
was used to determine the optical constants: thickness and
refractive index n of the films. The data were collected by means
of a Jobin-Yvon ellipsometer (UVISEL) where the incident light
was scanned in the 1.5-4.5 eV range under an incident angle of
66.3°. The fitting of the experimental data was performed using
DeltaPsi2 software [20].

The sample’s infrared absorption properties were investigated
by means of a Nicolet Nexus Fourier transform infrared (FTIR)
spectrometer. The spectra were acquired under normal and
Brewster angle incidence (65°). The PL spectra were recorded
with a photomultiplier tube Hamamatsu (R5108) after dispersion
of the PL signal with a Jobin-Yvon TRIAX 180 monochromator
using an Ar* laser operated at 488 nm which is a non-resonant
wavelength for Nd®>* excitation. For this study, we focused our PL
experiment in the visible-near infrared range (600-1000 nm) to
analyze the unique contribution of the RE ions in the de-excita-
tion process [17].

3. Results and discussion
3.1. The Si.x estimation

Fig. 1 displays the evolutions of the refractive index n and the
TO3 peak position of Si-O vibration bond as a function of Ps; for
as-deposited samples. The n value increases from 1.48 to 1.70
with Ps;. According to the effective medium approximation (EMA)
and using the Bruggeman model theory [21-23], the O/Si ratio (x)
can be determined from the following equation:

L —36n*+691n2 4773 @
= 220" +665n2—472

To note that the n value is given at 1.95 eV, and during the
deducing of Eq. (1), ny_sj=4.498 and ns;o,=1.457 are used.

3119

Furthermore, the peak position of the TO; mode in Fig. 1
decreases almost linearly with the increased Ps;. On the basis of
the following equation [24]:

x=0.020-19.3 (2)

v is the TO5; peak position of sample SiO,, one can obtain the x
value. For this pure SiO, layer was grown at the same conditions
as SRSO-Nd layers and had the same thickness. This approach
gives more accurate estimation than the comparison with the TO3
peak position of SiO, (~1080 cm~!) published elsewhere [25].

Thereafter, Sicx (at%) was calculated from x using the following
equation:

2—x
2+2x

Siex(at%) = 100 3)

And the results of Si.yx estimated from both FTIR and EMA are
shown in Fig. 2. It is worth to note that the Si.x values obtained by
the two methods are in good agreement within uncertainty.

3.2. Effect of annealing treatment on the microstructure

Fig. 3 shows a typical evolution of the FTIR spectra recorded at
the Brewster incidence for films (Psi=1.33 W/cm?) as-deposited
and annealed at 900 and 1100 °C. This film was chosen as a
typical one to study for its highest emission from Nd3* ions
discussed later. The spectra are normalized with respect to the
TO5 phonon mode intensity. It is found that the TO3; peak position
shifts from 1050 to 1080 cm~' with the increasing annealing
temperature (T,). This great shift is explained by the condensa-
tion and agglomeration of the Siex resulting in the formation of Si-
ncs [26] at the expense of volumic silica. The evolution of FTIR
spectra is a confirmation of the formation of SiO, and Si phases
via phase separation in the SiO, host [25]. Moreover, the intensity
of the LO3; peak increases and the intensity of the LO4~TO4 pair
mode attenuates with the increase of Ta. The former is a signature
of the improvement of the Si/SiO, interface [27], whereas the
latter indicates a reduction in disorder of the host.
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Fig. 1. Evolution of the refractive index n taken at 1.95 eV energy (left axis) and of the TO5 Si-O peak position (right axis) versus Ps; for as-deposited samples. The lines on
top and bottom are the TO position (1065 cm~!) and the refractive index n (1.457) for pure SiO, grown at the same conditions with the same thickness as SRSO-Nd layers,

respectively.
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Fig. 3. Typical evolution of the FTIR spectra measured in Brewster incidence for
as-deposited and annealed films.

3.3. Photoluminescence properties

The film with Ps;=1.33 W/cm? was once more chosen to
demonstrate the evolution of light emission properties versus
an annealing treatment. The room temperature PL spectra of
sample as-deposited and annealed at 900 and 1100 °C are shown
in Fig. 4. It is seen that the sample annealed at 1100 °C emits a
broad PL band in the visible domain that can be ascribed to
radiative carrier recombination in Si-ncs.

As one can also see from Fig. 4, no emission was detected in
this range for both as-deposited and 900 °C-annealed sample.
However, this latter FTIR spectrum (Fig. 3) shows a phase
separation process and thus the presence of Si-ncs. We conclude
that the visible emission is quenched either due to energy transfer
or to defect in the host [28]. This assumption is confirmed by the
analysis of the Nd** PL bands (Fig. 4).

In the infrared domain, there are peaks centered at around
920 nm corresponding to the intra-4f shell transition of Nd>* ions
from the *Fs, to the “Ig); level. The presence of the PL of Nd**
ions after non-resonant excitation at 488 nm confirms the sensi-
tizing effect of Si-ncs toward Nd3* ions. Moreover, the most
efficient emission is observed for the sample annealed at 900 °C
which corresponds to the best coupling between Si-ncs and Nd3+
ions. It is worth to note that a notable emission from Nd** ions
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Fig. 4. Typical evolution of the PL spectra of sample with Ps;=1.33 W/cm? for
as-deposited and annealed films.
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Fig. 5. Evolution of the Nd** PL intensity at 920 nm as a function of the Ps; for
as-deposited and annealed films.

was obtained for the as-deposited sample and this fact can be
explained by either formation of Si-ncs during fabrication process
or by energy transfer from host defects towards RE ions [19].

In the following part, the effect of Siex on Nd>* PL properties
will be studied as shown in Fig. 5. The Nd®>* PL intensity shows
first an increase with Siex for all as-deposited and annealed
samples, up to a maximum corresponding to sample with
Siex=4.7% (Psi=1.33 W/cm?), and then decreases for higher Siey.
This behavior may be explained by two reasons. On one hand, the
first increase of Siey is expected to enhance the density of Si-ncs
for an optimized Nd3*:Si-ncs interaction. Further increase of Sieyx
up to 11.5 at% might lead to increasing the average size of the
former Si-ncs at the expense of their density and then of their
coupling with Nd®>* ions. On the other hand, the Si incorporated
into the sample may result in disorder in the host, which will
favor the non-radiative channels. Besides in Fig. 5, the samples
annealed at 900 °C show the highest PL intensity whatever the
Siex. This observation may be ascribed to the formation of Nd,05
clusters [17] for samples after annealing at high temperature
(TA=1100 °C). To note that there is no peak for sample with
Siex=0.3 at%, possibly because the emission is too weak to be
detected for the low Siey, the Nd3*:Si-ncs distance is too high to
allow the energy transfer process.
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4. Conclusion

We have investigated the influences of Siex and T, on the
structure and optical properties of Nd-doped SRSO thin films
fabricated by co-sputtering technique. It has been shown that the
increase in Si.x improves the Si-ncs coupling to Nd*>* ions, and
that, it may raise the disorder in layer resulting in the increase of
the number of non-radiative channels. In addition, it has been
evidenced that the post annealing treatment at 900 and 1100 °C
enhances the layer quality favoring the Nd>* PL emission.
However, high temperature annealing leads to a decrease of the
Nd3* emission due to the coalescence of Si-ncs and/or the
formation of Nd,O5 cluster. Therefore, both moderate T, and Siey
are very important to be found with aim to optimize the emission
from Nd>* ions. In this study, the sample with Si.,=4.7 at%
(Ps;=1.33 W/cm?) shows the highest Nd>* peaks after annealing
at 900 °C for 1 h.
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This paper aims to study the excitation mechanism of Nd®" ions in Nd-SiOy (x < 2) films. The films
were deposited by magnetron co-sputtering followed by a rapid thermal annealing at temperature T 5
ranging from 600 to 1200 °C. Two different photoluminescence (PL) behaviors have been evidenced
in SiOy layers depending on the annealing temperature. For low T (Ta < 1000 °C), the recorded
visible PL originates from defects energy levels while for high T, (To > 1000 °C), the visible

emission emanates from recombination of excitons in Si nanoclusters. When doped with N

d** ions,

the visible PL behaviors of Nd-SiO, films follow the same trends. Nd®> ™ PL was investigated and its
decay rate was analyzed in detail. Depending on the annealing conditions, two types of sensitizers
have been evidenced. Finally, maximum Nd** PL emission has been achieved at around 750 °C
when the number of Nd*" jons excited by the two types of sensitizers reaches a maximum.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813610]

I. INTRODUCTION

As a leading semiconductor material in the microelec-
tronic industry, silicon has received significant attention on
its optical functionality in these last years aiming at integrat-
ing photonics with semiconductor microelectronics.'
However, suffering from the indirect nature of its band gap,
bulk Si shows poor emission efficiency. Fortunately, two im-
portant results have been achieved by decreasing the Si grain
size to the nanoscale range. On one hand, the nature of Si
band gap changes from indirect to quasi-direct with the
decrease in grain size.> This quasi-direct band gap allows
room temperature photoluminescence (PL) of Si nanoclus-
ters (Si-ncs) without any phonon assistance. This emission is
ranging in the visible spectra from 700 to 900 nm depending
on the Si-ncs size.>® On the other hand, Si-ncs can play the
role of sensitizer towards rare earth (RE) ions such as Er’ "
ion”'2 or Nd>* ion.!® Hence, the effective excitation cross
section of RE ions is enhanced by several orders of magni-
tude and broadened spectrally in the visible range.'*'> This
result provides the possibility to manufacture less-cost and
miniaturized Si-based optoelectronic devices.

To better understand the limiting factors for achieve-
ment of such optoelectronic devices, huge effort has been
focused on the mechanism of energy transfer from Si-ncs
towards Er’ " ions. It appears that the Si-ncs:Er’" interaction
distance should be less than 2 nm'® for an effective coupling
whose efficiency decreases exponentially with the increasing
of distance.'® Fujii et al.'” observe the coexistence of two
processes for Si-ncs:Er’ " energy transfer depending on the
sizes of the sensitizers. A fast process is attributed due to the
large Si-ncs sensitizer, while a slow one is found to depend
on the recombination rate of excitons in small Si-ncs. In con-
trast, Savchyn et al. 12 demonstrate the existence of two exci-
tation processes for Er’* *I;5, level involving multi-levels
sensitization: fast direct excitation by Si-excess-related
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luminescence centers and slow excitation related to the fast
excitation of Er’ " ions up to the higher energy levels such as
4F9/2 and 419/2 with subsequent slow relaxation to the 4113/2
level. These works agree the origin of Er’ " excitation from
recombination of generated excitons within Si-ncs and sub-
sequent energy transfer to the nearby Er** ions. Even though
a great number of papers have been published on the Si-
based matrices co-doped with Er’" and Si-ncs, evidence of
the achievement of net gain from such a system has been
presented in only one report.'® This is due to the nature of
the three-level electronic 4f structure for the Er*" ions lead-
ing to a threshold power necessary to get population inver-
sion and to the possibility of reabsorption of photon emitted
by the neighboring Er’" ions. In contrast, the Nd*" ions
emitting in four-level configuration (1.06 um) do not have a
threshold pump power for inversing population and there is
no reabsorption of the emitted light at 1.06 um. Moreover,
the up-conversion is negligible with Nd*" ions'® emitting at
1.06 um compared to Er'" jons®® emitting at 1.53 um.
Consequently, net gain should be achievable with Nd*" ions
in easier way than with Er’" ions.

However, the study on excitation mechanism of N
ions in Nd-SiOy films is still rather rare by comparison to its
Er’" ions counterpart. After the discovery of energy transfer
from Si-ncs to Nd** ions,?' several groups*~>* investigated
the energy transfer with the goal of improving the Nd**
emission properties. Our previous work®* evidences that
high Nd** content incorporated into the layers would form
Nd,O5 clusters leading to the quenching of the Nd*™ PL.
Moreover, Watanabe et al.*> point out that the Si-ncs size
plays an important role in the Si-ncs:Nd coupling. The
authors show that the Si-ncs:Nd energy transfer is more
effective with smaller Si-ncs. This is explained by a good
match of energy band gap in small Si-ncs with Nd** excited
energy levels (higher than *F55). Therefore, the discussion
on excitation mechanism of Nd** ions should include an
investigation of Si-ncs PL properties. Two main models on
the origin of Si-ncs emission have been proposed on the ba-
sis of both experimental and theoretical studies. The first

d3+
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model depicts the quantum confinement effect,”® which in
general explains the evolution of Si-ncs PL versus its size
depending on the Si excess and/or annealing treatment.”’
The second model considers that the Si-ncs PL is correlated
to the presence of defects at the interface between Si-ncs and
SiO, matrix in SiOy layers,?®?° supporting the PL peak posi-
tion size-independent.*”

In this paper, we investigate the optical properties of
SiOx and Nd-SiO4 films annealed using rapid thermal
annealing (RTA) process. The influence of Si-ncs PL origins
on the excitation mechanism of Nd** jons is investigated
depending on the annealing conditions.

Il. EXPERIMENT

Undoped- and Nd-doped-SiOy (x <2) films of about
350 nm thick were deposited by magnetron co-sputtering of
two (SiO,) or three (Nd-SiO,) confocal cathodes under a
plasma of pure argon. The p-type monocrystalline Si or fused
silica substrates were used and maintained at 500 °C during
the growth. The plasma power density for Nd,O3, Si, and
SiO, targets were fixed at 0.30, 1.48, and 8.88 W/cmz,
respectively. After deposition, the films were submitted to
RTA process under N, for variable durations, t, and differ-
ent temperatures, T,, ranging from 1 min to 1 h and 600 to
1200°C, respectively. The microstructural characteristics
were obtained by RAMAN and Fourier transform infrared
(FTIR) spectroscopies. The optical properties were achieved
by means of PL experiments. These latter were carried out
using the 488-nm-line of a CW Ar" laser (Innova 90C
Coherent), which is a non-resonant wavelength for Nd**+
jons.*! PL decay times have been recorded at the maximum
PL intensity for Si-ncs peak and 920 nm for Nd*" ions after
short excitation pulses (Sns) at full width at half maximum
of a tunable pulsed laser (EKSPLA NT 340 OPO pumped by
a YAG:Nd laser) set at 488 nm with a repetition rate of
10Hz. The focusing beam was 500 um with an average
energy of 15 mJ. The PL decay was recorded with an appro-
priated electronic and detector (PM R5509-73 Hamamatsu)
on a digital oscilloscope (Tiektronix tds 3012).

lll. RESULTS AND DISCUSSION

The two kinds of films, SiO, and Nd-SiOy, object of the
present study, have the same value of O/Si ratio (x = 1.74).
The x value was calculated as shown in our previous paper>>
using the equation

x =0.02v — 19.3, (D

where v is the transverse optical (TO3) peak position in FTIR
spectrum collected at normal incidence. As a consequence,
the Si excess (Si,,) is found to be 4.7 at. % using the follow-
ing relation:

Siee(at%) = [(2 — x)/(2 + 2x)]100. 2)

This silicon excess value has been confirmed by Rutherford
backscattering experiments, which have given a Nd content
of about 5 x 10"* Nd cm .
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FIG. 1. The PL spectra of SiOy films annealed at the indicative temperature
with 1 min duration. The left (a) corresponds to T lower than 1000 °C while the
right (b) to high T4 higher than 1000 °C. AD is the abbreviation of as-deposited.

A. Photoluminescence properties of SiOy films

The PL properties of SiOy films were investigated as a
function of TA. The spectra are separately shown in Figure
1(a) for low T, less than 1000 °C and Figure 1(b) for high
Ta more than 1000 °C. As noticed on these two graphs, the
emission bands peak at different wavelengths depending on
the T, range. Thus, the emission peaks obtained for low Tx
will be defined as Ej; while for high T4, the recorded emis-
sion peaks will be called Ey. To easily catch the evolution
trend, both integrated peak intensity and maximum peak
position have been determined and are presented in Figure 2.
The E; peak intensity first increases to reach a maximum for
Ta =750 °C before decreasing for higher annealing tempera-
tures. This could be explained by a passivation of some non-
radiative centers with increasing T up to 750 °C and for Ty
above 750°C by a decrease of the number of emitting cen-
ters at the origin of the E; peak emission. Its position does
not change with T, peaking at around 720 nm. The exact ori-
gin of this E; peak is still unclear. Wang et al.*® and Wora
Adeola et al.** have separately observed the very similar Ey.
peak in their samples. The former attribute it to surface states
while the latter to band tails states. Therefore, at this level of
discussion, we ascribe this E; peak to defects related radia-
tive states which origin will be specified later in this paper.
Comparatively for T, higher than 1000°C, the Ey peak
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FIG. 2. Peak intensity (left scale) and position (right scale) of SiOy films versus T.
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FIG. 3. E_ and Ey peak intensity versus ta for SiOy films annealed at 750 °C
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intensity rises up abruptly till a maximum at T, =1100°C
and thereafter drops down to a very low value for the highest
annealing temperature (T, = 1200°C). However, the maxi-
mum Ey intensity is more than three times higher than the
one achieved for E; peak after annealing at T, =750°C.
The band positions red-shift from 756 to 836nm with
increasing T,, allowing of attributing the Ey peak to the
quantum-confined excitonic states in Si-ncs.?® This evolution
of Ey intensity versus Ty is related both to the passivation of
non-radiative channels and the Si-ncs density increase up to
1100 °C. If the former continues for higher annealing tem-
perature, the latter will decrease due to a Si-ncs size growth
over the quantum confinement limit. Such an oversize
growth explains the quench of the PL observed for tempera-
ture as high as 1200 °C. Note that both E and Ey peaks are
related to the Si excess incorporated in the SiO, matrix as no
emission was observed from pure SiO, sputtered films
annealed at any T.

To further analyze the different PL behaviors between
low- and high-T4 layers, two typical annealing temperatures
(750 and 1100 °C) corresponding to the maximum PL inten-
sities achieved were set to study the effect of annealing time
ta. The evolutions of peak intensity as a function of t, are
presented in Figure 3. It can be noticed that the E; peak inten-
sity gradually decreases with time for the 750 °C-annealed
samples while Ey peak significantly increases for the
1100 °C-ones, for the same range of time. This PL evolution
is another evidence of different excitation-de-excitation
mechanisms: radiative defects controlled at 750°C while
quantum confinement controlled at 1100°C. When the
annealing duration is increased, the radiative defects are
quenched at 750 °C probably due to the rearrangement of Si
and/or O atoms, while the 1100 °C-extended annealing could
mainly passivate the non-radiative defects such as stressed
bond angles, distorted bond length in host. In high tempera-
ture range, Garrido Fernandez et al >* have obtained the same
PL behavior versus ta. They observe that during annealing
process the nucleation and growth of Si-ncs are almost com-
pleted in a few minutes and the average Si-ncs diameter
remains constant for longer annealing times. Thus, increasing
annealing time up to 30min favors achievement of high Si-
ncs density but remains sufficiently short to avoid the growth
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FIG. 4. RAMAN spectra of the SiOj films deposited on quartz substrate and
annealed at indicated T, for 1 min.

of large Si-ncs, which are detrimental for the quantum con-
finement process.35 Moreover, such extra annealing time
favors the recovering of the non-radiative channels.

B. Microstructural characterization

To understand the above PL properties, the evolution of
film microstructure versus T, has been analyzed by means of
RAMAN spectroscopy (Figure 4). Each curve has a broad
band peaking at ~480cm™' attributed to amorphous Si
agglomerates. Such a result is in agreement with previous
work showing that the formation of amorphous Si agglomer-
ates in similar thin films starts to occur at about 600 °C.* By
increasing T s up to 1100°C, a sharp peak at around 521 cm ™"
assigned to crystalline Si-ncs appears while, in the same time,
the 480 cm ™ '-band intensity decreases. This convincingly cer-
tifies that the To = 1100 °C annealing promotes the formation
of Si nanocrystals. The results of RAMAN experiments on the
Nd-doped SiOy thin films (not shown here) follow the same
trends as results obtained on undoped films. This is supported
by the fact that the low Nd content incorporated may not
affect the formation of either amorphous or crystalline Si-ncs.

Figure 5 shows the evolution of FTIR spectra for SiOy
films annealed at different temperatures. There are two main
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FIG. 5. FTIR spectra recorded at Brewster angle of 65° for SiOy films de-
posited on a Si wafer and annealed at indicated T during 1 min. The spectra
were normalized with respect to the TO; band intensity.
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FIG. 6. PL spectra of Nd-SiO, and SiOy films annealed at 750 °C during (a)
1 min and (b) 1 h.

bands attributed to longitudinal optical (LO3) and TO;3 pho-
nons of Si-O bonds. The relative intensity of the former
peaking in the 1230—1255cm ™' range increases with T, up
to 1050°C, and then slightly decreases for higher Ta.
According to the work of Olsen and Shimura,37 LO; band in-
tensity corresponds to the number of Si-O-Si bonds at 180°
present at the Si/SiO, interface. Consequently, this is the sig-
nature of the increasing formation of Si-ncs in our film upon
annealing temperature up to 1050°C. The continuously
increase of T will then favor the growth of Si-ncs size lead-
ing to the decrease of the Si-ncs density and thus the number
of Si-O-Si bonds at the Si/SiO, interface. As a consequence,
a slight decrease of the LO; mode intensity is noticed.
Concerning the TO5; mode, it blue-shifts from 1052 to about
1081cm™ ' with increasing Ts. This progressive shift
towards the stoichiometric position of amorphous SiO,
(1081 cm™") is indicative of the phase separation between Si
and SiO, occurring in the film. This is confirmed by the
decrease of the disorder in the matrix as evidenced by the
evolution of the intensity of the LO4 and TO, pair modes
with T4.

C. Comparison of Nd-SiO, PL properties with SiO,
films

To study the excitation mechanism of Nd** ions in Nd-
SiO4 system, the PL experiments are performed on Nd-
doped SiOy layers annealed at 750 and 1100 °C which corre-
spond to the two temperatures allowing achievement of the
maximum intensity for E; and Ey peaks, respectively.
Figure 6(a) shows the PL spectra of Nd-SiO, and SiO films
annealed at 750°C during 1 min. The significant Nd** PL
peak from the de-excitation from the 4F3/2 to 419/2 level at
around 920 nm is observed for Nd-doped layer excited with
the non-resonant 488 nm-Ar laser wavelength. This implies
the existence of Nd*" sensitizers present in the SiO, matrix.
The occurrence of an energy transfer from sensitizers to
Nd*" ions is evidenced by the concomitant lowering E; peak
intensity compared to that from undoped SiOy layer.

To confirm this behavior, investigation of the visible
and Nd*" PL intensities as a function of annealing duration
has been carried out (Figure 7). One can noticed that the
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FIG. 7. Integrated peak intensities of Nd-SiO4 and SiOy films annealed at
750 °C versus tx.

visible E; peak intensity decreases versus t, for both SiOy
and Nd-SiOy films. As explained above, this evolution can
be ascribed to the recovering of the radiative defects. For at
least t, <30 min, the E; peak intensity from Nd-doped SiOy
layer annealed at 750 °C shows a lower value than that of
undoped one. Such a behavior is an evidence of an efficient
energy transfer from these radiative defects to Nd®>" ions
states, playing the role as Nd*' sensitizers as mentioned
above. Concerning the Nd** emission evolution at 920 nm, it
increases until 15 min of annealing and saturates afterward.
Such saturation may be attributed to (i) the passivation of
some non-radiative defect and/or (ii) the existence of another
type of sensitizers. Moreover, we have observed in the
Figure 3 a decrease of the low T, type Nd*>" sensitizer (E;.
peak) with longer annealing, which should contribute to a
decrease of the Nd*" PL intensity. Consequently, those
trends of visible and Nd*>" PL intensities are a signature of
the existence of another type of sensitizers that also excite
efficiently the Nd** ions (Figure 6(b)). As demonstrated in
our previous work,*® such sensitizers grown at low T, con-
tain a few Si atoms (less than 15 atoms) and will be here
named atomic scale sensitizers (ASSs). They differ from the
luminescence centers proposed by Savchyn et al.*® Since
using also a RTA of 100s, they observed always a PL peak
position shift, which is in disagreement with our results
(seen Figure 1(a)).

When annealed at higher temperature (1100 °C), the in-
tensity of Ey peak falls down by about 8 times after Nd
incorporation (Figure 8). It is thus supposed that most of
emitters transfer energy to their nearby Nd. One can notice
that the position of Ey peak shifts from about 790 to 730 nm
after Nd incorporation. This shift is probably explained by
the two Nd*" absorption bands peaking at about 750 and 808
nm>' and is a confirmation of the energy transfer process
involved. Nevertheless, the Nd** PL intensity achieved at
such T, appears very low. This demonstrates the Ey peak
emitters formed at this high temperature act as sensitizer of
Nd** ions, but unfortunately, this efficient energy transfer
process suffers from Nd,Os5 clusters formation and/or a too
large sensitizer-Nd*" distance. This can explain that the drop
of Si-ncs PL does not lead to a high PL emission of the Nd*"
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FIG. 8. PL spectra of Nd-SiOy and SiOy films annealed for 1 min at 1100°C.

ions. In addition, the effect of annealing duration was inves-
tigated at 1100 °C. The Ey peak intensity of Nd-SiOy film
gradually increases with increasing t, (data not shown here),
presenting thus a similar trend to that achieved for undoped
layer (Figure 3).

This paragraph will address the effect of T, on Nd** PL
properties (Figure 9). Even though the as-deposited layer
clearly shows PL, the intensity increases with T, and is
enhanced by a factor 2.5 upon annealing at 750°C before
decreasing for higher T,. The optimized temperature at
750°C corresponding to maximum Nd>* PL may be
explained by the fact that both matrix ordered degree and
coupled Nd*" number evolve in opposite trend with anneal-
ing temperature. For the former, the FTIR spectra reported in
Figure 5 have evidenced the attenuation of LO,4 and TO, pair
mode with increasing T . Such an evolution implies that the
film matrix gradually becomes ordered, which would favor
the Nd®" emission by decreasing the non-radiative paths.
The concomitant increase of the LOj intensity with T, up to
1050 °C suggests an increase of Si-ncs density also favoring
an enhancement of Nd>* emission. For the latter, the visible
E, peak (Figure 1(a)) is quenched with T, higher than
750°C attesting the decreasing of radiative defect. When
TA>750°C, the Nd>" ions were consumed by the formation

100

)
™~
<
"
/

N

o
T
>

Integrated Nd-PL intensity (a.u.

| —A— Nd** 920 nm peak for Imin-annealed Nd-SiOx %\

N
o

400 500 600 700 800 900 1000 1100
T, (C)

FIG. 9. Evolution of Nd*" PL intensity as a function of T, for Nd-SiOy
films annealed during 1 min.

J. Appl. Phys. 114, 033103 (2013)

of Nd»Os clusters decreasing the coupled Nd*" ions as evi-
denced by lifetime measurements detailed below. Therefore,
a maximum Nd** PL is reached at the moderated tempera-
ture (To=750°C). Moreover, it is worth to note that the
Nd** PL at T,=900°C is still remarkable and only
decreases by less than 1.5 times in contrast to that at
Tao=750°C. However, the defects emission (Ep peak)
almost completely quenches at about 900 °C as shown in
Figure 1(a). This again evidences the existence of atomic
scale sensitizers apart from the radiative defects.

D. Analysis of both visible PL and Nd3* infrared PL
decay curves

Lifetimes 1 measured on E; and Ey peaks do not show a
single exponential trend, therefore as a first approach the
integrated Eq. (3)*° was used in order to fit the decay curve

1
= JEdt’ 3)

where [ is a time dependent peak intensity while / is the in-
tensity at t=0s. For E; peak, the lifetimes of both doped
and non-doped films are low and invariable at about 2 us as
shown in Figure 10. This confirms that the visible E; peak
origins from the defects.*' For Ey peak from non-doped
SiO, film, the lifetime increases dramatically and holds a
value of 29 us for 1100 °C-SiOy film. This value is indicative
that Ey peak originates from the exciton recombination con-
fined by quantum effect inside Si-ncs.** In contrast for Nd-
SiO, film annealed at 1100 °C, this lifetime value decreases
to 3.6 us. This decrease is due to the energy transfer to Nd**
ions as described by the effective lifetime deduced from rate
equation™’ in the sensitizer:Nd system

Tsio,

—_ 4
1+ KN[(\)/dTSIOX ( )

TNd-Sio, =

where Tyq_sio, 1S the Ep or Ey peak lifetime for Nd-SiOy
film while 75,0, corresponds to the non-doped SiOy film life-
time; K is the coupling constant between sensitizers and
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for 1 min-annealed SiO, and Nd-SiOj films detected at the maximum point
of each peak. The inset shows the PL decay curves for SiOy films annealed
at 750 and 1100 °C.
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Nd*" ions; and N, is the Nd** density in the fundamental
state. The term KN ,tsi0, describes phenomenologically**
the coupling between sensitizers and Nd*>* ions. Therefore,
the decrease of ty4-si0, With respect to tsjo, can be ascribe
to the increasing of the coupling term KN\, tsi0, and thus
evidence the energy transfer to Nd>" ions. In Nd-SiOy films
annealed at T, < 1000°C, the lifetime ty4_sio, is slightly
lower than 75,0, taking into account our experimental uncer-
tainties. For layers annealed at To > 1000 °C, the lifetime
Tnd—sio, 18 10 to 20 times lower than SiOy lifetime (Figure
10). Consequently, for low Tj,, Nd-SiO, layers have a
weaker coupling term KNJ,Tsio, compared to higher one.
The efficiency 7 of energy transfer can be estimated by the
following equation:*’

_ TNd-Siox

n=1 )

TSiox

One can obtain that in Nd-SiO, films annealed at Ty <
1000 °C, the efficiency is lower than 10%, while 7 reaches
about 90% for 1100 °C-annealed layer. Notwithstanding, the
weaker sensitizer:Nd coupling regime and lower efficiency
for the low T, the highest PL intensity is achieved. Such a
feature can be explained by the larger number of sensitized
Nd*" ions due to the larger density of both radiative defects
and atomic scale sensitizers (low T,) than that of Si-ncs sen-
sitizers (high Tp).

The decay rate of Nd®" infrared PL at 920nm has a
non-exponential nature as seen from the Figure 11 inset (a).
For all the films, the Nd*>" PL decay rate was fitted by a two-
exponential decay model

I(r) = Alexp<— t) +A2exp<— t). (6)

T1 T2

Fast (1) and slow lifetimes (7,) have been reported in Figure
11, and the corresponding component of lifetime

(ﬁ,ﬁ) is described in the inset (b). On one hand, the

fast lifetime is shorter than 24 pus, while the slow one is in
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FIG. 11. Evolution of Nd** PL lifetime at 920 nm versus Tx. The inset (a) is
a representative decay rate of 750°C Nd-SiO, PL, fitted by a two-
exponential decay model, while the inset (b) is the component of Nd*> " fast
or slow lifetime.
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the 50-130 pus range. It is observed that both of them gradu-
ally increase followed by a dramatic decrease. The maxi-
mum is achieved after an annealing at To =800°C. This
evolution versus T4 is comparable to the results reported by
Li et al.*® explaining that the local environment of Nd**
ions is deteriorated because of the formation of Nd,Os3 clus-
ters after annealing at high temperatures. Such a rare earth
clusterization has been also observed in a similar sputtered
system as demonstrated in our study using atom probe to-
mography technique.*® On the other hand, the component of
fast lifetime decreases from 0.68 to 0.51, in Figure 11 inset
(b), while the slow case increases from 0.32 to 0.49. This
indicates that (i) the fast lifetime dominates the Nd*>* emis-
sion for all the layers, and that (ii) the contribution of slow
lifetime to Nd*>" PL gradually increases with T .

E. Energy transfer mechanism

The energy transfer from sensitizers present in SiOj
matrix to Nd** ions has been demonstrated using a non-
resonant excitation as described above and now our pur-
pose is to analyze this transfer process in more details
(Figure 12). The absorption spectrum (Figure 12 (ii-b)) of
Nd*" ions in Nd-doped SiO, film presents four typical
absorption bands peaking at about 880, 808, 750, and
585nm. They correspond to the transitions from the
ground level “Iy;, to the excited level *Fsp, *Fsp, “Frp,
and 2Gyp, respectively.’’ Thus, from these quantified
energy levels and the positions of E; and Ey emissions,
one can propose a scheme of the transfer mechanism as
detailed in Figure 12.

For low Tx-annealed Nd-SiO, layers, ASSs and radia-
tive defects are present in the matrix. Both efficiently sensi-
tize the Nd>" ions, since the intense Nd°" PL has been
observed in both samples annealed at 750 °C for 1 min and 1
h (Figure 6). When the radiative defects are recovered with
Ta, the atomic scale sensitizers, whose density increases
with the temperature, dominate the sensitization of the rare

earth ions. As a consequence, in this intermediate
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FIG. 12. Schematic illustrations of the Nd** ions excitation. (i) Energy dia-
grams of ASSs and defects within the films annealed at T, < 1000°C, (ii)
(a) energy diagram of Nd*" ions and (b) absorption spectrum of Nd>* ions
doped in SiO, film, and (iii) energy diagram of Si-ncs within the films
annealed at T, > 1000 °C. ET is the abbreviation of energy transfer.
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temperature range, two paths of sensitization of Nd** ions
will coexist and are at the origin of the radiative recombina-
tion from the “Fs, to the ground state “Io,, level with an
emission at about 920 nm.

In the case of high T,-annealed Nd-SiO, layers, the
formed Si-ncs have a smaller band gap than in the case of
atomic scale sensitizers. These Si-ncs can also transfer their
energy to Nd** ions as demonstrated by the decreasing of
Si-ncs PL intensity (Figure 8) as well as its lifetime (Figure
10). But the PL intensity of Nd>" ions achieved after such a
treatment is low. Such a feature can be attributed to two phe-
nomena: (i) a cross relaxation process among Nd** ions
occurs due to the formation of Nd,O5 clusters as witnessed
by its lifetimes (Figure 11), (ii) the formation of Si-ncs as al-
ready observed in similar sample doped with Er ions*’ will
lead to an increase of the sensitizer:Nd distance.

For all the Nd-SiO, layers, a Nd*" ions PL decay
with a non-exponential nature was observed and fitted
using a double exponential decay model leading to the
determination of a fast and a slow components. They pres-
ent an opposite behavior with the annealing temperature
(inset (b) in Figure 11): the former decreases while the lat-
ter increases. Horak er al.*® have attributed the shortening
of the decay time to a modification of local density of
states (LDOS) brought by the Si interface. This is conse-
quently a signature of the distance between rare earth ions
and sensitizer. Considering that the annealing temperature
favors the phase separation in our layers,®> higher the tem-
perature is, higher the Sensitizer:Nd>* distance. Thus, one
can explain the two components of the PL decay to the
different environment of Nd>* ions, which is modified by
the annealing treatment. This would explain the observed
increase of the ratio of slow over fast components of PL
decay with temperature.

IV. CONCLUSION

The microstructure and PL properties were investigated
as a function of annealing conditions for SiO4 and Nd-SiOy
layers. It has been demonstrated that for the low Tx-
(TA < 1000°C) annealed layers, the visible E; peak origins
from the defects levels, while quantum confinement effect
rules the visible Ey peak for the layers annealed at higher
temperature. For the Nd®>" emission in Nd-SiO, layers, the
former low Ta-layers present high intensity while the latter
high Ta-layers have low one. The high PL intensity achieved
at 920nm has been attributed to the high density of sensi-
tizers present in the layers that are able to transfer efficiently
their energy to the rare earth ions. For increasing annealing
temperatures, this 920 nm-emission decreases. It has been
ascribed to both the formation of Nd,Os5 clusters and the
increasing sensitizer:Nd>" distance. As studied on the mech-
anism of excitation towards Nd** ions, two kinds of sensi-
tizers (radiative defects and atomic scale entities) would
coexist for low Tp-annealed Nd-SiO, films, while Si-ncs
were grown acting as sensitizer for high T, films. This
would allow one to obtain high content of Nd*" ions sensi-
tized, which is the key parameter to achieve future photonic
component.
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Silicon nanocrystals embedded in a silicon oxide matrix were deposited by radio frequency reactive magnetron
sputtering. By means of Raman spectroscopy, we have found that a compressive stress is exerted on the silicon
nanocrystal cores. The stress varies as a function of silicon concentration in the silicon-rich silicon oxide layers varies,
which can be attributed to changes of nanocrystal environment. By conducting the Fourier transform infrared
absorption experiments, we have correlated the stresses exerted on the nanocrystal core to the degree of matrix
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Background

Silicon nanocrystals (Si-NCs) embedded in a silicon-rich
silicon oxide (SRSO) have been extensively studied due to
their promising applications in the third generation tandem
solar cells [1], light-emitting diodes [2], or silicon-based
lasers [3]. These SRSO structures may be successfully de-
posited by magnetron sputtering technique. After depo-
sition, during annealing in a N, atmosphere and 1,100°C
temperature, the excess silicon in SRSO layer precipitates
to form Si nanocrystals in nearly stoichiometric silicon di-
oxide matrix.

The structural quality of the matrix surrounding Si-NCs
is very important since it influences the optical properties
of Si-NCs [4]. For example, it has been shown that various
defects present in the matrix may quench the emission
originated from Si-NCs due to non-radiative recombina-
tion [5]. This is a serious problem from the point of view
of applications, especially in the case of light-emitting
devices. Besides the optical properties, due to differences
in Si-NCs and SiO, crystal structure, the matrix structural
ordering may affect also the Si-NCs crystallinity and
shape. It has been shown by first-principles calculations
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@ Springer

that the surrounding matrix always produces a strain on
the nanocrystals, especially at the Si-NCs/SiO, interface.
According to theory, the amount of stress exerted on the
nanocrystal is connected to the Si-NCs size [6] as well as
to the number of oxygen per interface silicon [7]. These
structural parameters can be controlled during deposition
process by varying the excess silicon concentration in the
SRSO matrix [8]. The structural properties of the Si-NCs
may be then experimentally examined by means of the
Raman spectroscopy, since the Si-Si bonding is Raman
active. On the other hand, Si-O-Si bonds are active in the
infrared (IR) region and therefore the matrix properties
can be examined by means of the Fourier transform IR
(FTIR) spectroscopy. In this work, we investigate the cor-
relation between short-range structural order of the ma-
trix and stress exerted on the Si-NCs by means of the
Raman and FTIR spectroscopy. Our results indicate that
there is a strong dependence of stress on the Si-NCs size
and on the degree of short-range structural order of the
matrix. We conclude that from the point of view of appli-
cations, a compromise has to be considered between good
structural quality of the matrix and Si-NCs size.

© 2013 Zatryb et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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Methods

The SRSO films with a nominal thickness of 500 nm
used for this study were deposited onto the quartz sub-
strates by radio frequency reactive magnetron sputtering.
The incorporation of Si excess was monitored through
the variation of the hydrogen rate ry = Pyp / (Par +
Pyp5). In this work we examined three samples deposited
with ry value equal to 10%, 30%, and 50%. The films
were deposited without any intentional heating of the
substrates and with a power density of 0.75 W/cm?.
More details on the process can be found elsewhere [9].
All samples were subsequently annealed at 1,100°C for
1 h under N flux in order to favor the precipitation of
Si excess and to induce Si-NCs formation.

The room temperature micro-Raman scattering was
measured in vertical transmit, horizontal receive polariza-
tion, using single-stage spectrometer (T64000 Horiba Jobin
Yvon, Longjumeau, France) equipped with a silicon charge-
coupled device camera. An Ar* laser (\ = 514.5 nm) was
used as the excitation source. The lack of noticeable heating
of the samples was assured by determination of the Stokes/
anti-Stokes ratio. The FTIR spectra were collected using
Nicolet iS10 spectrometer (Thermo Fisher Scientific Instru-
ments, PA, USA). These measurements were conducted in
attenuated total reflectance mode (ATR) using VariGATR
accessory (Harrick Scientific Products Inc, NY, USA).

Results and discussion

In our previous papers [9,10] we have reported results of
structural investigations (including atomic force micros-
copy, X-ray diffraction, high-resolution electron microscopy
or Rutherford backscattering) of SRSO films fabricated with
the same technological parameters as the samples exam-
ined in the present study. The main conclusion of these
investigations is that the deposition with r; = 10% favors
the formation of well-crystallized Si-NCs with average size
of about 3 nm, whereas deposition with r; = 50% favors
formation of Si-NCs with size less than 2 nm. We have also
shown that an increase of ry results in a drop of the crystal-
line fraction of nanoclusters.

The samples examined in the present study were pre-
viously investigated by means of absorption spectroscopy
[11]. The Tauc formula (aE) = A (E - Ey)™ was used to
estimate the optical band gap (E;) of these structures.
The best fit to the experimental absorption data was
obtained for m = 1/2, which corresponds to the directly
allowed transition. It was found that the absorption edge
is significantly blue-shifted from 3.76 eV for ry; = 10% to
4.21 eV for ry = 50%, due to quantum confinement ef-
fect [12]. Moreover, it was found that below the optical
band gap, the absorption spectra reveal long, exponen-
tially decreasing absorption tails which can be described
by Urbach equation: a = C exp(E / Ey), where Ey is the
characteristic Urbach energy. It was found that Ey in-
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creases as a function of ry also increases from 73 meV
(rg = 10%) to 90 meV (ry = 50%). For clarity, these
results are summarized in Table 1.

Figure 1 shows Raman spectra measured for samples
deposited with ry equal to 10%, 30%, and 50%. The spec-
tra consist mainly of two bands: a broad low-frequency
band (LF) with maximum at around 480 cm ™! and a
narrower, asymmetrically broadened high-frequency
(HF) peak centered between 518 and 519 cm™'. The
LF band may be attributed to the amorphous silicon
(a-Si) [13], whereas the HF originates from Si-NCs
[14]. To compare we also show the reference spectrum
of bulk Si with peak centered at wg; = 520 cm ™. Inter-
estingly, despite the fact that the Si-NCs size decreases
as a function of ry, the Raman line related to Si-NCs
does not shift to the lower frequencies according to
the predictions of the phonon confinement (PC) model
[15]. Quite the contrary, it can be seen in Figure 1
that the Raman line slightly upshifts as a function of
ra. In order to explore this rather surprising effect in
more details, we have analyzed the HF Raman band
using the PC model, following the approach proposed
by Paillard et al. [16]:

T sin?((qd /ao)n] dq
i-nc(@) = C 2 2
fiele) / [1 - (qd/ao)’]’ [0 — 0(@F + (Io/2)

(1)

where d is the Si-NC diameter, ay = 0.543 nm is the Si
lattice constant, q is the phonon wave vector expressed
in 2m/agy units and I is the natural line width. As shown
by Zi et al. [17], for small Si-NCs, the phonon confine-
ment model can give a relatively good description of
Raman frequency shifts, comparable to the predictions of
the bond polarizability model. The high anisotropy of the
phonon dispersion curves in silicon was also taken into
account, using the averaged dispersion relation for the
optical phonons, as proposed by Paillard et al.:

126,100 x q?
— 2 _ ? 2
“(q) \/wc q+0.53 @

27

In the equation (2), the &, = wg; = 520 cm ™' is the op-
tical phonon frequency at the I' point of the Brillouin

Table 1 The optical band gap (E;) and Urbach energy (Ey)
determined for the investigated samples

ry (%) Eg (eV) (m=1/2) E, (meV)
10 375 73
30 397 75
50 4.22 90
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Figure 1 Raman spectra measured for samples deposited with
ry equal to 10%, 30%, and 50%. To compare, a reference
spectrum of bulk Si is also shown. The spectra have been upshifted
for clarity reasons. The inset shows fit of the phonon confinement

model to the spectrum measured for ry = 50% sample.

zone of an unstressed bulk Si crystal. However, if stress
is present in the material, the . value changes [18].
Therefore, to retain all the information, during fitting
procedure, we left w. as a free parameter together with
d. Additionally, a Gaussian function was used to fit the
LF band:

Li(w) = A exp <— M) (3)

205

where w, is the LF band frequency, A, denotes ampli-
tude, and &, is related to Gaussian width. The overall
model used to fit the Raman data is a sum of the
amorphous and crystalline components:

I(w) = Isi-nc (@) + La(w). (4)

Inset in Figure 1 shows an example of the fit obtained
for ry = 50% sample. It can be seen that the PC model
accounts for the asymmetric shape of the Raman band
of Si-NCs. This asymmetric shape is a result of a finite
nanocrystals volume, which allows phonons away from
the Brillouin zone center to contribute to the Raman
scattering. Therefore, during the fitting procedure, we
rely on two factors that directly depend on the Si-NCs
size: the line-shape of the Raman band and the expected
frequency of this band.

From the fit of Equation 4 to the Raman data, we
obtained that the Si-NCs diameter d increases from
about 2.4 nm for ry = 50% to about 2.7 nm for ry = 10%
(the statistical error from the fitting procedure is less
than 0.05 nm). The obtained results are in agreement
with our expectations based on the structural data mea-
sured for similar samples. This result also confirms that
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the model given by Equation 1 can be used to estimate
the Si-NCs size based on the Raman data.

The second important result obtained from the fit is
®.. For the unstressed Si crystal, this value equals to 520
cm™!. However, we obtained that . increases as a func-
tion of ry; increases, from w, = 523 cm™* for ri; = 10% to
we = 525 cm™! for ry = 50%. The obtained values
strongly indicate that we deal with a compressive stress
exerted on the Si-NCs which shifts the observed Raman
lines towards higher wavenumbers [4]. Similar effect has
been observed for Si-NCs obtained by chemical vapor
deposition technique and annealed at 1,250°C [19].
Moreover, the observed rise of w. indicates that the
stress increases as a function of ry. Assuming that the
hydrostatic pressure of about 1 GPa results in approxi-
mately 1.88 cm™ shift of the Raman line [20], we may
estimate the maximum stress to be about 2.6 GPa for
ra = 50% sample. The obtained results also explain why
we do not observe a clear downshift of the Raman fre-
quency related to PC effect. Namely, the compressive
stress increases as a function of ry; and compensates for
the downshift due to the finite crystallite size. It is worth
to note that PC effect has been actually observed for
Si-NCs synthesized in the form of free-standing powder
[21]. Therefore, the difficulties related to the observation
of this effect in our case seem to be matrix-related. It
should be also noted here that the obtained values of w.
do not strongly depend on the PC model selection. To
check this, we fitted the HF Raman band with another
PC model proposed by Campbell et al. [15] (with a
Gaussian weighting function instead of sinc). Although
this model predicted overestimated Si-NCs sizes (4 nm
for ry = 50% and 5 nm for ry = 10%), the obtained
values of . were similar (o, = 523 cm™* for ry = 10%
and o, = 524 cm™" for ri; = 50%). It should also be men-
tioned that both models are simplified since they do not
take into account such effects as stress distribution or
Si-NCs size distribution. Therefore, the estimated stress
values should be treated as estimation.

In the next step, the Raman results were used to calcu-
late the relative contribution of the HF (Si-NCs) and LF
(a-Si) bands to the total Raman scattering, according to
the following equations:

fap = Isi nc
Iy + Isi_nc (5)
A la
F=—7
YT L+ Isine

where the intensities Ig;nc and I, are defined as inte-
grals over w of Equations 1 and 3, respectively. We pre-
fer to calculate the relative contributions instead of the
absolute amorphous and crystalline fractions since, as
shown by Ossadnik et al. [22], the Raman-based esti-
mates of the latter can be very inaccurate.
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Figure 2a shows the relative contributions of the HF
(Si-NCs) and LF (a-Si) bands to the total Raman scatter-
ing intensity as a function of ryy. It can be seen that the
relative contribution from Si-NCs drops with ry, which
we believe reflects a relative drop of the crystalline frac-
tion. Simultaneously, we observe a relative increase of
the amorphous fraction with ry. These results are in
agreement with our previous structural investigations for
similar structures, where it has been shown that increase
of ry results in the increase of the amount of a-Si in the
structures.

Figure 2b shows the integrated Raman intensities of
Si-NCs and a-Si bands as a function of absorption coeffi-
cient (a). The absorption coefficient was determined at
4 eV (high-energy part of the absorption spectra). It can
be seen that there is a linear correlation between a and
the Raman intensity for Si-NCs as well as a-Si, with corre-
lation coefficient equal to 0.98 and 0.97, respectively. Since
both the Raman intensity and a depend linearly on the
number of nanoparticles (e.g., Si-NCs), the obtained
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Figure 2 Relative contribution of the HF (Si-NC) and LF (a-Si)
Raman bands and their integrated Raman intensities. (a)
Relative contribution of the HF (Si-NC) and LF (a-Si) Raman bands to
the total scattering intensity is shown as a function of ry. (b)
Integrated Raman intensities of HF (Si-NC) and LF (a-Si) bands are
shown as a function of absorption coefficient. Pearson’s correlation
coefficients have been also shown for a-Si and Si-NC.
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correlation indicates that the high-energy absorption is
related to both: Si-NCs and a-Si. It should be also noted
here that we obtained a strong correlation for the whole
high-energy part of the absorption spectra (between 3 and
5 eV). Moreover, the correlation coefficient calculated for
Si-NCs was always slightly higher than for a-Si. On the
other hand, when energy drops approximately below
2.5 eV, the correlation coefficient also drops below 0.7.
This result can be expected if we bear in mind that the
estimated optical band gap exceeds 2.5 eV for all of the
investigated structures (see Table 1). This result may also
indicate that the low-energy part of the absorption spectra
is (at least partially) related to some different structures
e.g., defects in the matrix.

In order to explore the matrix properties for more
details, we conducted FTIR measurements in ATR mode.
Figure 3 shows normalized IR spectra obtained for the
samples deposited with different ;. To compare, Figure 3
also contains a reference spectrum measured for pure
quartz. In each case, the main band located in the range
1,000 to 1,300 cm™! is associated with the asymmetric
stretching Si-O-Si mode [23], where the bridging oxygen
atoms move in the direction opposite to their Si neighbors
and roughly parallel to the Si-Si lines. Moreover, the band
around 800 cm™' is identified as the bending Si-O-Si
vibration [23] in which the oxygen move approximately at
right angles to the Si-Si lines and in the Si-O-Si planes.

Figure 3 one can also see that the spectra of the sam-
ples deposited with excess silicon are much broader in
comparison with the IR spectra of pure quartz. More-
over, the decrease of the ry; used during deposition leads
to a significant broadening of the IR spectra. This effect
can be related to the lowering of the degree of matrix
structural order. It should be emphasized here that we
consider a short-range order since the matrix is non-
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Figure 3 Normalized FTIR spectra measured in ATR mode for

samples deposited with different ry. The quartz reference

spectrum is also shown for comparison (dotted line).
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crystalline. A more quantitative definition of the matrix
structural disorder is discussed below.

Recently, it has been well established that amorphous sil-
ica (a-SiO,) contains ring structures with different sizes
[24]. The structure of a-SiO, is a network of SiO, tetrahe-
dra containing irregular rings of order n < 6, where # is the
number of Si atoms in a ring. In other words, the n-fold
ring implies # Si atoms and # O atoms alternately con-
nected in a loop. The irregularity of these rings is asso-
ciated with the number of atoms in a loop (n-fold rings) as
well as with the broad distribution of the Si-O-Si interte-
trahedral bond angles 6 [25]. In the framework of central-
force network model, the distribution of 6 can be ascribed
entirely to the width of an IR or Raman mode [26]. This is
because the mode angular frequency w; is related to 8 by
the following equation [26]:

wAw; =y (a/2my) sinbAO (6)

where Awj is the change of the w; mode angular frequency,
AB is the variation of the angle 6, y is a constant, « is a
bond force constant and 1, denotes element mass. In this
work we relate the structural disorder to a spread in 6 and
a wide distribution of # in the n-fold rings. This approach
is clearly oversimplified since it does not account for the
appearance of new modes induced by the disorder [27],
which actually exist in an amorphous SiO,. Nevertheless,
the above model enables us to understand the obtained
results at least qualitatively and relate the observed broa-
dening of the IR spectra to increase structural disorder of
the matrix. This means that the siloxane rings structure is
more diversified in the case of r; = 10% samples, with va-
rious ring orders # and a large spread in the intertetrahe-
dral angle 6.

We would like to note that there is a correlation be-
tween the structural order of the matrix and the magni-
tude of the compressive stress exerted on Si-NCs. Namely,
the stress is higher when the structural order of the matrix
increases. Although several explanations of the compres-
sive stress exerted on Si-NCs in SRSO matrix have been
proposed [19,28], we have not found any explanation
which takes this effect into consideration. Here, we would
like to suggest another possible origin of the compressive
stress that accounts also for the observed correlation of
the compressive stress magnitude on the structural order
of the matrix.

Before we discuss this effect, we would like to note
that after crystallization of a melted silicon nanoparticle,
its volume increases by about 10% [29]. This is rather
not typical behavior, related to the fact that silicon has
greater density in the liquid state than in the solid state.
Therefore, the phase-transition from liquid to crystalline
state should lead to a compressive stress, when Si-NCs
are embedded in a SiO, matrix, despite the different
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thermal expansion coefficients of Si and SiO,. This also
means that the compressive stress observed in our ex-
periment may be indicative of the crystallization process,
which proceeds through melting. This kind of process
has been suggested by Hirasawa et al. [30] for Si nano-
particles synthesized by pulsed laser ablation, where the
determined crystallization temperatures were in the
range of 800 to 1,300 K (depending on the nanoparticle
size). These temperatures are far below the melting
point of bulk Si (1,683 K). In our case, the annealing
temperature of 1,373 K is also well below the melting
point of bulk Si and only slightly below the melting
point of a-Si (1,420 K for relaxed a-Si [31]). However,
it is well known that the melting temperature of a na-
noparticle decreases significantly with size, as a conse-
quence of the additional free energy contribution of the
surface to the overall Gibbs free energy [32]. For ex-
ample, it has been shown that free-standing Si nanopar-
ticles with a size of 20 nm melt at around 1,000 K [32].
On the other hand, nanoparticles embedded in a matrix
can exhibit both melting-point depression and enhance-
ment [33], and the actual melting behavior depends on
the nature of the interface between the nanoparticle and
the matrix. It has been found that when the interface be-
tween the nanoparticle and the matrix is coherent, the
thermal vibration of the surface (interface) atoms of the
nanoparticle is suppressed. This suppression may pre-
vent the melting of the nanocrystals’ surface and lead to
an increase of the melting temperature. This kind of
behavior has been found for lead nanocrystals in an
aluminum matrix and was attributed to the lattice struc-
tures of the two crystals ‘locking up; suppressing the
vibration of the nanoparticles’ surface atoms [34]. Con-
trary to this, irregularly shaped and incoherent interfaces
can be directly correlated with lowering of melting
temperature of a nanoparticle [35].

In the investigated case, we expect that directly after
deposition we deal with amorphous Si nanoparticles em-
bedded in a disordered oxide matrix. Moreover, it is im-
probable that the sputtering technique allows deposit of
coherent (epitaxial) interfaces between the amorphous
nanoparticles and the matrix. Due to a large density gra-
dient of the Si nanoparticles and the oxide host, when
merged at their interface, the network topologies in ei-
ther side deform in order to accommodate the transition
[36]. Therefore, we expect the interfaces between Si na-
noparticles and the matrix to be incoherent. This can be
further supported by the latest findings of molecular
dynamics simulations which have shown that the inter-
face structure between Si-NCs and the matrix is gene-
rally highly porous on the silica side, making the contact
with the Si-NCs discontinuous [37]. Taking this into ac-
count, we expect that the melting temperature of small,
amorphous Si nanoparticles embedded in SRSO matrix
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might be depressed below the melting point of a-Si. If
this is the case, melting of the nanoparticles may be pos-
sible at 1,100°C.

Having this in mind, we suggest the following origin of
the compressive stress observed in our experiment. First
of all, it should be emphasized that the matrix structure
before and after annealing is not the same. Annealing at
1,100°C leads to phase separation on Si and SiO, and
the structural order of the matrix increases. Secondly,
the crystallization of small a-Si nanoparticles takes place
simultaneously to the matrix ordering. We suggest that
for non-uniform structures obtained by sputtering, the
crystallization may proceed through melting which in
turn leads to volume expansion and compressive stress
exerted on the Si-NC. Moreover, we may expect that the
ability of Si-NCs to expand after crystallization should
depend on the environment - particularly, on the degree
of the structural order of the matrix (since expansion of
the nanocrystal leads to matrix deformation). In other
words, the matrix structure determines its ability to ac-
commodate to the expanding Si-NCs. In this way, for-
mation of a well-ordered matrix does not allow Si-NCs
to expand freely, leading to a stronger compressive stress
exerted on the Si-NCs. We deal with this situation for
ra = 50%, where the compressive stress is the strongest
and the FTIR spectra are quite narrow, suggesting a
higher structural order of the matrix than for the other
samples. On the other hand, for larger Si-NCs (ry = 10%),
the structural order of the matrix is the lowest, resulting
in a broad IR spectrum. This structural disorder indicates
that the matrix can accommodate to the Si-NCs size/
shape; therefore, compressive stress exerted on the Si-NCs
is lowered.

Remarkably, the IR spectrum of pure quartz is much
narrower than the spectra of the samples containing
Si-NCs. It means that Si-NCs always introduce a large
amount of the structural disorder to the matrix which
may influence also the optical properties. This problem
should be taken into account while designing structures
for a particular application.

Conclusions

In conclusion, we have shown that compressive stress is
exerted on Si-NCs in SRSO samples deposited by radio
frequency reactive magnetron sputtering. This stress may
completely compensate for the phonon quantum confine-
ment effects, resulting in the lack of a clear dependence of
the Si-NCs-originated Raman line on the Si-NCs size. The
compressive stress increases with the increasing ryy used
during deposition. We relate the observed strong stress
dependence on ry to the changes of structural order of
the matrix surrounding Si-NCs induced by ryy variation.
The formation of an ordered matrix structure clearly com-
petes with the formation of unstressed Si-NCs.
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Abstract: A new algorithm based on auxiliary differential equation and
finite difference time domain method (ADE-FDTD method) is presented to
model a waveguide whose active layer is constituted of a silica matrix doped
with rare-earth and silicon nanograins. The typical lifetime of rare-earth can
be as large as some ms, whereas the electromagnetic field in a visible range
and near-infrared is characterized by a period of the order of fs. Due to the
large difference between these two characteristic times, the conventional
ADE-FDTD method is not suited to treat such systems. A new algorithm
is presented so that the steady state of rare earth and silicon nanograins
electronic levels populations along with the electromagnetic field can be
fully described. This algorithm is stable and applicable to a wide range of
optical gain materials in which large differences of characteristic lifetimes
are present.

© 2013 Optical Society of America

OCIS codes: (050.1755) Computational electromagnetic methods; (160.5690) Rare-earth-
doped materials; (230.4480) Optical amplifiers; (230.7370) Waveguides; (230.5590) Quantum-
well, -wire and -dot devices.
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1. Introduction

The aim of this paper is to model the propagation of an electromagnetic field into an active
optical waveguide. K. Yee in 1966 [1] presents the initial algorithm based on the finite differ-
ence time domain method (FDTD) used to discretize Maxwell’s equations. in time and space
so that it is suited to calculate the propagation of an electromagnetic field into dielectric me-
dia. In the past two decades, as computers have become more and more powerful, the FDTD
method has met a growing success and has been extended to model antennas, periodic struc-
tures, dielectric materials exhibiting non linear dispersion efc. [2]. One of the improvements
to the basic FDTD method was to account for active dielectric materials which can absorb or
emit the electromagnetic field. This improvement has been made by coupling Maxwell’s equa-
tions to auxiliary differential eqations (ADE) describing the polarization densities linked to the
authorized transitions and electronic level populations.

For many years, rare earth ions have been used in silica-based optical amplifiers such as
Erbium Doped Fibre Amplifier (EDFA) [3]. In these systems, the low gain value requires to
employ significant length (10 to 15 m) of doped fiber to achieve a workable power operation.
In more compact system such as erbium-doped waveguide amplifier (EDWA) a higher gain has
to be reach in order to shorten the operating length of the amplifier [4]. One limiting factor of
the gain is the low absorption cross section O, of rare earth ions. In order to increase this o,
absorption sensitizers have been used such as ytterbium, semiconductor nanograins, metallic
ions or organic complexes [5]. Several studies have pointed out that silicon nanograins are effi-
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cient sensitizers and can increase by a factor of 10* the effective absorption cross section of rare
earth ions [6,7]. Erbium (Er3*) has been the first rare earth studied due to the emission wave-
length of 1.5 um, adapted to the telecommunications window in optical fibers [3]. However,
there are three major gain limiting factors for the erbium ions: up-conversion, the excited state
absorption and the re-absorption of the signal from the fundamental level. This last drawback
is characteristic of a three levels system. More recently, neodymium ion has been proposed
instead of erbium ion since its four levels configuration prevent signal re-absorption from the
fundamental level.

Our goal is to model the propagation of an electromagnetic field into a waveguide with a layer
containing absorbing and emitting centers as for example Nd3* ions and silicon nanograins.
More particularly, we want to determine the system characteristics as Fields, level populations,
and gain in a steady state regime as a function of initial parameters such as concentration
of emitting center, geometry, pumping configuration and pump and signal powers. Moreover,
to model those steady states regime in a waveguide with a layer containing absorbing and
emitting centers, we must take into account the time evolution of electromagnetic field and
electronic levels populations of absorbing/emitting centers. In a waveguide containing silicon
nanograins and neodymium ions, the typical lifetime of the electronic levels is about some ms,
whereas the characteristic period of the electromagnetic field is of the order of fs. The choice
of a common time step to treat such different time scales would require prohibitively long
computation times (about 10'3 iterations). One possible solution to overcome this multi-scale
times issue was proposed in 2011 [8], by applying the so-called time scaling method which
consists in multiplying the population rate differential equations by a scaling factor (10%) so
that the convergence of levels population is accelerated. Despite the number of required time
iterations that has been reduced by 6 order of magnitude, this technique does not sufficiently
decrease the computation time and may lead to numerical instabilities for higher scaling factors.

In section 2, we present the classical ADE-FDTD method and show that, within a reasonable
computation time, the steady state of the system cannot be reached with such a difference be-
tween absorbing and emitting centers lifetimes and electromagnetic field period. Consequently,
in section 3, we propose a new algorithm based on the ADE-FDTD method which allows to
compute the electromagnetic field distribution, the gain, and the electronic levels populations
in the waveguide in the steady state regime. Finally, we show in section 4 the results of a
calculation performed on a waveguide composed of silicon rich silicon oxide (SRSO) matrix
containing silicon nanograins and neodymium ions.

2. Classical ADE-FDTD method

The FDTD is based on time and space discretization scheme of Maxwell equations proposed
by Yee [1] which allows to calculate the propagation of electromagnetic field (E,H) in time
domain [2]. The ADE method consists in the use of extra terms such as current density J or
polarization density P which are solutions of a differential equation with the aim to model some
non linear optical behavior such as dispersive or gain media [9]. The fields E, H are treated by
Maxwell equations rewritten as following:

JH

JE  JPy,
VAH = & —
Q85 T o
where €€, and U are respectively the static permittivity and magnetic permeability. ¢ is
the usual electrical conductivity and p is a fictitious magnetic resistivity used for boundary
conditions of the calculation box. Berenger’s perflectly matched layers (PML) [10] have been

(D
oE
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implemented as boundary conditions. Both ¢ and p have been chosen so that PML boundary
conditions can minimize electromagnetic reflection and maximize absorption. P;,; = Y P;; is
the sum of all polarizations corresponding to each transition of the absorbing/emitting centers
(hereafter: silicon nanograins and rare earth ions). The use of one polarization density P;; per
optical transition between levels i and j allows the description of the global dynamic permittiv-
ity €(®) of the matrix arising from the dipole moment densities induced by optical transitions
in emitting centers.

The time and space steps must fulfill the classical stability conditions of FDTD calculation

[11]:

* Space step A < 1’1—0, where A is the smaller wavelength in the calculation.

* Time step Ar = Scﬁ, where c is the speed of light, d = 1,2,3 depending on the dimen-
sionality of the problem and S, is the Courant number between 0 and 1 whose choice is
empirical.

Neglecting the Rabi oscillation term [12], for a transition between levels i and j the polariza-
tion density P;; is linked to the instantaneous electric field E(¢) and to the population difference
AN;; = N; — N; through the Lorentz type polarization density differential equation ( [13]):

d?Pi;(1) dP;j(t)
—— L Awy—
az ATy
where Aw;; is the linewidth including radiative, non-radiative and dephasing processes of the
transition [8], and @;; is the resonance frequency of this transition. k;; defined in [13] depends
on the transition lifetime 7;; and on the optical index n:

+ 7Py (t) = kAN (1) E(t) @

6meyc’
=—
W7 Tijn

3

Kij

from Eq. (2) and the stability conditions in Lorentz media obtained by P. G. Petropoulos [14]
another numerical stability condition appears:

2n
Ar <

4
- 1000),']' “)

Finally, the time evolution of the electronic level populations N; is modelled by usual rate
equations. For example in the case of a two level system, where N, is the fundamental level and
N, the excited level, the rate equation. of the fundamental level is [15]:

dN (¢ 1 dPy(t) No(t
dt hoo dt 1 |f”,
The term ﬁE (1) dpi,lt ® (in ph.cm™3.s7!) is the induced radiation rate (resp. excitation rate)

if it is negative (resp. positive). The terms N; (i=1,2) (in cm™3) are the population densities of
different atomic levels, and 1; |}, corresponds to the lifetime of spontaneous emission from
the level 2 to the level 1. In principle, Egs. (1), (2) and (5) must be solved simultaneously.
As explained above, in the visible and near infrared spectra the electromagnetic field has a
characteristic time of the order of 10~!° s. Furthermore, the excited levels have characteristic
lifetimes as long as a few ms [16—18]. Accordingly, due to the time step imposed by the ADE-
FDTD method lower than 10~17 s [19,20], the number of iteration must be as huge as 10% in
order to reach the steady states of the levels populations. So, a conventional calculation with
the classical ADE-FDTD method where the equations of populations are calculated at the same
time of the electromagnetic field is impossible in reasonable time.
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3. Development of the new algorithm

In order to reduce the computational time, we developed a new algorithm based on the ADE-
FDTD method diagrammed in Fig. 1. The choice of the linewidth Aw;;, its link to the absorption
cross section of emitting center and its consequence on the calculation duration will also be
discussed.

e N
EH Short time
(FDTD)

_ J
e 7 N
N Long time
1
(Steady state)
no
yes
end

_ J

Fig. 1. The new algorithm flowchart showing the alternation of the short time loop calcu-
lating electromagnetic field and polarizations and the long time loop including calculation
of levels populations.

3.1. Explanation of the new algorithm

Considering the timescale difference between the fields E, H, P;; on the one hand and pop-
ulations N; on the other hand, we propose to decouple Egs. (1), (2) and (5) into two sets of
equations, solved one after the other: (i) the electromagnetic field and polarization Egs. (1)
and (2) and (ii) calculation of steady state populations (eq 5). By analyzing the time evolution
of volumic density of photon /;;(t) = %;,-Edtli)tij obtained with classical ADE-FDTD method,
we notice that I;;(r) is a ”quickly variable” function with a “slowly variable” envelope which
reaches a stationary value after 107 iterations. Moreover, it has been noticed that the time evo-
lution of populations N;(z), in Eq. (5), is governed by the “slowly variable” evolution of the
volumic density of photon /;; envelope. Based on these two observations, we propose a new
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ADE-FDTD algorithm divided in short and long time loops:

* In the short time loop, electromagnetic fields and polarizations are calculated Eqgs. (1)
and (2) assuming that all the levels populations are constant. Thus, for each transition,
AN;; in Eq. (2) are constant and the current average value of photon volumic density <
I;j > (1) is calculated. This latter follows the temporal evolution of the “slowly variable”
envelope of I;;(¢). We exit from this short time loop of the algorithm when a stationary
value < I;; > is reached. This occurs when the relative difference between successive
iterations becomes lower than a threshold value n

<ljj > (I’H_l)* <ljj> (l‘n_l)
<l > ()

<n (6)

where "1, ", and "*! are three successive maxima as shown in Fig. 2.

1 rt
<ILj>@)= ;/o L;(thdt @)
2,0x10*
1,5x10%
2,00x10**
£ 1,0a0" e A A
v:: 1,99x10%4
5,010
1,98x10%
4,72x10"°  4,73x10"  4,74x10™°
0,0

T T T T T T T T T
0,0 1,0x10™  2,0x10™ 3,0x10" 4,0x10™
Time (s)

Fig. 2. The typical evolution of < [;; > () when the populations do not vary and AN;; > 0

* In the long time loop of the algorithm, the levels population are calculated with Eq.
(5) by replacing the term ﬁE(t) %}(0 by its current average value in steady state
< Iy >%¢ determined in the short time loop. More generally, referring to equations

in sect. 4.2, all ﬁ”E (1) dpg;m terms will be replaced by their current average value <

I;; >steady p the long time loop, levels population are calculated by seeking the analytic
solution solutions of rate equations in steady states (% = 0). Until the difference of

levels population NiR — ]\/I-R*1 for all levels populations between two consecutive long
time iterations R — 1 and R is greater than a threshold value i, we return to short time
loop, otherwise the overall calculation is stopped.
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1 2 3 4 5

Number of iteration

Fig. 3. Evolution of the level N; according to the number of long time iteration R

On Fig. 3 it can be noticed that the level population reaches a constant value in very few it-
erations. The overall number of iterations of the new algorithm is reduced from 10'> with the
classical ADE-FDTD method to only 10° resulting in a considerable reduction of calculation
duration. The new algorithm is summarized in Fig. 1.

3.2.  Choice of linewidth A®w

The description of an absorption or an emission process occurring during a transition i to j
by the Lorentz oscillator polarization density Eq. (2) implies the equality of absorption and
emission cross sections and that there is no inhomogeneous broadening. In order to calibrate the
proper linewidth Aa;; of this Lorentz oscillator with respect to the absorption cross section, the
Eq. (2) is solved in forced harmonic regime resulting in a solution in the P = & (¢,(®w) — 1)E
form. This solution leads to the relationship between o (®) and Aw;;:

Kij@;j (OACOij

o(w)=

e > (8)
0 (wf] - a)z) + 0’A0};

If the linewidth Aw;; is chosen at the resonance frequency @ = @j;, the Eq. (8) is reduced to:

Kj 1

O'(wu) = eoc Ay )

According to Eq. (9), high absorption cross sections ¢ (typically greater than 1077 cm?)
lead to small linewidths Aw;; (of the order of 10'! rad.s™!) which imposes a large num-
ber of iterations to reach a steady state. In order to calibrate the proper absorption cross
section while keeping the number of iterations as small as possible, we exploit the super-
position property of the polarization densities by using a number N, of identical polariza-
tion densities with larger Aa;;. Despite, the fact that off-resonance cross sections (o (@) with
® # ;) becomes wrong, its fast decreases off-resonance leads to a negligible effect. Fig. 4
shows the absorption cross sections as a function of @ for both cases: (i) Aw = 10! rad.s™!
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with only one polarization (Np = 1), and (ii) Aw = 10'* rad.s~! with 1000 polarizations
(Np = 1000). At resonance for @;; = 3.8 x 10! rad.s™!, the two methods lead to identical
cross sections: o (@) (Np=1) = O (®ij) (Np=1000)-
Eq. (9) becomes into Eq. (10):
_ Ry |

&C NpA(J),'j
With this method, the calibration of the cross section is made by choosing appropriate values
of the number N,, of polarizations and linewidths Aw;;.

(10)

le-16 T T T
—— Ao=lell, Nb =1
——— Aw=lel4, Nb,,=1000
le-18 1
& 1e-20 T
g
2
©
le-22 f 1
le-24 | -
le+15 2e+15 3e+15 de+15 Se+15

o (rad.s” ! )

Fig. 4. Cross section as a function of the pulsation with a transition at 3.8 x 101 rad.s~!

4. Results

The present algorithm is applied to a waveguide composed of three layers as shown in Fig. 5.
Finite difference frequency domain method (FDFD) proposed by Fallakhair et al [21] has been
used to compute the electromagnetic mode profile. This eigenvalue problem of large sparse ma-
trix has been solved using Fortran MUMPS library [22,23]. The dimensions of the waveguide
have been investigated so that the waveguide is monomode at the signal wavelength whereas
obviously it is multimode at the pumping wavelength. We choose to inject the fundamental
transverse electric (TE) mode related to the pumping field, in accordance with the experimental
conditions. Moreover the FDTD algorithm was set up with the parameters reported in Table 1.

Table 1. FDTD algorithm parameters
Parameter A A S, boxlengthx boxlengthy  box lengthz
Value 50nm 10075 1 169A 321A 161A

With these parameters, the maximum physical phase velocity error is -1.68% and the max-
imum velocity-anisotropy error is 0.847% [2]. Since we propagate single modes at the same
wavelength and the wavefront distortion is small with respect to the wavefront of modes, we
assume that this numerical dispersion is negligible in the results and conclusion that we will
present in the paper.
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4.1. Description of the waveguide

e Nd3*

) ¢ Si-ng
strip  { ~ SRSO
active Silicon Rich

Silicon oxide
bottom W Sio,

y

Fig. 5. General view of the waveguide constituted by a bottom and strip cladding layers of
silica surrounding the active layer constituted by silicon rich silicon oxide (SRSO) matrix
doped with silicon nanograins (Si-ng) and Nd3* ions.

The bottom cladding layer is composed of pure silica with a thickness of 3.5 um. The active
layer constituted of Silicon Rich Silicon Oxide (SRSO) contains silicon nanograins (Si-ng) and
rare earth ions with a thickness of 2um. A pure silica strip layer is stacked on the top of the
SRSO layer. The width of the strip is 2 tm and the thickness is 400 nm. The static refractive
index of the active layer has been chosen greater (1.5) than the one of the strip and bottom
cladding layers (1.448) to ensure the guiding conditions.

4.2. Description of the active layer

The SRSO active layer contains silicon nanograins (Si-ng) and Nd** that are modeled re-
spectively by two levels and five levels systems as schematized in Fig. 6. The excitation

N

Sit

N N4 (4F5/2+4H9/2)
2N, (F

Energy ransfer " ""*e.,

Exciton in n-Si 3,2)

/=488 nm

1340nm
1064nm

Fig. 6. Excitation mechanism of rare earth
mechanism of the Nd*>* ions is presented in Fig. 6. According to our experimental investi-

gations [24] we pump the SRSO layer with an electromagnetic wave at 488 nm. The exci-
tation mechanism leads to excitons generation in Si-ngs. Due to a low probability of multi-
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exciton generation in a single Si-ng [25], we assume a single exciton per Si-ng and there-
fore the Si-ng population will correspond to the exciton population. After non-radiative de-
excitations, the exciton energy corresponds to the gap between the Nd>* levels Ng (*Iy /2) and
Ny (*F5 2 +* Hy /2)- Exciton can either transfer its energy to the Nd** ions by dipole-dipole
interaction and excites an electron from Ny to N4 or recombines radiatively or not to Si-ng
ground level. After a fast non-radiative de-excitations from the level Ny to the level N3 (*F; /2)s
we consider only the following three radiative transitions (we neglect the *F; /2 =41 /2 tran-
sition) : N3 — N0(4F3/2 -4 19/2, Az = 9451’11’)1), N3z — N; (4F3/2 -4 111/2, A3 = 10641’11’)’1) and
N3 — Ny(*F; /2 =415 /2, X432 = 1340nm). De-excitations from level N to level N; and from
level Nj to level Ny are fast non-radiative transitions. Since the branching ratio of N3 — N
transition is high (> 50%) and the probability of re-absorption by N level is low, it is advanta-
geous to use the N3 — Ny (*F; 2 =41, /2) transition emitting at 1064 nm as a signal wavelength.
We describe hereafter the full set of rate equations governing the levels populations.

Silicon nanograins We consider a two level system where Ng;, and Ng;, are respectively the
ground level and excited level populations.

dNg; (t) + 1 E dPsi, (1) Ny (1)

e t — KNg;, (t)Np (¢ 11

dt thilo ( ) dt TS,‘IOU” Sll ( ) O( ) ( )
dNSi() (t) 1 dPSilo (t) NSil (t)

=- E( KNg;, () No (2 12

dPg; (1) . . . o1
The term ﬁE (1) Sd%() is the photon density rate. The transfer coefficient between silicon
10
3 -1

nanograins and rare earth ions K is chosen equal to 107! cm?.s~! according to Toccafondo et
al. [18]. Based on Pacifici et al. [16], the decay time of the level Ng;, including radiative and
non-radiative recombinations is fixed at Tg;, |, = 50 us. The Si-ng absorption cross section
Os; is taken equal to 10716 cm? [26]. From Eq. (10) this leads to a linewidth of Awg; = 1.5 X
10! rad.s~! with one polarization density(Np = 1). According to the discussion in sect. 3.2, in
order to reduce the number of iterations, we choose a superposition of N, = 1000 polarization
densities with a linewidth of Aws; = 1.5 x 10'* rad.s~! (see Table 2). The Si-ng concentration
is fixed at 10! cm 3.

Neodymium ions The levels populations of Nd>* are described by the following rate equa-
tions:

dNy (t) _N4 (I)

dt Tl KNsiy ()Mo (1) 4
dNs (1) 1 dPs (1) 1 dPs; (1) 1 dPs; (1)
= E(t E (1 E(t
dt + hasg ®) dt + hisy ®) dt + hws) ®) dt (14)
G Na@)  Ns()  Ns()  Ns o)
™3ler T0lhe Wl T2k
dN, (t 1 dPs; (t N3 (¢t N> (¢t
2 (1) _ E() n()  Ns() N (0) 15)
dt has, dt wolh  T2dlnr
dN (t 1 dPs; (t N3 (t N (¢t N> (¢t
@0 _ E() 31()+ S(r)_ 1(1)  Nat) (16)
dt has dt Bilh  Tolar  T21lar
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dNo(t) 1 E(t)dl’m(f) N3 (1)  Ni(1)
dt 0l Ti0|ar

dt g

Similar to the case of silicon nanograins, we calculate the linewidth Aw;; for the different
Nd>* transitions by Eq. (10). Since in literature, depending of the host matrix [13], the emission
cross section of Nd3* at 1064 nm varies from 3 x 1072%cm? to 4.6 x 10~ %cm?, we choose to
test two extreme values of Nd>* ions emission cross section equal to ¢ = 107!° ¢m? and
6 = 1072 cm?. For each transition, the corresponding linewidth values are high enough with
regard to the number of iterations to reach steady state with one polarization density (Np = 1).
All the parameters discussed here are gathered in tables 2 and 3. The concentration of Nd3* is
fixed at 10! cm?.

_KNSil (I)No (t) 17

Table 2. Pulsation, linewidth and number of polarizations chosen of radiative transitions

Transition Pulsation (rad.sfl) Linewidth (rad.sfl) Nb of polarizations
Nsi, — Nsi, @i, = 3.86 x 1013 Awg; = 1.5x 101 1000

N3 — N, w3 = 1.34 x 1013 Az = 6.683 x 1013 1

N3 =N, w3 =1.77x 105 Aws; =1.786 x 101 (6 = 10720 cm?) 1

N3 = N w3 =1.77x 105 Aws; =1.786 x 101 (6 = 10712 cm?) 1

N3 — Ny w31 =1.99 x 1015 Awsy = 1.054 x 1015 1

Table 3. Lifetimes of different transitions for Si-ng and Nd3+

Transition Ns,'l — NSig Ny — N3 N3 — Ny N3 — Ny N3 — Ny N> — N; N1 — Ny

Lifetime (us) 50 230 x 107° 1000 200 250 970 x 10 510 x 107°

4.3. Field map

Poynting vector (R = E x H) expressed in W.mm ™2 has been calculated from electromagnetic
field (E, H) compute by ADE-FDTD method. After a time Fourier transform of R(z), we de-
termine the main z component of the pump (488nm) and signal (1064nm) intensities of R in
longitudinal section view [Fig. 7]. We can notice that, for both wavelengths, the electromag-
netic field is well guided within the SRSO active layer of the waveguide. Due to the absorption
at 488 nm by the silicon nanograins, a decrease of the pump intensity Ry, along the waveg-
uide is observed. However, the signal intensity R, sgnes at 1064 nm does not appear absorbed
over the 7um length of the waveguide.

Figure 8 shows a transverse view of the R; pymp (left) and R, g;4,q (right) in the center of the
active layer. We can notice that both pump and signal wavelengths are well guided all along the
waveguide.

4.4.  Population map

The ADE-FDTD method allows to compute tridimensional population distributions in different
states. We present the population ratio distributions in the waveguide in a longitudinal section
view along the propagation axis in the Fig. 9. On the left, the ratio between the excited level
population (Ns;, ) and the total number of Si-ng (Ns; = Ng;, + Ns;,) and, on the right, the ratio
between the level population N3 and the total number of Nd** ions for a pump power equal
to 10> mW.mm 2. The maximum percentage of the excited Si-ng is 10%, and the maximum
percentage of the excited Nd>* is 50%. With a transfer coefficient taken K is equal to 0, the
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Fig. 7. Longitudinal section view of Z-component of the Poynting vector of the pump
(on the left) and of the signal (on the right). The pump (A; = 488 nm) and the signal
(A, = 1064 nm) power injected are respectively 1 W.mm~2 and 1 mW.mm 2
Rz (mW.mm) Rz (mW.mm™)
3 700 8 0.7
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_ 6 500 _ 6 0.5
:E:. 4 400 g 4 0.4
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Fig. 8. Transverse section view of Z-component of the Poynting vector of the pump (on
the left) and of the signal (on the right) in the middle of the waveguide. The pump (A; =
488 nm) and the signal (A, = 1064 nm) power injected are respectively 1 W.mm 2 and
1 mW.mm™2
Nii1/Nsi ot N3/Nyo,
0.12 0.5
0.09 04
£ 0.3
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0.03 o1
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Fig. 9. Longitudinal section view of Ng;/Ny;,, (on the left) and N3 /N;, (on the right)

percentage of the excited Nd>* is close to 0%. This confirms the major role of energy transfer
in the exciting process of neodymium ions.

The decreasing profile Ng; (z) of the excited Si-ng is consistent with the pump profile
R pump(z) decrease in Fig. 7 due to the absorption of the pump field by the Si-ng. Hence,
the excited level population N3 decreases by 30 % over the 7 um length of the waveguide. This
imply that co-propagation pumping scheme is not a good method in order to reach a uniformly
pump longer waveguide. A top pumping configuration along the waveguide length would prob-
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ably lead to a more uniformly pumped active layer but is not the purpose of the present paper.

4.5. Calculation of the gain

From population distributions, we calculate the gross gain of the transition of our interest N3 —
N (*F; 2 =41, /2, A31 = 1064nm). The local gross gain per unit length at 1064 nm is given by:

10
8dB.cm—! (x,y,z) = T 1A (GemN3<x7yaZ) - cFabszvl (x,y,z))) (18)

~ In10
where o5 and o, are respectively the absorption and the emission cross sections. Due to
the short decay lifetime (7jo) from level 1 to the ground level 0, we observe that: N; < Nj3.
Moreover, we consider that o,,, is comparable to o, thus Eq. (18) becomes:

10
8dB.cm—1 (xay7z) = m (GemN3 (X,)%Z)) (19)

=
o
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Fig. 10. Local gross gain per unit length at the center of the active layer as a function of
the pumping power, (horizontal dashed line) Losses of 0.8 dB.cm™! found by Pirastesh et
al [27].

For two extreme values of the emission cross section (G,, = 10720 ¢m? and o,, =
1071 cm?), we calculate the local gross gain per unit length versus different values of pump
intensity in Fig. 10 at the point (x, y¢, 2. ), where x., y. are the coordinates of the center of the ac-
tive layer and z. is the middle of the waveguide. We can notice that the local gross gain per unit
length saturates for pumping powers higher than 10> mW.mm~2 and reach 0.36 dB.cm™! for
Cem = 1072 ¢cm? and 3.6 dB.cm™! for 6,,, = 107! cm? respectively. In a similar waveguide,
Pirasteh et al [27] determined experimentally losses equal to & = 0.8 dB.cm ™!, represented by
a horizontal dashed line on Fig. 10. For the lower emission cross section G, = 10720 ¢;? the
local gross gain cannot compensate the experimentally determined losses of 0.8 dB cm~!. For
the highest emission cross section o,,, = 107!° cm?, it is necessary to pump the waveguide
with power higher than a threshold value of 450 mW.mm™ to obtain internal net gain. By
linear extrapolation and with a high pump power equal to 10> mW.mm ™2 we can estimate a
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threshold value of cross section o, = 2.2 x 1072 cm? at which positive internal net gain is
reached. Despite, more accurate measurement of the emission cross section will lead to better
estimation of the possible internal net gain with such a waveguide. This study shows that to
increase the gain, several ways may be explore: (i) An increase of the neodymium and Si-ng
concentration may lead to higher gain, however some limits to concentration may occurs above
some 10?° dopants.cm™3(ii) An increase of the coupling efficiency or of the fraction of excited
rare earth may lead to higher gain (iii) A top pumping configuration may result in a more uni-
formly pumped active layer and consequently in more uniform distribution of gain along the
waveguide length. These will be the object of further experimental and theoretical studies.

5. Conclusion

A new algorithm based on ADE-FDTD method has been presented that allow to describe the
spatial distribution of the eletromagnetic field and levels population in steady state in an active
optical waveguide. The multi-scale times issue of such a system has been overcome by the de-
velopment of this algorithm leading a drastic reduction of number of iterations to reach steady
states values of fields and levels population (from 10" to 10° iterations). Moreover, we pro-
posed a method to calibrate the i — j transition linewidth A®;; according to the experimental
absorption cross section, making a possible comparison between experimental and theoretical
studies. We apply our new algorithm to a strip loaded waveguide whose active layer is consti-
tuted of a silicon rich silicon oxide (SRSO) layer doped with silicon nanograin and neodymium
ions. Using physical parameters such as absorption cross section ranging from 1072° cm? to
107! cm? and concentrations in accordance with the literature, we found a gross gain ranging
from 0.36 dB.cm™! to 3.6 dB.cm™!, based on experimental losses we found a threshold pump
power value of 450 mW.mm ™2 necessary to have a positive net gain. We would like to empha-
size the point that the method developed here is generalizable to other systems presenting very
different characteristic times resulting in a drastic reduction of the calculation time for reaching
steady states.
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Sensitization of Er*" Infrared Photoluminescence
Embedded in a Hybrid Organic-Inorganic Copolymer
containing Octahedral Molybdenum Clusters

Yann Molard,* Christophe Labbé, Julien Cardin, and Stéphane Cordier

Luminescent hybrid copolymers are obtained by copolymerizing in bulk
methylmethacrylate with a methacrylic acid (MAC) solution containing [n-
Bu,4N];[MogBrg(MAC)g], and aliquots of an Er(TMHD); complex (TMHD for
2,2,6,6-tetramethyl-3,5-heptanedione) solution. This leads to novel homoge-
neous and transparent hybrid materials in which the Er** infrared lumines-
cence at 1.55 um, a standard wavelength for telecommunication applications,
is up to six time more intense in the presence of Mog clusters when samples
are irradiated at 476.5 nm. This work demonstrates the outstanding potential
of Mog clusters, compounds obtained by high-temperature solid-state syn-
thesis, in the design of functional hybrid materials via soft chemistry routes.

1. Introduction

As the needs for both information throughput and user den-
sities are constantly increasing, significant efforts have to be
devoted toward the design of innovative, robust, and cost-effec-
tive transmission systems able to rapidly transport information
between users. So far the C-band (1530-1565 nm) has been
the standard wavelength in telecommunication applications
owing to its very favorable attenuation (0.2 dB km™) in optical
fibers.[! Trivalent rare-earth ions, such as erbium, which is able
to emit at 1550 nm (4f—4f transitions), are elements of major
importance in optical telecommunication technologies.”! In
particular, Er** doped silica-based fiber amplifiers (EDFA) and
Er** doped silica-based waveguide amplifiers (EDWA) compen-
sating for the dispersion of the working optical signal centered
around 1550 nm have emerged as key devices for telecommu-
nication applications due to their high (photo)chemical and
thermal stability.’l However, further extension of the scope of
such materials is now limited by the high cost of their multiple-
step preparation and their very small absorption cross-sections,
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leading to inefficient emission from the
rare earth 4f levels under direct excitation.
One strategy to overcome the limitation
of this class of materials is the design of
organic/inorganic polymer-based devices.
In this frame, Slooff et al.l and Kuriki et
al.Pl pointed out that, beside improving
production cost, fabrication processing,
and generating polymers which possess
high mechanical and thermal stability,
special attention should be drawn to
improving the fluorescence of lanthanide
ions. Two approaches can be developed to
meet these needs: the first one consists
of the coordination of highly absorbing
organic antenna groups around the rare earth trivalent cation to
increase the pump efficiency, while the second involves using
a SiO, matrix as host for rare-earth ions. This last strategy can
be achieved by introducing Er**-doped silica colloidal spheres
in organic polymers. A severe limitation to the first approach is
that organic antennas are highly sensitive to premature aging
under irradiation, whereas the second approach is negatively
impacted by the fact that an efficient rare-earth cross-section
absorption in the colloid cannot be obtained without sensitizers.

We propose in this manuscript an alternative and innovative
approach to obtain an easily processable material containing
Er** and having luminescence which is sensitized by phospho-
rescent octahedral metal atom clusters incorporated in a host
organic matrix.

Metal atom clusters are inorganic molecular species
obtained via solid-state chemistry routes containing metal
atoms linked together by metal-metal bonds. Many routes!®!
now afford soluble discrete [MsQ/sX%]>~ units (X = halogen)
that exhibit, either in the liquid or solid state, specific elec-
tronic, magnetic, and photophysical properties related to
the number of metallic electrons available for metal-metal
bonds.”! In particular, they are highly emissive in the red-
near infrared (NIR) region, have photoluminescence quantum
yields of up to 0.23, and display long excited-state lifetimes.®!
Owing to the stronger covalent nature of the M—Q' bond rela-
tive to the M—X" one, halogen apical atoms can be replaced
by inorganic or organic ligands without any alteration of the
(MgQls)™ core, leading to functional building blocks usable
for the design of liquid crystalline material,®) supramolecular
architectures,!'! polymeric frameworks,") or nanomaterials!*?!
with unique properties. In order to obtain Mg clusters con-
taining material suitable for realistic applications, we incor-
porated them in a poly(methyl methacrylate) (PMMA) matrix
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and investigated the optical properties of the resulting hybrid
material. PMMA was chosen for its excellent optical properties
(i-e., transparency from the near-UV to the near-IR regions),
damage resistance in the range needed for optical applica-
tions, good mechanical properties, thermal stability, and easy
shaping. A major challenge in the preparation of such hybrid
materials is the prevention of phase separation and aggrega-
tion of the inorganic species in the host matrix. A few exam-
ples are found in the literature where polymers showing stable
luminescence properties are obtained by incorporation of octa-
hedral clusters. Shriver et al.l'¥ coordinated [MoyClg(OTf)e]?"
and [MoyClg'CL,*(EtOH)%] to poly(vinylpyridine) (PVP) to
produce crosslinked materials. Transient emission spectros-
copy revealed that polymer bound hexatriflate cluster lacks
the luminescence properties characteristic of many [MogClg]**
-based clusters while the other one displays luminescence. A
similar result was obtained by Jackson et al.'""! who showed
that the PVP-MoxCl;, system could be employed for oxygen
sensing or photo-oxidation applications. Here, we develop a
simple technique for the synthesis of transparent PMMA-Mog
hybrids with stable luminescence properties, and their ana-
logues containing Er** complexes. We demonstrate for the
first time an effective transfer between transition metal clus-
ters and Er** complexes within the polymer that will allow the
development of new families of optical amplifiers using low-
cost excitation sources.

2. Results and Discussion

The choice of Mog clusters was driven by their superior lumi-
nescence properties, in terms of quantum yield, as com-
pared to their Re; analogues.®>'*l The synthetic approach
is based on our recent studies developed for the design of
clustomesogen®°®l and on the solvent as monomer approach
described by Golden et al.l'™® Tt consists of the preparation of
a mother liquor containing a [n-BuyN],[MogBrgF] cluster pre-
cursor and methacrylic acid, aliquots of which are mixed with
methylmethacrylate (MMA) and subsequently copolymerized
by a radical process using AIBN (0.02 wt%) as initiator. Sev-
eral samples containing from 0 to 0.36 wt% of cluster (Refj,
A1-5) were synthesized by this bulk polymerization process.
The full dissolution of [n-BuyN],[MogBrgFg] in methacrylic acid
is obtained by a gentle heating of the mixture, giving a high-
concentration cluster mother solution (c=0.015 m). 1°F NMR in
d-acetone of this solution revealed the complete disappearance
of the signal assigned to the starting cluster located around
—188 ppm. Thus, heating the cluster mother solution induces
an acid-base reaction between methacrylic acid molecules and
the fluorinated clusters, leading to grafting in the apical posi-
tion and, via covalent Mo—O bond formation, six methacrylate
moieties with liberation of HF.’*%"l As shown in Figure 1, the
resulting hybrid polymers are fully optically transparent mate-
rials, indicating the absence of macroscopic segregation of the
inorganic moieties in the organic matrices. Note that this segre-
gation was observed when [n-Bu,N],[Mo¢Br;,] was used instead
of [n-BuyN];[Mo¢BrgF¢], meaning that strong interactions (in
our case a covalent linking) between clusters and the organic
matrix are mandatory to prevent phase separation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Digital photographs of the Mog-PMMA hybrid copolymer
pellets under visible (top) and UV light (bottom); A, = 365 nm; cluster
concentrations range from 0 to 0.36 wt% from left to right.

The hybrid materials thermal behavior was examined by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under N, atmosphere. Size exclusion chro-
matography (SEC) was also used to further characterize the
doped polymers (see the Supporting Information, Figures
S1-3). Table 1 summarizes the thermal data and molecular
weight calculations obtained by these techniques for all sam-
ples. While the obtained pure PMMA has a glass transition
temperature (Ty) comparable to that of commercial PMMA, the
introduction of small amounts of clusters drops it dramatically.
This phenomenon is attributed to a plasticizing effect induced
by an increase in the distance between the polymer chains.]
By increasing the cluster amount within the copolymer, the
T, and M,, increase, showing that the clusters are covalently
linked to the polymer strands and act as cross-linking agents.
Moreover, if pure PMMA and pellets from A1 to A3 were com-
pletely soluble in tetrahydrofuran (THF), pellet A4 could not be
entirely dissolved while pellet A5 was not soluble and started

Table 1. Thermal data for copolymer samples.

Amount of cluster [Cluster] T, Ty M,
[wt%] [moleculescm™@]  [°C]?  [°C]”  [gmolT]9

Ref; 0 0 123.8 377 495 000
Al 0.018 0.56 x 107 92.5 387 705 500
A2 0.044 1.36 x 10" 100.8 391 981 000
A3 0.09 2.79x 10" 123.6 395 987 000
A4 0.18 5.57x 107 110.5 400 456 500
A5 0.36 11.14 x 107 109.5 412 -

AGlass transition temperature; ®’decomposition temperature; 9average molecular

weight.
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to swell in this solvent, confirming the clusters cross-linking
ability as well as the chemical stability of the cluster—polymer
bonds in solution.

The influence of the cluster concentration on the Mog-
PMMA copolymer thermal stability was studied by comparing
the degradation temperatures of all samples under N, atmos-
phere (see the Supporting Information for TGA and differen-
tial thermal analysis (DTA) thermograms). A small weight loss
(<2.5%) starting around 80 °C due to the evaporation of unre-
acted monomers was observed for all samples, meaning that
the polymerization process is not complete under our condi-
tions. This point is corroborated by the detection of traces of
monomers during the SEC experiments (see the Supporting
Information). The main reaction stage corresponding to the
maximum weight loss is located at 377 °C for pure PMMA. This
maximum is shifted to higher temperature for higher cluster
content, showing that the thermal stability of hybrid copoly-
mers is significantly improved as compared to pure PMMA and
evidencing once again the cross-linking ability of the modified
cluster as well as its stability within the polymer matrix.

Optical properties determinations were investigated directly
on the 5 mm thick copolymer pellets. Transmittance measure-
ments (see the Supporting Information) showed the typical cut
off of PMMA in the UV region under 300 nm, while the doped
polymer pellets transmittance spectra revealed a shoulder
around 400 nm increasing with the cluster amount present
in the pellets (Supporting Information, Figure S4a). Lumines-
cence measurements were realized in the solid state directly
on the doped polymer pellets and revealed the apparition of a
broad and structure-less emission band extending from 560 to
more than 900 nm and centered around A.,, = 710 nm (Sup-
porting Information, Figure S4b). For all pellets, the emission
maximum is slightly shifted to lower wavelength (AA = 35 nm)
when compared to the [n-BuyN],[MogBrgF¢] emission spectrum,
as observed in a previous case when carboxylate derivatives
were grafted on the six apical positions of the inorganic core.
A luminescence absolute quantum yield of 0.15 at A, = 360 nm
was calculated by using a Hamamatsu Quantaurus-QY system,
which is nearly double the previous reported value for Mg clus-
ters embedded in a PMMA matrix.''dl At this stage we must
emphasize that these properties are kept after 72 months of
aging, attesting to the outstanding stability of the copolymer
that is a prerequisite for the design of functional devices, and
validating our approach.

Taking into consideration that stability and processability
of the hybrid copolymers are prerequisites for the design of
optical amplifiers, we synthesized Er’**-Mog-PMMA materials
containing various amount of Er** complexes (0.5, 0.90, or 1.3
wt%) with (P,c) or without (P,) 0.25 wt% of clusters. Several
samples were thus prepared, using the same bulk copolymeri-
zation process as previously described but adding aliquots of
a concentrated dichloromethane solution of Er(TMHD); com-
plex (TMHD for 2,2,6,6-tetramethyl-3,5-heptanedione) in the
monomer mixtures prior to copolymerization. A pellet of pure
PMMA (Ref;) was also synthesized for comparison purposes.
Compositions of prepared samples are summarized in Table 2.

TGA measurements (see the Supporting Information)
showed that the integration of Er complexes has little influence
on the copolymer samples' thermal stability. Indeed, only weak
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Table 2. Summary of the prepared copolymer samples composition.

Er’* [Er**][mol- Clusters [Cluster] Ty

[Wt%]  ecules cm™) [Wt%]  [moleculescm™]  [°C]
Pos 0.50 42x10'8 0 0 390
Pos 0.90 7.1x10'8 0 0 390
P13 1.30 10.1x 10 0 0 390
Posc 0.50 42x10" 0.25 7.74 x 10" 410
Po.oc 0.90 7.1x10'8 0.25 7.74 x 10" 410
Prac 1.30 10.1x 10" 0.25 7.74 x 10V 410
Ref, 0 0 0 0 380

interactions exist between the Er3* complexes and the organic
matrix whereas clusters are covalently bonded to PMMA.
Therefore Er** -containing polymers keep the processability of
PMMA.

Optical properties were measured in this case on 1.90 £
0.03 mm thick pellets (Figure 2 shows pellets Py 3, Py5c, and
P; 3¢ under normal and UV light). At first sight, one can notice
a difference in the red luminescence upon UV excitation of
Pysc and Py ;¢ pellets, illustrating the influence of Er’* content
on the visible emission properties of Mo clusters.

Figure 3 presents absorption spectra of pure PMMA, Er’*
containing, and, Er** and Mog cluster-containing samples. If
these pellets have similar absorption behaviours in the IR and
NIR area, they keep the particularities of their individual com-
ponents in the UV-vis region. Emission measurements were
realized at room temperature using an Argon Laser as the exci-
tation source with a 476.5 nm irradiation wavelength. Thought
this wavelength is not the optimum one to observe an intense
cluster luminescence. It was chosen because it overlaps only
very weakly with Er** absorption bands.

As depicted in Figure 4a, irradiation of P, pellets induces
a very weak and broad emission with a maximum centered
around 1530 nm characteristic of the *I;3, — *I;5, Er’* transi-
tion. This emission could either be due to a weak absorption of
the excitation wavelength by the *I;5, — *F;, transition located

Figure 2. Digital photographs of hybrid copolymer pellets Py 3, Py sc, and
P13c under visible (top) and UV (A¢ = 365 nm) irradiation (bottom).
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Figure 3. Solid state absorption spectra of P, 3 (plain line), P, 3¢ (dotted
line), and Ref, (dashed line) pellets.

around 483 nm or by an energy transfer from the organic
matrix to the Er’®* ion.'®l The broadening of the emission is
associated to the coupling of f—f electronic transition of erbium
with vibrational modes of the PMMA matrix.

One can notice that if the observed emission intensities
seem proportional to the Er** content in Py s and Py, P; 5 emits
approximately the same amount of photons as Py . As our Er’*
working concentration is low compared to previous reported
results, we attribute this phenomenon to a self aggregation pro-
cess of Er** complexes within the host matrix instead of some
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quenching phenomena induced by cooperative up-conversion
and resonant energy transfer which should occur for higher
concentrations.'”] It confirms the existence of an optimum
concentration of Er** complexes within the polymer matrix
that was not determined in the scope of these investigations.
Figures 4c,d represent the emission spectra of P, pellets either
in the visible (4c) or IR (4d) area. Increasing the Er** com-
plex concentration induces a decrease of the cluster emission
together with a large increase of Er** complex in the IR region,
showing the existence of an effective transfer between the two
species. This phenomenon is best seen on Figure 4b, where the
IR Er** complex emissions without (P 3) or with (P 3¢) cluster
are superimposed. Indeed the emission in the IR is enhanced
because of cluster Er’* sensitization. This sensitization allows
an emission improvement by a factor 4 to 6 depending on the
samples (inset Figure 4b). Even though this improvement is
still weak for application purposes, it demonstrates for the first
time the possibility to sensitize IR emission of trivalent rare-
earth metal complexes with transition metal clusters within a
transparent and easily processable organic matrix.

3. Conclusions

We have described in this manuscript a simple method to
obtain Mog-PMMA copolymer samples within which Mog clus-
ters keep their intrinsic luminescence properties. These emis-
sive properties have been used successfully to sensitize trivalent
Er** complex emission in the infrared region and within the
polymer matrix. Indeed, introduction of 0.25 wt% of metallic
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Figure 4. Solid state luminescence properties at 25 °C upon excitation at Aq, = 476.5 nm of: a) pellets Pys (dotted line), Py (solid line), and Py 3
(dashed line); b) pellets P, 3 (solid line) and Py 3¢ (dotted line) (inset: photoluminescence intensity ratio between P, and P, samples); c,d) pellets Pgsc

(dotted line), Pgoc (solid line), and Py 3¢ (dashed line).
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cluster induces increases by factors from 4 to 6 of the Er** tran-
sition at 1.5 pm wavelength, thus validating the concept of tri-
valent rare-earth metal infrared luminescence sensitization by
transition metal clusters. Although further investigations are
ongoing to maximize this sensitization, this first study offers
promising perspectives in the design of easy-to-handle Er’*
-containing materials suitable for excitation using cheap optical
illumination systems directed towards telecom applications.

4. Experimental Section

Starting materials were purchased from Alfa Aesar or Aldrich.
Methacrylic acid and methyl methacrylate were distilled before use.
Azobisizobutyronitryle (AIBN) was purified via recrystallization in
ether prior to use. (n-Bu4N)2[Mo6Br8F6] precursor was obtained
by a procedure reported elsewhere.'® The full dissolution of
[n-Bu4N]2[Mo6Br8F6] in methacrylic acid was obtained by a gentle
heating of the mixture, giving a high-concentration cluster solution
(¢=0.015m).

A Series: Aliquots of the cluster mother liquor and methyl methacrylate
monomers were poured into a test tube to give a mixture weighing
1.5 g. After addition of the radical initiator (AIBN, 0.02 wt%), the
homogeneous solution was kept at 60 °C in an ultrasonic bath for 3 h
and allowed to stand at 60 °C for 72 h.

Px and PxC Seriess Er(TMHD)3 complex (TMHD for
2,2,6,6-tetramethyl-3,5-heptanedione; 10, 17, or 24 mg) was placed in a
sample tube and solubilized with a few drops of distilled CH,Cl,. Methyl
methacrylate, clusters dissolved in methacrylic acid, and AIBN (0.02
wt%) were added to the test tubes to reach a total weight of 2 g. The
homogeneous solutions were kept at 60 °C in an ultrasonic bath for 3 h
and allowed to stand at 60 °C for 72 h.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Yb3+

Codoped Silicon Oxynitride for Solar Cell Applications

Yong-Tao An, Christophe Labbé,* Julien Cardin, Magali Morales,

and Fabrice Gourbilleau

A high efficiency infrared quantum cutting effect in a Tb**-Yb3** codoped
silicon oxynitride system is demonstrated. The thin films are deposited on

Si substrates by reactive magnetron co-sputtering of a Si target topped with
Tb,O; and Yb,0; chips under pure nitrogen plasma. The photoluminescence
dynamics are investigated, revealing a quantum efficiency of this system at
980 nm up to 197% for the higher Yb** concentration. Thus, via a coopera-
tive transfer mechanism between Tb3* and Yb3?*, an absorbed UV-visible
photon gives rise to almost two emitted IR photons. Such a down-conversion
effect is demonstrated upon indirect excitation of energy donors, via defect

associating a donor to Yb** ion seems
to be more promising. Indeed, the Yb3*
ion has a single excited state, reducing
the harmful effect of up-conversion and
harvesting the energy corresponding to
a photon emission of 1 um wavelength,
just above the gap of ¢-Si thus limiting the
thermalization.'"!

In this regard, the scientific community
makes great effort to enhance the nqg of
Yb** doped materials. The first report on

states in the host matrix. These down-converter films could be directly and
easily integrated on top of the Si-based solar cell to improve the photoelectric
conversion efficiency at a lower cost. An evaluation of the additional external
quantum efficiency is deduced from this optical system and found to be

almost 2%.

1. Introduction

Among the different approaches to improve the solar cells
efficiency, the quantum cutting (QC) is one of the interesting
ways proposed since the thermalization effect of the electrons
is limited for the energetic photons.'-3 Placed on top of a solar
cell, a QC layer consists in dividing the absorbed UV-Visible
photon energy to emit two IR photons absorbed by the classical
Si solar cell below. This down-conversion (DC) process leads to
a quantum efficiency (nqg) higher than 100% as theoretically
predicted by Dexter et al.¥l and experimentally seen by different
authors on Pr3*-, Tm3*-, or Gd**-doped host matrices.””.. Almost
15 years ago, a high 1qr was achieved close to 200% by Wegh
et al.ll on a LiGdF,:Eu**~Gd** phosphor system. This result
has relaunched the research activity on the development of effi-
cient QC layers.7# Another system based on double co-doping
Er3*-Gd**-Tb*" was studied in such a matrix,”l but a system
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efficient DC material containing Yb** ions
was on Tb**-Yb** system in phosphor
matrix with the achievement of a 188%
internal nqg." This has been followed
by several studies on the same system
in different host matrices such as borate
(NqE = 196% and 152%),'*13) hafnia glass
ceramic (Nqg = 138%),' oxyfluoride glass
(Mqe = 120% and 166%).>'°) High nqg
were also demonstrated in system associating Yb** with other
absorber-donor rare earth ions such as Ce** (nqr = 174%) in a
borate glasses,”] Pr** (nqp = 197%) in a fluoride,™ and Er*
ion (Nqe = 196-199%) in a glass ceramic and a bromide matrix
respectively.l!>2] Unfortunately, most of these rare earth-doped
hosts are not easily compatible with the fabrication process of
conventional crystalline silicon solar cells. Consequently, the
gain achieved in terms of photon is lost by the cost required
to adapt the fabrication line and/or to design a new solar cell
structure. This is the reason why some investigations are now
focusing on silicon integration: Zn,SiO4Tb3*~YDb3*,2! silicon
nanocrystals,l?? Er3* in SiO,.[?3

In order to obtain both a host environment based on silicon
to offer an industrial compatibility and a very high down-
conversion 7)qg, We propose to investigate a silicon oxynitride
matrix codoped with Tb**~Yb3* system. To perform this study,
the photoluminescence (PL), PL excitation (PLE) as well as
the decay lifetimes were investigated as a function of the Yb3*
concentration. The latter allowed us to calculate the nqg which
has been enhanced up to almost 197% in such host matrix. By
considering the non-radiative losses, a rough correction, never
taken into account in previous similar studies, gives a nqg of
183%. Our work demonstrates the feasibility of a high nqe
down-converter thin film easily deposited on a common solar
cell to improve its external quantum efficiency. This additional
external quantum efficiency due to this DC effect is evaluated
to almost 2%.
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Table 1. Atomic composition measured by RBS technique an d the
excess of nitrogen (Neycess) deduced.

Sample name based Si N (¢] Nexcess Tb Yb
on the Yb,O; chip [at%)] [at%] [at%] [at%] [at%]
number

0Yb 32.98 46.00 20.28 14.90 0.74 0
10Yb 31.53 3411 32.54 12.23 1.34 0.48
20Yb 30.45 38.28 27.46 12.90 1.84 1.97
30Yb 28.89  26.06  39.68 9.73 1.86 3.51

2. Results and Discussion
2.1. Samples

The thicknesses of the deposited films were measured 201 to
245 nm (10 nm). The refractive index is constant of about
1.73. The concentrations of different elements deduced from
the RBS experiments are displayed on the Table 1.

As shown, the silicon content is almost constant of about
30 at% whereas the nitrogen content tends to decrease with the
Yb3* concentration in favor of the oxygen element. The amount
of oxygen contained only in the Tb,O; and Yb,05 chips could
contribute to the formation of SiO, phase detected by the pres-
ence of Si-O bond in FTIR spectrum as previously reported.[*
The refractive index measured is consequently the signature of
a composite layer containing SiO, (n = 1.55) and Si3N, (n = 2.00)
phases. Moreover, the lower 1.73 value could also be ascribed
to the excess of nitrogen incorporated with respect to the stoi-
chiometric Si3N, matrix. Indeed the nitrogen excess (Neycess)
responsible for the deviation from a perfect SiO,+Si;N, mixture
is calculated with help of the equation (1):

Nexcess =

[N]—(4/3)[Si] (2/3) [0]-(7/6)[Tb]—(1/4)[Yb]
[N]+[Si]+[O]+[Th]+[Yb]
(1)
where the term [element] represents the atomic concentra-
tion (at%) of the aforesaid element.?>! On the basis of Kistner
et al.l?®l study, this excess of nitrogen explains the value of 1.73
measured. So our deposited thin film is a nitrogen-rich silicon
oxynitride (NRSON). Note that even if the number of Tb,O;
chips is constant during the deposition run, the Tb** concen-
tration is multiplied by 2.5 with the increasing number of the
YD,0;5 chips.

2.2. Photoluminescence

The PL spectrum of the Tb** monodoped sample is displayed
in Figure 1 with a 239 nm excitation wavelength, corresponding
to the best PL signal taking account our experimental set up
response.

In the visible range, the peaks of the Tb** at 545, 590 and
624 nm were identified as the transitions *D,—’F; (j = 5, 4, 3)
respectively. In our previous study,?? a non-resonant excitation
wavelength with the Tb** ion at 325 nm, allow us to see also the
transition at 490 nm, like Jeong et al. with the same matrix,?’]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. PL spectra under 239 nm excitation wavelength as a function of
Yb3* concentration. In inset, the variation of the Tb3* and Yb** PL intensi-
ties with the Yb** concentration. Note that each Yb** intensity is multi-
plied by a factor of 9 for a best readability.

corresponding to the transition *D,—’F¢, hidden by the second-
order grating with a 239 nm excitation wavelength. These four
transitions are depicted in Figure 2.

On the Figure 1, when a small content of Yb** ions is
added (10Yb curve), we note a remarkable decreasing Tb3*
PL intensity and concomitantly in the IR range emerging two
typical Yb** peaks located at 976 and 1026 nm coming from
’F5),—°F;), transition. The variation of these visible and IR
PL peaks intensities versus the Yb** concentration are shown
in the inset of Figure 1. The PL intensity of the Tb*" ion at
545 nm decreases, with the Yb** concentration, while that of
Yb** PL increases. This opposite behavior is the sign of coop-
erative DC energy transfer (ET) as shown on the Figure 2. The
*D4~"F¢ Tb*" energy transition (490 nm = 2.53 eV) is divided
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Figure 2. Scheme of the Tb** and Yb3* energy diagram depicting the QC
effect. Note that in this diagram we have supposed for the legibility that
the top of the valence band (E,) is at the same energy than the rare earths’
ground states.
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Figure 3. PL spectra of the codoped Tb3*~Yb3* samples excited at 488 nm
wavelength. Note that each the Yb3* intensity is multiplied by a factor of
9 for a best readability.

into two IR photons coming from two 2Fs;,~*F;, Yb** energy
transitions (980 nm = 1.26 eV).['"28] We also observe a satura-
tion and a slight decrease of the Yb** PL intensity for the 30YDb
curve, when we almost have one Tb** ion (1.86 at%) for two
Yb3* ions (3.51 at%) (see Table 1). This could be the expression
of the usual quenching effect observed for high concentration
corresponding to a migration between the Yb** ions into non-
radiative defects. But the self-quenching effect is ruled out here
because it has been observed for system containing more than
10 at% concentration.?%3% So this saturation could be explained
by the beginning of the formation of Yb** clusters due to the
annealing of the samples at 700 °C, reducing de facto the active
numbers of Yb** ions.2!

One may argue that, depending on the used host matrix,
the 239 nm excitation wavelength (5.2 eV) could induce charge
transfer energy on the Yb ion (Yb**—Yb?**) and thus directly
excite the Yb3* ion without sensitizing the Tb**.13% To avoid this
drawback, we have excited the three Yb** samples at 488 nm
which is clearly non resonant with the Yb3* ion, but resonant
with the Tb** ion.[212%

The Figure 3 depicts clearly the Yb** PL spectra in the IR
range suggesting an ET via the Tb** ion is possible. The visible
range shows this time a broad band of almost 200 nm width
and centered at 600 nm. This broad emission band is attributed
to the band tail states of the matrix.?#?73} Indeed this band
tail comes from localized states associated with defects such as
dangling bonds in the host matrix. Its PL spectrum is strongly
blue-shifted with the decrease of the excitation wavelength
(see Figure S1) due to the occupancy of the density of states.
This visible band finally disappear when we use an excitation
(239 nm = 5.2 eV) higher to the band gap (4.8 eV),** due to
the trapping of the electron (Figure 1 and drawing in Figure 2).
This effect is also seen by Kistner et al.?%! but in their case the
excitation wavelength is constant while the gap changes with
the composition.

We also distinguish on Figure 3 a weak PL intensity of
the Tb* peaks at 545, 590, and 624 nm identified as the
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transitions *D,—’F; (j = 5, 4, 3) respectively (Figure 2). In our
previous study w1thout Yb doping,?* we mentioned two energy
transfer mechanisms producing these four transitions coming
from the °D, level of the Tb*" ion: (i) one coming from the car-
riers across the optical gap into the extended states-carriers that
could be captured directly by Tb** related states, (ii) the second
when excitation energy is lower than the gap, carriers trapped
in the band tail states can transfer energy to Tb** ions. So with
the 488 nm (and also 457 nm and 476 nm not shown) excita-
tion wavelength, which is non resonant with the Yb** ion, the
last mechanism is involved, and gives a significant Yb** PL
intensity with the help of a DC effect. The best PL intensity is
again obtained for the 20Yb sample.

2.3. Photoluminescence Excitation

To investigate in more details the excitation range of the Tb**
ion to get ET towards Yb3*, we perform the PLE spectra of the
samples with and without Yb** ions normalized to the thick-
ness (Figure 4).

The PLE measurements are carried out by setting the detec-
tion at 545 nm attributed to the °D,—’Fs transition of Tb**, also
including the band tail. The PLE spectra range is extended from
about 250 to 550 nm (=2.2-5.0 eV), corresponding to the solar
spectra range available for the DC effect.l! The PLE intensities
behaviors following the lowering of the Tb** PL intensity with
the Yb** content attest that the transfer mechanism involved in
this system is efficient in a wide range of wavelengths. The PLE
spectra comprise three peaks centered at almost 3.8 eV, 4.3 eV,
and 4.8 eV. These three peaks are also identified in a sample
without any rare earth (not shown) respectively centered at
3.3 eV, 3.8 eV, and 4.3 eV. The first peak at 3.3e V is identified as
a nitrogen defect state (N,*).3 The second at 3.8 eV with a very
broad band (almost 1.5 eV width) is linked to the band tail,13’]
while the third one at 4.3 eV is due to the gap of the NRSON
host matrix. Indeed the refractive index of the undoped sample
is found to be 1.80 corresponding to a tauc gap of 4.3 eV based

Wavelength /nm

560 480 400 320 240
100 1 1 1 1 1
—— o o .
~ = 10vp 4_ r P
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Figure 4. PLE spectra detected at a 545 nm wavelength corresponding
to the °D,—’Fs transition of Tb** for three different Yb** concentrations.
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to the average results reported by Kistner et al.?%l and Wang et
al.’® The four rare earth-doped samples in this study have a
refractive index of 1.73 resulting in a slightly higher gap which
explains the energy position shift of almost 0.5 eV of their three
peaks compared to their undoped counterparts. Therefore the
three peaks at 3.8 eV, 4.3 eV, and 4.8 eV of the doped samples
on the Figure 4, are attributed also to the nitrogen defect state
(N4*), band tail and band gap respectively, and are represented
schematically in the diagram of Figure 2. The excitation of Tb**
in such thin films was previously studied and has proved the
involvement of these energy states in the excitation mecha-
nism, confirming our results of the PLE spectra.?*l Thus the
excitation of the Tb** ions in a large spectral range in order to
obtain a DC effect with an Yb** ion is possible, upon indirect
excitation of energy donors, via defect states in the NRSON
host matrix.

2.4. Time-Resolved Photoluminescence

Figure 5 depicts the decay times of the Tb** at 545 nm
(°*D4—"Fs) under 239 nm excitation wavelength with different
concentrations of Yb3*.

The lifetime curves present a biexponential decay. For
example, the Yb3*-free sample displays fast (151 ps) and slow
(627 pus) components. Note that the lifetime linked to the band
tail is a nanosecond time scale and is not detectable here.[3¢37]
The slow decay value is comparable to that obtained in similar
matrix with a Tb** concentration four times lower.””} These
two decays could correspond to the Tb** ions linked to the Tb
cluster (fast component) and the “isolated” Tb ions (slow com-
ponent).*® To overcome such non exponential decays, a mean
decay time (1,,) is calculated by the formula (2):

. I(II‘_;)]dt )

Tntensity at 978 mm fa.u.

0 20 40 60 80 100 120
Time Ips

394 us

0.1

Intensity at 545 nm /a.u.

0 200 -“I)O ' G(I)O ' 8(;0 1 0I00
Time Ius

Figure 5. Tb*" decay times at 545 nm under a 239 nm excitation wave-
length with different concentrations of Yb3*. In inset: Yb3* decay times at
980 nm under a 239 nm excitation wavelength with different concentra-
tions of Yb**.
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where I(t) is the decay intensity and I, the maximum of the
I(t).5% The values of the different samples are presented on
Figure 5. The 1., of the Tb*" falls down drastically with the
increase of the Yb**concentrations showing a reduction by a
factor of more than 30. Such an evolution with the Yb** con-
centration was also observed in previous studies,313:1>16:21,29.40]
but in a lower proportion of a factor 4 at maximum whatever
the Yb3* concentration. The decrease was identified as the con-
sequence of the cooperative ET from one Tb** to two Yb3* ions
acting as quantum cutting mechanism, and the factor 30 pre-
suppose a very high efficiency transfer.

2.5. Quantum Efficiency

To quantify such cooperative ET, we calculate the energy
transfer efficiency (Ngrg) at 545 nm (*D,—’Fs) described in the
formula (3):

e (3)

Nere =1—
where Tryy, and Tr, are the decay times of the Tb** with and
without Yb*, respectively. Thus the quantum efficiency (nqg)
usually defined as the ratio between the total number of
emitted photons and the total number of absorbed photons, is

described by the formula (4):

TTb-Yb

nqe =11 (1- 1ETE )+ 27ETE =27W 4)
assuming that the quantum efficiency of Tb** is 1.1

The Figure 6 shows the nqgp of the transfer according to
the Yb** concentration. To calculate the nqg, it is always sup-
posed implicitly that Ty, is constant in order to compare the
different Yb3* concentrations. During the increase of the Yb3*
concentration, we note an increase of the Tb** content by a
factor of 2.5, from 0.74 at% to 1.86 at%, mentioned previ-
ously in the Table 1, although the number of the Tb** chips
is kept constant during the deposition process. This increase
of the Tb** concentration could contribute to a variation of
its own lifetime by two different effects (cross relaxation or
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Figure 6. Tb*" decay times at 545 nm under a 239 nm excitation wave-
length with different concentrations of Yb**.
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migration) and affect the comparison. In the first effect, the
known cross relaxation is defined by (*D3—°D,)/("F¢—7F)
transitions, which contributes to extend the °D, experi-
mental lifetime and consequently underestimates the nqgg
obtained.*!] On the contrary, the self-quenching process,
caused by the migration of the excitation energy of the Tb3*
to non-radiative defects could reduce the tr,(°D,) and over-
estimate the nqg. But the decrease of the intensity linked to
the migration is usually observed for very high concentra-
tion of Tb**, which has not been studied in this work.[*?l So
the Try(°Dy) is not affected by Tb** concentration used. On
Figure 6, we observe an increasing of the nqy following by
a plateau at 197%. This plateau is due to weak variation of
the Trp.yp values (21 ps to 12 ps) compare to the Ty, (394 us).
Note that the behaviors of the variation with the Yb%** con-
centration of the fast and slow Tb*" decay times are the same
as the 1, which represents an average of these two compo-
nents. So for the fast and slow components, the nqg limits
are almost the same, 198% and 195% respectively. This
means that almost two Yb** ions are excited for one excited
Tb3* ion attesting a highly efficient quantum cutting mecha-
nism. This limit has been approached for a Tb**-Yb3* system
in phosphor matrix (nqg = 188%)" or borate (nqr = 196%)%
and with other rare earth with Yb** like Pr** (nqg = 197%)18),
or Er¥* (ngg = 196-199%).11:20]

Usually, the 1qg calculations suppose that the decrease of the
Tb3* lifetime with the Yb** content is completely attributed to
the ET.I'% But the increase of the Yb** concentration could intro-
duce some non-radiative (NR) losses, by inclusion of defects or
impurities, contributing to the fall of the decay time and over-
estimate the 7)qg. To investigate this point, we have measured
the Yb** lifetime at 980 nm wavelength (inset Figure 5). The
Yb** decay time is reduced from 25 s to 9 us with the increase
of the concentration, revealing the NR losses, because the self-
quenching effect is not expected as mentioned above.??! In spite
of the Yb** lifetime diminution, we observe that its PL intensity
is constantly increasing (inset Figure 1) with the Yb content.
This is due to the growing number of excited Yb** ions and the
efficient ET that counterbalances this weak decrease linked to
the NR losses. To take into account this effect, and see how this
decrease could affect the nqg, we have estimated the nonradia-
tive rate (1/tyg) considering that tp, is affected by the ET and
NR losses and can be described by the following equation (5):

11

P
TTb-Yb TTb T

+
ET  TNR )
So we can define in equation (6), a new lifetime by 7Tb-vb to

calculate the new quantum efficiency nqe taking into account
the NR part.

11
T yp  TTb-Yb

111 (6)
TNR TTb TET

To roughly estimate the non-radiative rate (1/tyg) for the
Tb**, we use the Yb** decay measurements considering that the
lowering of the quality approximately affects the decay times of
the rare earth in the same proportion (see inset Figure 5). Based
on the fact that we assume there are no NR losses for the decay
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time (Tyy, = 25 us) of the lower Yb** concentration sample, the
non-radiative rate is described by the equation (7):

1.1 1 )
TNR TYb TYIJ

where 7y, is the decay time of the higher Yb** concentration
sample (9 us). The 7w w is found to be almost 66 ps, then
giving a new quantum efficiency 7qe of 183%, compared to
the 197% found, without taking into account these NR losses.
Of course the component 1/Tyg is not exactly the same for Tb**
and Yb**, but this method could give a rapid proportion of the
overestimated 7)qg, never made in the literature.

3. Additional External Quantum Efficiency
Evaluation

The additional external quantum efficiency (nngdE) induced by

this DC layer has been estimated. An external quantum effi-
ciency of a conventional solar cell (s¢) with a DC film is noted
Nige . To extract the additional external quantum efficiency
cause by the DC layer, we have to take into account a possible
loss of the external quantum efficiency (7711505?5) of the sc due to
its partial occultation by this converting frequency layer. Then
the additional external quantum efficiency (77%%115) can thus be
obtained in according to the equation (8):

add _

NEQE = 77EQE S ®)

NEQE

The ni4E is defined by the ratio between the charge carriers
generated by the sc and the incident photons on the sc in the DC
wavelength range (¢g,,), i.e. ,between 250 nm and 550 nm as
mentioned above.l!! The efficiency of the sc for a corresponding
wavelength ) is called (n4) . Thus the charge carriers generated
by the sc are obtained by the product of the 138 and the inci-
dent photons flux on the sc at 980 nm wavelength coming from
the conversion performed by the DC layer (¢'y). The naf is
well defined by the equation (9):

with _ 11980 ¢SC 9
nigh =m0 == )

To separate each efficiency, corresponding at each step of the
conversion, we define Agpc representing the absorbed photon
flux inside the DC layer. After the DC process, ¢'pc describes
the emitted photon flux at the 980 nm wavelength inside the
DC layer (Figure 7).

Therefore the N§4E can be rewritten by the equations (10)

and (11):

_ posof 90c ) #nc | 9 10
i =¥ (¢sun](¢DCJ(¢bc] 1o
nEgE = 1035 8% neic (11)

where, nR¢, nB57%%0, and 128, are the different efficiencies
linked respectively to the different terms of the equation (10).
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Figure 7. Schematic diagram of the down-converter system.

These four efficiencies can be estimated using the following
approach:

i. The efficiency 18
This efficiency can be obtained at 980 nm (1.26 eV) us-
ing the efficiency versus band gap calculated for the AM1.5G
spectra in the extended Shockley-Queisser approach.*3 At
980 nm, the nggo is found to be equal to 32.9%.
ii. The efficiency n2S
Coming from the ellipsometry measurement at each
wavelength, the absorption coefficient spectrum of the host
matrix is determined using the imaginary part of the refrac-
tive index. This spectrum is used with the help of the solar
spectral irradiance AM1.5G (equal to @, at each DC range
wavelength) to calculate the transmitted photon flux after the
DC layer (¢.ger pc) at the normal incident angle (Figure 8).
The integrated photon flux of ¢, on the spectral range is
equal to 6.05 x 102 ph s™! m~2 while the integrated photon
flux of @,ger pe is equal to 5.20 x 102 ph s7! m~2. The number
of absorbed photons in the DC layer is then equal to 0.85 x

S
1

(2]
1

¢after DC

N
1

<l)sun - <|)after DC ]

Photon flux /10" 8'ph.s'1 .m2nm™
=)
1

0 1 T T T T
250 300 350 400 450 500 550

DC wavelength range / nm

Figure 8. Photon flux of the solar spectral irradiance AM1.5G on the DC
range (@s,n), transmitted photon flux after the DC layer (9.ger pc), and the
photon flux absorbed by the DC layer (Adpc = Osun — Patier DC)
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10'? ph s7! m~2. Consequently, the nRS is equal to 14% of
the incident solar photons, on the DC range.
iii. The efficiency nR%>%°

The energy transfer demonstrated above between the
host matrix and the Tb*" ion (Nyarixts) iS Supposed here
equal to 100%. It means that all the absorbed photons by the
host matrix are transferred to the Tb** ion and contributed
to the DC conversion process. Note that the photon flux is
less than the common densities of the rare earth ions usu-
ally used and consequently the efficiency is not limited by
an eventual saturation. So the nR& %" efficiency is defined
by the product of (Nmauixwts = 100%) and the Nqe found
in Section 2.5 at 183% taking account the NR losses, i.e., a
NRE7%0 equal to 183%.

iv. The efficiency 128,

The PL emission is omnidirectional. So, in this part, we
have to take into account the extraction of the down-con-
verted low-energy photons in the sc which are confined in
a layered media formed by the DC layer stack on the sc.”)
Based on a transfer matrix formalism and electric dipole
source terms,*! a method of modeling light emission in lay-
ered media has been developed. This method leads us to the
distribution modeling of emitted intensities versus emission
angle in each considered medium (Figure 9a) and versus
wavelength i.e. around 980 nm for the Yb** ion in this case.
We consider an average DC layer thickness of 225 nm, with
refractive index describe by a new amorphous model.**l The
emission of Yb** ions was modelized by a Lorentzian func-
tion centered at 980nm and with a FWHM of 50nm. So we
obtained the PL spectra by the integration over emission
angles in DC and sc materials (Figure 9b). This numerical
calculation shows that the efficiency n.. is equal to 30%.

Therefore the external quantum efficiency induced by the
DC layer (n33F) is found to be 2.53%, using the equation (12).

nwnh — n980 nabs nDC—>980 ngxst(l]ac
=32.9% % 149% x 183% X 30% = 2.53% (12)
To calculate the loss due to the occultation by DC layer (77,15"5% )
of 14% of the incident energy on the sc, we assume no DC
effect (nRG°%0 = 100%) and full extraction (1230, =100% ) for
the sc. The efficiency calculated for the AM1.5G spectra in the
extended Shockley—-Queisser approach,*3 gives a né of 3.5%.
at a 400 nm (3.1 eV) wavelength, corresponding to the middle
of the DC range. Then the external quantum efficiency of the sc
(nlE"é%) is equal to 0.49% following the equation (13):

1 — 11400 ,,DC DC 980 17980
NEQE = Msc Mabs Ncorv - Nextrac

= 3.5% x 14% x 100% x 100% = 0.49% (13)

So using the equation (8), the additional external quantum
efficiency (3&k) is equal to almost 29 (nik = 2.53-0.49%). It
means that the stacking of a DC layer gives 2% more external
quantum efficiency compare to a bare sc. However, it's inter-
esting to calculate also the maximum 111°SS with the 73°
(17.5%), obtained at the 550 nm (2.25 eV) giving a value of
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top of c¢-Si solar cell, compatible with solar
spectra range which is available for the
down-conversion effect and its additional
external quantum efficiency coming from
this down-conversion process is estimated to
almost 2%.

Solar cell I

5. Experimental Section

0.6 -30 0.5
0.8
0.0
1.0 : T T T T
o 75 850 900 950 1000 1050 1100

Wavelength /nm

Figure 9. a) Emission pattern normalized of the Yb3* jon emission in the DC layer (black) and
in the sc (red) at a 980 nm wavelength. b) PL spectra obtained by the integration over emission

angles in DC and sc material, centered at 980 nm.

2.45%. In this case the nik; is close to zero (N = 2.53-
2.45%), indicating that is not interesting to use a DC layer. But
on the DC range, the n4 decreases with the wavelength wit-
nessing the thermalization effect. So, at least the nidj is posi-
tive. This is the reason, why we choose the middle wavelength
of the DC range to estimate additional external efficiency value
of 2%.

This latter has to be compared with theoretical results
obtained in the literature. Trupke et al.”l have estimated a max-
imum sy of about 9%, while Abrams et al.l*®l found 7%. We
are almost 4 times lower than these theoretical estimations. The
NS could however be improved, and consequently the ngng
also, by different technical processes. Indeed, in playing in
particular with the nitrogen excess, the refractive index would
increase, as well as the absorption. In addition the increasing
of the DC layer refractive index should increase the efficient
of the sc as mentioned by Trupke et al.’l. Furthermore, this
deposit process opens the possibility of designing Bragg mirror
to have a good optical confinement in playing with the excess
of silicon and/or nitrogen*’! and to increase the low extraction
part found to be only 30% in the sc. Such process might give
some improvement of an external quantum efficiency photovol-
taic cell.

4, Conclusion

In summary, a Tb**~Yb** codoped silicon oxynitride system
was deposited on Si substrate by magnetron cosputtering for
different Yb** concentrations. RBS measurements were inves-
tigated to confirm the element composition and the excess
of nitrogen. PL spectra and decay times were performed to
point out a cooperative energy transfer between the Tb** and
the Yb**. Indeed a down-conversion effect is established upon
indirect excitation of energy donors, via defect states in the
host matrix. It was found this down-conversion process leads
to quantum efficiency equal to 183% taking into account the
nonradiative losses for the higher Yb** concentration with a
rough estimation. Without taking into account these losses
and in order to compare to the literature, this corresponds to
a quantum efficiency of 197%, leading to almost one photon
energy into two emitted IR photon energies. In addition,
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Samples Preparation: The films were deposited
on p-type 250 um-thick [001] 2" Si substrates
by means of a reactive magnetron co-sputtering
setup, using pure Si target topped with Tb,O; and
Yb,0; chips. The deposition temperature and radio
frequency power density were fixed at 200 °C and
1.23 W cm respectively, while the nitrogen plasma used was set at a
pressure of 23 pbar.?4l The Si target was covered with five Tb,O; chips
and different numbers of Yb,0; chips going from 0, to 10, 20, or 30 in
order to increase the Yb** concentration. After deposition, the samples
were annealed at 700 °C during 1h in a conventional furnace under a dry
nitrogen flow.

Sample Composition Analysis: The compositions of the deposited
layers were determined by Rutherford backscattering spectrometry (RBS)
using the 2.5 MeV Van de Graaff-type accelerator located at the Institute
of NanoSciences in Paris(INSP). The RBS data were obtained using a
1.5 MeV “He* ions incident along the direction normal to the sample
surface and a scattering angle of 165°. In this work, a standard sample
consisting on Bi implanted in Si layer with Ngg = 5.6 x 10'> at cm™
is used as a reference in order to calibrate the detector channel and
the ion energy, as well as to determine the solid angle of the detector.
The chemical composition of the films was determined through the
simulation of the corresponding RBS spectrum using the SIMNRA
program.

Ellipsometry: The thickness and the refractive index at 632 nm
wavelength were deduced from spectroscopic ellipsometry experiments.
The uncertainty of thickness is 210 nm and for the refractive index +0.01.

Photoluminescence Spectra: All the PL spectra of this study were
performed at room temperature (RT). Two techniques were used to
obtain these spectra. Continuous PL spectra were obtained using the
488 nm excitation wavelength from an Ar* laser with a power of 270 mW
on the sample and a chopping frequency of 60 Hz. The spot size of
the laser beam was measured by a “moving knife-edge” method and
was found to be around 1T mm at 1/e? of the maximum intensity. For
UV excitation at a 239 nm excitation wavelength, time-integrated PL
spectra were carried out using an optical parametric oscillator (OPO)
having a pulse of 5 ns at full width at half maximum and a repetition
rate of 10 Hz. The focusing beam was 500 um at 1/e? of the maximum
intensity with an average energy of 15 m). For these two techniques, a
1 m single grating monochromator (Jobin Yvon) and a liquid-nitrogen-
cooled germanium detector (Hamamatsu-R5509-73) were used. These
measurements were made by using the standard lock-in techniques
(SP830 DPS). All the PL spectra were corrected for the response of the
experimental setup and systematically normalized to the film thickness.
In order to carefully compare the PL intensities between each sample, a
mechanical system was built to place each sample in the same focusing
plan of the collected PL.

Time-resolved Photoluminescence: The decay times were carried out by
means of the OPO at 239 nm excitation wavelength at RT and in using
the same experimental set up of the PL spectra. The decay times’ data
were acquired by a Labview system and an oscilloscope.

Photoluminescence Excitation: A 450 W Xenon arc lamp as excitation
source was used to carry out the PLE measurements at RT with help
of Jobin-Yvon Fluorolog spectrophotometer. All the PLE spectra were
corrected by the response of the experimental setup.
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Abstract: We present a comparative study of the gain achievement in a
waveguide whose active layer is constituted by a silica matrix containing
silicon nanograins acting as sensitizer of either neodymium ions (Nd>*)
or erbium ions (Er’T). By means of an auxiliary differential equation and
finite difference time domain (ADE-FDTD) approach that we developed,
we investigate the steady states regime of both rare earths ions and silicon
nanograins levels populations as well as the electromagnetic field for
different pumping powers ranging from 1 to 10* mW/mm?. Moreover, the
achievable gain has been estimated in this pumping range. The Nd**doped
waveguide shows a higher gross gain per unit length at 1064 nm (up to
30 dB/cm) than the one with Er3*doped active layer at 1532 nm (up to
2 dB/cm). Taking into account the experimental background losses we
demonstrate that a significant positive net gain can only be achieved with
the Nd3*+doped waveguide.

© 2014 Optical Society of America

OCIS codes: (050.1755) Computational electromagnetic methods; (160.5690) Rare-earth-
doped materials; (230.4480) Optical amplifiers; (230.7370) Waveguides; (230.5590) Quantum-
well, -wire and -dot devices.
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1. Introduction

The development of waveguide optical amplifiers based on rare earth (RE) doped silicon based
matrix is of great interest for the semiconductor research community [1]. Erbium ions are par-
ticularly interesting due to an optical transition at 1532 nm which coincides with the maximum
of transmission in optical glass fiber [2]. However, in the case of erbium this transition involves
the ground level, which may limit the achievable gain due to reabsorption mechanisms [3]. To
overcome this critical issue, neodymium ion has been recently proposed because its emission
scheme makes it more suitable for achieving higher gain [4]. In such a system, the amplifi-
cation is commonly achieved through RE level population inversion by an appropriate optical
pumping. One main drawback of RE ions is their low absorption cross section. However this
can be overcome by the use of sensitizers that are characterized by a larger absorption cross
section. Those sensitizers have shown an efficient transfer of energy to RE ions in their vicinity.
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Several sensitizers of RE have been proposed in literature. Polman et al [5] shows the sensitiza-
tion of Er**ions by different kinds of sensitizers such as ytterbium ions, metal ions and silicon
nanograins (Si-ng). The work of MacDonald er al [6] presents the sensitization of Nd*>*ions by
Si-ng.

In this paper we present a comparative study of waveguides with an active layer containing
Si-ng and doped either with erbium or neodymium ions. The typical composition and structure
of such waveguides is presented in section 1.1. The electromagnetic field and level populations
of Si-ng and RE ions have been computed using an algorithm published in a previous paper [7]
and briefly detailed in section 1.2.

In section 2, we describe levels populations equations associated with Si-ng, erbium ions
and neodymium ions. For the two RE ions, due to their different transition time properties,
two particular ways of calculation will be detailed. In section 3, we present for both RE pop-
ulation inversions, population map and optical gain as a function of optical pump power. We
conclude by the comparison of the optical gain of two waveguides doped either with erbium or
neodymium ions as a function of the pump power.

1.1.  General description of the waveguide

X 2um, 400 O Si-ng
PSR . o No*/Er*
® % ¢ 2 2 pym
. . . o e 18I0,
(n=1.448)
35Hm - SRSO
(n=1.5)
z y

Fig. 1. Transverse section view of the waveguide constituted by bottom and strip cladding
layers of silica surrouding the active layer constituted by silicon rich silicon oxide (SRSO)
matrix doped with silicon nanograins (Si-ng) and Nd3*or Er**+ions.

The waveguide is composed of three layers (Fig. 1). The bottom cladding layer is composed
of pure silica. In order to ensure optical confinement of modes, this layer is about 5 to 8 um
thick in a typical experimental waveguide doped either with Nd**ions [8] or Er**ions [9]. In
this modeling method the thickness of bottom cladding layer was taken equal to 3.5 um in
order to limit the use of memory. The 2 um active layer constituted of silicon rich silicon oxide
(SRSO) contains Si-ng and RE ions. A pure silica strip layer is stacked on the top of the SRSO
layer. The static refractive index (i.e. refractive index which remains constant with wavelength)
of the active layer (1.5) has been chosen greater than the one of the strip and bottom cladding
layers (1.448) to ensure the guiding conditions.

In order to investigate which is the most suitable RE between Nd>Tand Er’*for achieving
high gain, both waveguides are pumped continuously (CW) by the propagation in the active
layer of a pump mode at 488 nm. A signal mode is co-propagated in the active layer in order to
investigate the achievability of amplification by stimulated emission. This signal corresponds
to a transition occurring between electronics levels of RE, either at 1532 nm for erbium ions or
at 1064 nm for neodymium ions [10, 11]. The waveguide dimensions are identical for erbium or
neodymium ions and according to the experimental conditions we propagate the fundamental
transverse electric mode (TEq) for the pump and signal along z direction. The calculation and
the injection of mode profiles in ADE-FDTD method for all wavelengths considered here are
described in our previous paper [7].
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1.2.  Calculation method

The electromagnetic fields (E,H) and Poynting vector (R = E x H) as well as RE and Si-ng
populations in steady state are computed by the algorithm described by Fafin et al [7]. This
algorithm is based on finite-difference time-domain method (FDTD) and auxiliary differential
equations (ADE). The FDTD method consists in the discretization in time and space of the
electromagnetic fields [12] according to the K. Yee algorithm [13]. The ADE makes the link
between electromagnetic fields and absorption and emission processes by the use of a set of
polarisation densities P;; following a Lorentz electronic oscillator model [12, 14]. A typical
polarisation equation (Eq. (1)) between two level populations i and j is described below:

J%P;; IP;;
Aw;j—2
o A%,

where Aw;; is the transition linewidth including radiative, non-radiative and de-phasing pro-
cesses [15], and @y; is the resonance frequency of this transition. x;; used in [7] depends on the
transition lifetime 7;; and on the optical index n.

The time evolution of levels populations for each emitter (RE, Si-ng) is described by a rate
equation which depends on polarisation densities of considered transitions, lifetimes, transfer
coefficient and levels populations. Since in visible wavelength range, the electromagnetic field
has a characteristic time of the order of 107! s and the levels populations of emitters have
characteristic lifetimes as long as a few milliseconds [16, 17], a classical ADE-FDTD calcula-
tion is impossible in a reasonable time [7]. Indeed with the classical ADE-FDTD method the
equations of populations are calculated simultaneously with the electromagnetic field leading
to about 103 iterations. We have recently overcome this multiscale issue [7] after splitting the
classical ADE-FDTD single loop into two interconnected loops separating short time and long
time processes. The electromagnetic fields and polarisation densities are calculated in the short
time loop and the rate equations in the long time one. This method allows us to reduce drasti-
cally the number of iterations from 10'3 to 10° and consequently reduces the calculation time
to more reasonable duration (7 days for the present waveguide at bi-processors quad-core Intel
Nehalem EP @ 2.8 GHz). Moreover, in order to minimize phase velocity error and velocity
anisotropy errors inherent to the FDTD method, the algorithm was set up with the time and
space steps introduced in our previous paper [7].

+ 0jjPi; = K;(N; — N))E M

2. Description of populations

In this section we describe the excitation mechanism of the erbium and neodymium ions and
the numerical calculation of the levels populations at the steady state.

2.1.  Silicon nanograins

We model silicon nanograins (Si-ng) as a two levels system (Fig. 2) where the ground and ex-
cited levels populations (respectively Ngjo and Ng;j;) are given by the rate equations Eq. (2) and
Eq. (3). Due to a low probability of multi-exciton generation in a single Si-ng [18], we assume
the excitation of one single exciton by Si-ng, therefore the Si-ng population will correspond
to the exciton population. After non-radiative transitions in the conduction band, the exciton
may either radiatively recombine or excite an emitter in its vicinity. This energy transfer may
occur if the energy gap between conduction and valence band of Si-ng matches the energy gap
between the RE fundamental level and an upper level leading to a possible emission. According
to literature [19] the lifetime of excited level Ng;; is chosen at 7g;,, |- =50 us. Since few papers
studied the energy transfer coefficient in Si-ng and erbium ions [20,21] and to our knowledge
no study was made on this coefficient in Si-ng and neodymium, this energy transfer coefficient

#208737 - $15.00 USD  Received 24 Mar 2014; revised 5 May 2014; accepted 5 May 2014; published 13 May 2014
(C) 2014 OSA 19 May 2014 | Vol. 22, No. 10| DOI:10.1364/0E.22.012296 | OPTICS EXPRESS 12299



Sio, Sio,
Energy transfer Energy transfer N>
K Er* K 3
Sil 3(,,) Sil 4 (F,,+H,,)
92 T 52 912
Exciton in Si-ng 980 nm 20 ) Exciton in Si-ng f— 3 (F, 2)
1532 nm - 1 Ta” |
( 13/2)
-5 2(1.)
1340 nm
~— 1372
1064 nm 1(1,)
045 nm ———a.

Fig. 2. Excitation mechanism of (a) erbium ions and (b) neodymium ions

between Si-ng and both RE is assumed identical and taken equal to K = 10~# cm? /s. We took
the same concentration of Si-ng equal to 10! cm™3 for both active layers doped either with
Er**or Nd>*ions. In order to simulate a realistic absorption and emission cross section equal
to 10710 cm? the linewidth Ao ; and the number of polarizations N, are respectively fixed to
10'* rad /s and 2756 according to the method explained in [7]. These parameters are reported
in Table 1.

dNg;, (t) " 1 E dPsi, (1)  Nsiy (1)

= ! — KNg;, (1) N (¢ 2

dt hos;,, ®) dt Tsiyor siy (1) No (1) )
dNG;, () 1 dPs;i,, (1) = Ns;, (1)

== E(s KNsi, (t)No (1 3

dt ha)sl'lo ( ) dt + TSilOUlr + Sij ( ) 0( ) 3)

Table 1. Parameters levels of silicon nanograins
j—i Lifetime (s) @;(10" rad/s)  Aw;(10"rad/s) N,
1—=0 50.10-6 3.682 1 2756

2.2. Erbium ions

Erbium ions are modelled by four levels: 0 (*I;s5/2), 1 (*Ii372), 2 (*I;1 ) and 3 (*Iy,). We
consider two non-radiative transitions 3—2, 2—1 and one radiative transition from level 1 to
level 0 at 1532 nm. The emission cross section of this transition is equal to 6 x 10~>!cm™2
[20,21] and corresponds to a linewidth Aw; equal to 0.15 x 10% rad /s with one polarisation
(N, = 1) [7]. Moreover there is an up-conversion process from level 1 to level 0 and 3 which
can be modelled by a coefficient C,, = 5 x 10717 cm?®/s. The concentration of erbium ions
is equal to 10%° cm™3. The time evolution of Er’*levels populations is described by the rate
equations Eq. (4) to Eq. (7). All parameters of erbium ions transitions are taken from [20, 21]
and reported in Table 2.
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dN3 (t) N3 (l‘)

=— L 4 KNg;, (1) No (t) + CupN7 ©)
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dN. t N> (t N> (t
20) _ M) _Na(r)  Ma(r) )
dt 32 |nr 1 |nr T20 |nr
dN; (t) 1 dPyo ([) N> (l‘) N (l‘) >
—_ E(r + — —2C,,N (6)
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Table 2. Parameters levels of erbium ions

j—i 32 2—1 2—0 1—0
Lifetime (s) 0.1x107% 24x10° 710x107® 85x1073
@;; (1015 rad/s) 1.23
Aw;; (10" rad/s) 0.15
N, 1

2.3.  Neodymium ions

Neodymium ions are modelled by five levels: 0 (*Iy), 1 (*I11/2), 2 (*I132), 3 (*F3)5) and 4
(*Fs 2 +2 Hy /2)- We consider three non-radiative transitions 4—3, 2—1, 1—0 and three radia-
tive transitions 3—2 at 1340 nm, 3—1 at 1064 nm and 3—0 at 945 nm. The emission cross sec-
tion of these transitions is equal to 10~'°cm~2 [24] and correspond to linewidths Aw; j reported
in Table 3. The up-conversion coefficient C,, ranging from 1 x 10717 to 5 x 10717 cm? /s was
found in [22,23]. This value leads to an equivalent lifetime 7,, = ﬁ that remains 10 times
larger than the longest level lifetime of Nd**ions which allows neglecting the up-conversion
process [7]. The concentration of neodymium ions is equal to 10%° cm~3. The time evolution
of Nd**levels populations is described by the rate equations Eq. (8) to Eq. (12). Parameters of
neodymium ions transitions are taken from [11,24] and reported in Table 3.

dN, (l‘) B Ny (l‘)

dt = T43|”r +KNSI'1 (t)NO (t) (8)
dN; (1) 1 dPs (1) 1 dPs (1) 1 dPx (t)
i ot O g e " T heet O T ©

LN () N3(t) N3(t) N3(r)
Usler  Tolhr  Tilh  TR2lh

dN, (1) 1 dPxn(t) Ni(t) Na(t)
=— E(t + - 10
dt hawzy Q dt ol T2 lnr 10
1 P
dN, (l‘) _ E(t)d 31(I) N3(I)_N1 (l‘) Nz(l‘) (11)
dt hasy dt Gilhy Tl D1l
dNy (1) 1 dP3(t) Ns(t)  Ni(t)
=— E(t + + — KNg;, (t) Ny (¢ 12

#208737 - $15.00 USD  Received 24 Mar 2014; revised 5 May 2014; accepted 5 May 2014; published 13 May 2014
(C) 2014 OSA 19 May 2014 | Vol. 22, No. 10| DOI:10.1364/0E.22.012296 | OPTICS EXPRESS 12301



Table 3. Parameters levels of neodymium ions

j—i 43 352 3—1 3—0 2—1 1—=0
Lifetime (s) 230x 10712 1000 x 1076 200x 107®  250x 107 970x 1072 510x 10712
@;; (10" rad/s) 1.34 1.77 1.99
Aw;; (10" rad/s) 0.67 0.18 0.11
N, 1 1 1

2.4. Difference in calculation method of populations

We aim at calculating levels populations in steady states in a fast and convenient manner. Con-
sequently, the preferred method would be an analytical calculation of populations by setting
dN;/dt = 0. However, this is only applicable in case of neodymium levels equations. Moreover,
the up-conversion term in erbium rate equations leads to equations that are hardly analytically
solvable. In that case, the steady states of population levels are reached by a finite difference
method. This calculation was possible using a reasonable time step of 0.01 us ten times lower
than the shortest lifetime (0.1 us) considered in this model. The calculation time is then no
longer negligible but does not rise up significantly the global calculation time of our ADE-
FDTD method.

3. Results and discussion

The solution of Eq. (2) to Eq. (12) gives the levels populations in their steady states. We define
for i — j transition the population inversion (section 3.1) as the ratio (N; — N;) over the total
population number (N;,, = 10% at/cm? for RE or Ng;,, = 10'° at/cm? for Si-ng). We deduced
also the optical gain (section 3.2) at 1064 nm for Nd**and 1532 nm for Er>*. These values are
computed for a pump power ranging from 1 to 10* mW /mm?.

3.1.  Populations inversion

We present in this section the spatial distribution of population inversion in waveguides doped
either with erbium or neodymium ions for a pump power of 1000 mW /mm? in a longitudinal
section view along the propagation axis (Fig. 3). For both waveguides the plots show a decrease
of population inversion with direction of propagation which can be attributed to the coupling
between rare earth ions and silicon nanograins.

(N}-No)Nige (N3-NpD/Nigy
8 r air 1 02 8 air R 02
rib 0 rib 0
- : 1t 02 6 + 101 .02
E . SRSO::! 04 5, NNEGE_ SRSO ||| 04
" 0.6 = -0.6
2 r Si0, 1M o3 2 r Si0, 1M o8
L L L L -1 - -1
1 2 3 4 5 6 1 2 3 4 5 6
z (um) z (um)

Fig. 3. Population inversion along the direction of propagation for the erbium ions (on the
left) and the neodymium ions (on the right) for a pump power equal to 1000 mW / mm?

For erbium ions, the population inversion remains positive over a length of 1.5 um. Beyond
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this length, the population inversion becomes negative witnessing the threshold effect occurring
with three-level system.

For neodymium ions the population inversion remains positive along the whole structure.
Indeed, in this four-level system, the level 1 is depopulated quickly to the ground level leading
to N3 >> Nj.

We now consider the population inversion distribution of Si-ng presented in longitudinal
section view in Fig. 4 for both RE. This decrease of population inversion of Si-ng shows an
identical behaviour with direction of propagation as the one observed with RE. This is charac-
teristic of the pump strong absorption due to the presence of the nanograins as shown in our
previous paper [7].

(Ngi-Ngip/Ns; (Ngi1-Ngip)Ns;
g S 095 . 1 -0.95
rib -0.96 1ib -0.96
6 E | 4 6 E I |
2 097 097
2 4§ 2 4
> 098 % -0.98
27 Sio, |84 -0.99 27 Si0, 14 -0.99
L L L L L -1 L L L 1
1 2 3 4 5 6 1 2 3 4 5 6
z (um) z (wm)

Fig. 4. Population inversion of Si-ng along the direction of propagation in the case of er-
bium ions (on the left) and neodymium ions (on the right) for a pump power equal to
1000 mW /mm?

From Fig. 4 we extract a particular set of values of the population inversion of Si-ng along the
direction of propagation recorded at x = 4.5 um and y = 8.55 pm (center of the XY section of
the active layer) (Fig. 5). On this figure, we observe along the whole length of the waveguide a
larger Si-ng population inversion with erbium than with neodymium. Since the Si-ng modeling
is the same with both RE, the population inversion difference is due to each specific Si-ng/RE
interaction. This interaction is governed by the transfer coefficient K, which is the same for
both RE, but also by specific transitions lifetimes of each RE. The larger population inversion
observed for erbium than with neodymium is consequently due to the difference of lifetimes
between these RE (Table 2 and 3). This observation leads us to the conclusion that RE excitation
occurring from Si-ng is more efficient in the case of neodymium than in the case of erbium ions
due to the specific time dynamics of transitions in different RE.

Figure 6 shows the influence of pump power on population inversion for the erbium and
the neodymium ions as well as for the Si-ng. We observe that the population inversion oc-
curs above a threshold pump power (600 mW /mm?) for erbium. This behaviour is typical of
a three-level system. For neodymium ions, we observe a positive population inversion for the
whole pump power range which is characteristic of a four-level system. For high pump power
(1000 mW /mm?), both populations inversions reach a comparable value witnessing the satura-
tion of the excitation mechanism.

Finally, we plot (dotted lines) the population inversion of Si-ng as a function of pump power.
Whatever the pump power, this inversion is higher for erbium than for neodymium ions. This
evidences a more efficient transfer from Si-ng to neodymium ions than to erbium ions.
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Fig. 5. Population inversion of Si-ng along the direction of propagation in the case of er-
bium and neodymium recorded at x = 4.5 um and y = 8.55 um (center of the XY section
of the active layer) for a pump power equal to 1000 mW /mm?
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Fig. 6. Population inversion for neodymium, erbium ions and silicon nanograins divided by
the rare earth ions concentration (1020 at/ em?) recorded at x = 4.5 um and y = 8.55 um
(center of the XY section of the active layer) and z=0 (beginning of the waveguide)

3.2.  Optical gain

From population levels N;(x,y,z) we deduced the local gross gain per unit length g4z, (Eq.
(13)) at the signal wavelength:

10
gdB/cm(xvva) = 10 (GemNhigh(xvyvz) - Gableow(xa)’7Z)) (13)
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where Ny, and Np,,, are respectively the higher and lower levels of the considered transition
and o, and o, are absorption and emission cross sections. For erbium ions, we make the link
Npigh = Ny and Nj,,, = Ng and for neodymium ions Ny;e, = N3 and Ny, = Ny and we assume
equal emission and absorption cross sections for one RE. The local gross gain per unit length
recorded at x = 4.5 um and y = 8.55 um (center of the XY section of the active layer) and
z = 0 (beginning of the waveguide) is plotted in Fig. 7.

35 3T
—H=— Er
30 | —e— Nd**

25
20
15
10

Gross gain per unit length (dB/cm)

_5 L L L
1 10 100 1000 10000

Pump power (mW/mmz)

Fig. 7. Local gross gain per unit length at the center of the active layer and in the begin-
ning of the waveguide as a function of the pumping power for a waveguide doped with
Nd3*(open circle) and a waveguide doped with Er3* (open square) recorded at x = 4.5 ym
and y = 8.55 um (center of the XY section of the active layer) and z = 0 (beginning of the
waveguide). Losses found by Pirasteh et al [8] are represented (dashed line).

For Er’*doped waveguide, we find that, above a threshold pump power of 1550 mW/ mm?,
a positive gross gain is reached which increases up to 2 dB/cm for the highest pump power
simulated in our study. In order to estimate the net gain, we must account for the background
losses such as those found by Navarro-Urrios et al [27] on comparable samples (3.0 dB/cm at
1532 nm). We can conclude that it is not possible to reach a positive net gain in this range of
pump power. However Navarro-Urrios et al found a positive net gain equal to 0.3 dB/cm, this
small difference with our modelling result may be explained by higher pump power that was
used in the experiment (4.10> mW/mm? to 6.10° mW /mm?).

For Nd**doped waveguide, we find that the optical gain remains positive over the whole
power range. It increases up to 30 dB /cm for the highest pump power of 10* mW /mm?. We can
also estimate a net gain taking into account background losses of 0.8 dB/cm found by Pirasteh
et al in a similar system [8]. Figure 7 shows that for a pump power above 130 mW/mm? the
losses (dashed line) can be compensated leading to a net gain.

The gross gain per unit length obtained for Nd**remains higher that the one obtained for
Er’*whatever the pump power range. The gross gain per unit length difference (between
Nd**and Er**doped waveguide) is all the higher as the pump power increases. This feature
may be due to the difference in Si-ng/RE transfer efficiency (section 3.1) linked to the levels
dynamics as well as to the difference in absorption/emission cross section (o, = 6 x 1072 cm?
against oyg = 1 x 107! cm?). The three categories of commercially available optical amplifier

#208737 - $15.00 USD  Received 24 Mar 2014; revised 5 May 2014; accepted 5 May 2014; published 13 May 2014
(C) 2014 OSA 19 May 2014 | Vol. 22, No. 10| DOI:10.1364/0E.22.012296 | OPTICS EXPRESS 12305



on C-band (EDFA, EDWA and SOA) present a gain level about 20 to 25 dB with a working
length ranging from cm to few meters for EDFA and for a power consumption mainly dedi-
cated to optical or electrical pumping of about few watts [28]. Since we found a low gain and
a short length of positive population inversion by modeling of Er’*doped based waveguide on
the broad range of pump power. We conclude to the impossibility of achievement of an optical
amplifier with this configuration of co-propagating pump and signal which would compete with
commercially available systems. The gross gain per unit length reachable with Nd**, about one
order of magnitude larger than the one obtained with Er’*, could lead a significant amplifica-
tion. To our knowledge, there is no commercially available comparable optical amplifier based
on Nd3+ emission bands. However, Nd*"doped Aluminum oxide channel waveguide ampli-
fiers developed by Yang et al show a maximal internal gain of 6 dB/cm for a pump power of 45
mW [23].

4. Conclusion

Our algorithm based on ADE-FDTD method previously used for modeling steady states of
fields, population levels and gross gain per unit length for Nd**doped waveguide has been
extended with success to the case of erbium ions doped waveguide.

We have demonstrated that the neodymium ions are more suitable than the erbium ions to ob-
tain a net positive gain per unit length in silica based waveguide containing silicon nanograins.
The theoretical maximum gross gain per unit length of 2 dB/cm at 1532 nm (10* mW/mm?)
does not compensate background losses experimentally estimated to 3 dB/cm. On the con-
trary, the use of neodymium ions leads to a gross gain per unit length of 30 dB/cm at 1064
nm (10* mW / mm?). Moreover the background losses are compensated above a pump power
threshold of 130 mW /mm?. This theoretical demonstration of a large gross gain per unit
length for a Nd>*doped active layer may justify further experimental work in order to achieve
Nd>**doped silicon based waveguide optical amplifier or laser.

In order to investigate the possibility of achieving larger gain further studies may be per-
formed with other concentrations of rare earth and Si-ng, other rare earth and other pumping
configurations. This method may be applied to study the electromagnetic fields and levels pop-
ulations distribution in steady states of systems with other kind of emitters (quantum dots,
quantum wells...) and in other configuration (VCELSs, down-converting layers...).
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ABSTRACT: A facile and rapid photochemical method for preparing supported silver nanoparticles (Ag-NPs) in a suspension
of faujasite type (FAU) zeolite nanocrystals is described. Silver cations are introduced by ion exchange into the zeolite and
subsequently irradiated with a Xe—Hg lamp (200 W) in the presence of a photoactive reducing agent (2-hydroxy-2-
methylpropiophenone). UV—vis characterization indicates that irradiation time and intensity (I) influence significantly the
amount of silver cations reduced. The full reduction of silver cations takes place after 60 s of a polychromatic irradiation, and a
plasmon band of Ag-NPs appears at 380 nm. Transmission electron microscopy combined with theoretical calculation of the
plasmon absorbance band using Mie theory shows that the Ag-NPs, stabilized in the micropores and on the external surface of
the FAU zeolite nanocrystals, have an almost spheroidal shape with diameters of 0.75 and 1.12 nm, respectively. Ag-NPs, with a
homogeneous distribution of size and morphology, embedded in a suspension of FAU zeolites are very stable (~8 months), even

without stabilizers or capping agents.

B INTRODUCTION

Silver nanoparticles are currently the focus of intensive research
because of their catalytic, antibacterial, and optical properties."
Their interesting optical properties, more precisely, their
plasmonic properties, make them highly desirable in various
applications like sensors,” OLEDs,®> and photovoltaic solar
cells.*"® Their plasmonic properties depend strongly on their
size, morphology, and density.” Therefore, a systematic
modification of these parameters allows the tuning of their
plasmonic response over the whole visible spectrum.

In solution, silver nanoparticles agglomerate to form clusters
or even large particles and hence lose their optical properties.
To prevent this and maintain the plasmonic properties, Ag-NPs
are usually charged or dispersed in media such as noble gases,
organic scaffolds, or a porous matrix (zeolites).”

Zeolites are crystalline aluminosilicates with a framework
made of SiO, and AlO, tetrahedra, in which the negatively
charged Al sites are neutralized by the charge-balancing extra-
framework cations, such as K*, Li*, Na*, etc.® These charge
compensating cations are noncovalently bonded to the zeolite
and offer the possibility of replacing them with organic

4 ACS Publications  © Xxxx American Chemical Society

molecules or metals with interesting properties for optical
applications.” ™" In fact, the use of zeolites for optical
applications has already attracted the attention of researchers
because of their diverse structures, high porosity, high thermal
stability, and availability in different sizes and morphologies.'’
The incorporation of zeolites into an optical device offers the
possibility of stabilizing and organizing the photoactive guests
as well as preventing intermolecular interactions that reduce or
even quench their photophysical properties.'' As a result,
several studies reported the use of zeolites as suitable supports
for Ag-NPs.'>1*

Ag-NPs are generally prepared by either thermal reduction,'
microwave reduction,'® sonochemical reduction,'” chemical
reduction,'® or photoreduction of silver cations (Ag") in
solution.'” ™' Thermal treatment is a classical way to prepare
Ag-NPs: the solution containing silver cations is heated in the
presence of a reducing agent such as H, or CO, introduced

Received: February 19, 2014

Revised: ~ May 7, 2014

dx.doi.org/10.1021/1a5006743 | Langmuir XXXX, XXX, XXX—=XXX



Langmuir

directly into the reaction mixture, or generated in situ.'®
Microwave-assisted reduction presents several advantages like a
more homogeneous heating, a shorter reaction time, and an
easier nucleation of Ag-NPs.'® The sonochemical process is
used for the preparation of Ag-NPs when the particle size
strongly depends on the type of reducing agent applied.'”
Using sodium borohydride, a strong reducing agent, results in
spherical Ag-NPs 10 nm in size, while with a weak reducing
agent, such as sodium citrate, the formation of Ag-NPs ~3 nm
in size is observed.'” Moreover, chemical treatment is an
efficient process for preparing Ag-NPs in solution with good
control of their size and shape. The key to a rational design is to
find the proper combination of silver precursors, a reducing
agent, stabilizers, and reaction conditions (rate and pH).'® The
drawback of these methods is the use of relatively large
amounts of reducing agents and their subsequent elimination in
an additional step. Furthermore, Ag-NPs are generally sensitive
to heat and oxygen; the addition of capping and stabilizing
agents is usually recommended to preserve their structure and
prevent their aggregation in solution.

The photoassisted synthesis (photoreduction) of silver is
another method used for the preparation of Ag-NPs, albeit less
practiced. It allows the preparation of stable nanoparticles of
Ag-NPs by irradiation of a reaction mixture with a light source
(laser or lamp) in the presence of photoreducing agents
without the need to introduce stabilizers or surfactants.”” "
Their size and the time needed for their preparation are directly
proportional to the irradiation power of the light source. For
example, with a low-power lamp (4 W), irradiation for 9 h is
needed to produce 19 nm diameter Ag-NPs,>' while with a
stronger source (150 W), the reaction takes only 45 min.
However, in the latter case, the Ag-NPs are polydisperse and
smaller than when they are prepared using a lower-energy
lamp.*!

In this work, we report a facile and rapid preparation of Ag-
NPs, supported on FAU type zeolite crystals, using a
photochemical reduction method. The silver cations are
introduced into the FAU zeolite nanocrystals (Si/Al = 1.2)
by ion exchange and subsequently reduced (to Ag’) by
irradiation with a Xe—Hg lamp (200 W) for 5—60 s. The
irradiation intensity and time have a direct influence on the Ag
nanoparticles and their plasmonic properties. The micro-
structure and optical properties of the Ag-NPs are monitored
by high-resolution transmission electron microscopy
(HRTEM) and UV—vis spectroscopy, respectively.

B EXPERIMENTAL SECTION

Raw Materials. Silver nitrate (AgNO;) was purchased from Alfa
Aesar, and 2-hydroxy-2-methylpropiophenone [C4,H;COC-
(CH;),0H], benzophenone (C,3H;,0), and benzaldehyde (C,HO)
were purchased from Sigma-Aldrich. Aluminum hydroxide [Al(OH),,
Sigma-Aldrich], sodium hydroxide (NaOH, Sigma-Aldrich, 97%), and
colloidal silica (SiO,, Ludox-HS 30, 30 wt % SiO,, pH 9.8, Aldrich)
were used to prepare FAU type zeolite crystals (zeolite X) according
to the procedure below; these reagents were used without further
purification.

Preparation of a FAU Type Zeolite Suspension. The FAU
nanocrystals were synthesized from a clear precursor suspension with a
9:0.9:10:200 Na,0:A1,0;:510,:H,0 ratio. The suspension was
prepared by mixing AI(OH);, NaOH, and SiO, with doubly distilled
water and subjected to vigorous stirring at room temperature until a
clear suspension was obtained. Then the resulting clear suspension was
aged for 24 h at room temperature prior to the hydrothermal
synthesis. The crystallization was performed at 150 °C for 45 min in a

conventional oven. The zeolite nanocrystals were purified by
centrifugation (25000 rpm for 4 h) and dispersed in doubly distilled
water (dd H,O) until the pH of the decanted suspension reached 7.
Finally, the purified FAU zeolite sample was centrifuged and decanted;
the resulting FAU slurry is further ion-exchanged as described below.

lon Exchange of FAU Zeolites. The FAU slurry (100 mg) was
sonicated in a 10 mL aqueous solution of AgNO; (0.1 M) for 6 h, and
the product was purified by centrifugation and washed three times
with doubly distilled water to remove any excess of silver. The ion-
exchanged FAU zeolite in a water suspension will hereafter be termed
FAU-Ag". The as-prepared suspension was freeze-dried; the color of
the FAU-Ag" sample prior reduction is white. The FAU-Ag" powder
sample was redispersed in water (0.25 g/L in H,0). One milliliter of
this FAU-Ag" suspension containing 2.64 X 10~* mg of Ag* was then
added to 0.1 mL of 2-hydroxy-2-methylpropiophenone (0.096 M in
ethanol, 99%). This mixture was stirred while being irradiated with a
Xe—Hg polychromatic lamp with an intensity varying from 20 to 100%
for 5—60 s.

Preparation of Ag-NPs in FAU Zeolites. UV irradiation of the
FAU-Ag" suspension (1 mL) was conducted with a polychromatic
Xe—Hg lamp (LC8-01A spot light, Hamamatsu, L10852, 200 W)
using a UV light guide (model A10014-50-0110). This device was
mounted at the entrance of the reactor containing the zeolite
suspensions to establish a “homogeneous” irradiation. The UV
irradiation intensity (I,) at full capacity of the lamp measured with a
light power meter (from Hamamatsu) was 55 mW/cm? at 366 nm. All
samples were stirred in the reactor during the reduction process. The
Xe—Hg polychromatic lamp intensity varied from 20 to 100% for S—
60 s. The FAU suspensions containing Ag-NPs will hereafter be
termed FAU-Ag.

Characterization of Ag-NPs in FAU Zeolite Suspensions. The
UV—vis absorption spectra of the zeolite suspensions containing Ag-
NPs were recorded on a Thermo-electron evolution 500 UV—vis
spectrometer working in transmission and in quartz cuvettes with a 1
cm path length. The zeolite suspension prior to ion exchange was used
as a reference for all UV—vis measurements.

Dynamic Light Scattering (DLS) Analysis. The hydrodynamic
diameters of the as-prepared suspensions of zeolite nanoparticles and
those containing Ag-NPs were determined with a Malvern Zetasizer
Nano instrument using a backscattering geometry (scattering angle of
173°, He—Ne laser with a 3 mW output power at a wavelength of
632.8 nm). The DLS analyses were performed on samples with a solid
concentration of 1 wt %.

High-Resolution Transmission Electron Microscopy (HRTEM). The
crystal size, morphology, crystallinity, and chemical composition of
suspensions of FAU-containing Ag-NPs were characterized using
HRTEM coupled with an energy dispersive analysis (EDS) on a 200
kV JEOL 2010 FEG STEM electron microscope (tilt of +42°)
equipped with an EDS (energy dispersive spectrometer, Si/Li
detector; a double tilt sample holder was used). The suspensions
were sonicated for 15 min prior to their deposition on a holey carbon
supported on a nickel grid.

Theoretical Modeling of the Ag Plasmon Band. The
simulation of the UV—vis absorbance spectra was performed using
the Mie theory.”” Simulations were conducted using the refractive
index of water taken from the IAPWS® or an adjustable constant
refractive index for the surrounding medium. The refractive index of
silver was taken from ref 24. The refractive index of silver was size-
corrected to take into account the reduction of the electron mean free
path in nanoparticles. The size correction was conducted by
introducing an additional surface contribution into the electronic
scattering to retain the Drude part of the dielectric function using the
electron scattering rate given by Kriebig:*®

=y + 2k
TEhT (1)
where y, is the bulk scattering rate and vy is the Fermi velocity of
silver. The nanoparticle diameter (D) and a phenomenological
dimensionless parameter (g) are related to the shape of the particles

as well as the material properties and the surrounding dielectric host
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Scheme 1. Preparation of Ag-NPs by Photogeneration of Free Radicals in Suspension
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Figure 1. Evolution of the Ag plasmon band in FAU zeolite suspensions after UV treatment (H,O suspension) (A) at 60 s at (a) an I, of 20% or (b)

an I, of 100% and (B) at 15 s at (a) an I, of 20% or (b) an I, of 100%.

matrix. For spherical nanoparticles, g is estimated to be ~0.7 + 0.1.2¢
The values of y, and vy for silver were taken from ref 27.

B RESULTS AND DISCUSSION

The photochemical treatment of materials is a fast and efficient
method for producing electrons. It requires the use of a photo-
reducing agent or a photoactive species that becomes
electronically excited and rapidly transfers electrons to the
Ag" cations (reducing them into Ag”), upon irradiation at a
specific wavelength. The compatibility between the photo-
reducing agent and the irradiation source is of prime
importance because the catalyst should absorb in the same
range as the light excitation to generate the free electrons.
Besides the reducing activity, the catalyst is used as a stabilizing
agent for the produced species.

In this work, three photoreducing agents, benzophenone,
benzaldehyde, and 2-hydroxy-2-methylpropiophenone, are used
as photocatalysts. The first two show a very low reactivity in the
FAU-Ag" suspension, while the last one is the most compatible
with the zeolite suspension and consequently used in all
experiments. To ensure the miscibility between the zeolite
suspension and the reducing agent, 2-hydroxy-2-methylpropio-
phenone was first dissolved in ethanol and subsequently added
to the FAU-Ag" suspension (in water); the mixture was stirred
vigorously during the reaction to ensure homogeneous
suspensions free of sedimentation.

The photo-reducing agent used is from the family of
hydroxyl-methylphenone, which is well-known to undergo a

homolytic C—C bond scission (a-cleavage) upon exposure to
UV irradiation giving rise to a pair of radicals®® (Scheme 1).
After the radical formation, the following processes are
possible: (1) recombination of radicals going back to the
original compound or (2) deactivation of radicals by dissolved
oxygen present in the reaction medium (Scheme 1). (3) In the
presence of silver cations, the radicals can undergo a redox
process giving rise to silver nanoparticles (Ag-NPs) in addition
to the cationic form of the radicals that rearrange to form their
corresponding ketones. At the end of the reaction, the reducing
agent is fully dissociated and will be no longer available to
stabilize the produced Ag-NPs.

Influence of Irradiation Intensity on the Formation of
Ag-NPs. Because the light source used is of adjustable
intensity, the FAU-Ag" suspension is irradiated with different
intensities (I). At I, values of <20%, few and nonreproducible
reactions are triggered because of a nonstable irradiation at such
low intensities. Upon irradiation with an I, of 20% for 60 s, a
plasmon absorbance band at 375 nm appears in the UV—vis
spectrum of the FAU-Ag" suspension and is associated with a
green coloration, indicative of the generation of Ag-NPs.
Interestingly, a further increase in I, induces a progressive
hyperchromic shift of the plasmon absorbance band as well as a
slight bathochromic (red) shift. The sample irradiated with an
I, of 100% presents an absorbance twice that at an I, of 20%,
and the peak position shifts from 375 to 380 nm (Figure 1A).
This implies that more silver cations are reduced."” The
reaction rate is directly proportional to the irradiation intensity
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used. At a low intensity, a small number of radicals are
generated, because of the competing deactivation process
(Scheme 1); only a few radicals are available for the reduction
of silver cations, explaining the low intensity of the plasmon
absorbance band. At a high irradiation intensity (I, = 100%),
many free radicals are generated and are rapidly consumed.
This favors the reduction of silver over the deactivation of free
radicals and leads to the full reduction of silver cations after
only 60 s. This assumption is confirmed by running the
reaction for a shorter time (1S s) (Figure 1B). At a low
irradiation intensity (I, = 20%), a very low intensity band
appears at 355 nm with no change in the color of the
suspension. This suggests that the number of free radicals
generated is not enough to reduce the silver cations. With an I,
of 100%, an intense absorption at 375 nm is associated with the
appearance of a dark green color, indicating that the reaction is
almost complete after irradiation for 15 s. For comparison, the
UV—visible spectra of the FAU-Ag" suspension without and
with a photoreducing agent (2-hydroxy-2-methylpropiophe-
none) at time zero are taken and presented in Figure S1 of the
Supporting Information. It is clearly seen that after mixing, no
absorption band is observed in the spectrum, while the plasmon
band appears after 15 s (Figure 1). These results demonstrate
that the photoreducing agent upon exposure to UV irradiation
is giving rise to a pair of radicals, and the sequential processes
are followed as presented in Scheme 1.

Influence of Irradiation Time on the Formation of Ag-
NPs. The irradiation of a silver-containing zeolite suspension is
conducted for different times while fixing the intensity of the
light source at 100%. As observed in Figure 2, a plasmon band

14 380 nm
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Figure 2. Evolution of the Ag plasmon band in FAU suspensions after
UV treatment at 100% for (a) S, (b) 10, (c) 15, and (d) 60 s.

appears at 365 nm, associated with a pale green coloration of
the suspension after irradiation for S s. This highlights the high
efficiency of this mode of reduction, i.e., formation of Ag-NPs
after irradiation for only S s instead of several hours for the
chemical reduction method.”' Increasing the reaction time
leads to a continuous hyperchromic shift of the plasmon band
and a darkening of the zeolite suspension, indicative of the
progressive formation of Ag-NPs. On the basis of the band
intensity, more than 75% of the silver cations are reduced after
only 15 s. Furthermore, all silver cations are reduced after
irradiation for 60 s with no increase in the plasmon band
intensity with longer irradiation times [2 or 3 min (Figure S2 of

the Supporting Information)]. Besides, an additional amount of
reducing agent is added to the samples and then subjected to
irradiation. No notable change in the plasmon band is observed
under these conditions; thus, we conclude that the silver
cations are fully reduced after treatment for only 1 min. Instead,
a decrease in plasmon band intensity takes place at a long
irradiation time (S min), probably because of a partial
destruction of the zeolite nanoparticles caused by the harsh
conditions used. Interestingly, no change in the absorbance
wavelength is noticed; this indicates that the reaction does not
occur via the formation of small Ag seeds growing into larger
particles during the reaction.”’ Because of the fast reaction
process, Ag-NPs of a similar size are progressively produced.
The DLS study of the FAU-Ag suspensions obtained under
different irradiation conditions shows a monomodal particle
size distribution of particles with an average diameter of 70 nm
(Figure 3), matching the DLS from a pure FAU zeolite

(a)
—®
()
—@

Intensity

T T 1
1 10 100 1000 10000
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Figure 3. DLS curves of FAU-Ag suspensions after irradiation with an
I, of 100% for (a) S, (b) 10, (c) 15, and (d) 60 s.

suspension (Figure S3 of the Supporting Information). This
indicates that the silver nanoparticles are completely associated
with the zeolite crystals and no evidence of separate Ag-NPs is
observed in the suspensions.

The DLS results are confirmed by a HRTEM study (Figure 4
and Figure S4 of the Supporting Information). The zeolite
crystals contain silver nanoparticles predominantly located in
the channels of FAU crystals; however, several Ag-NPs are seen
on the zeolite surface. At high magnifications, the zeolite
nanoparticles show a high degree of crystallinity and well-
aligned crystal fringes. As previously mentioned, because of the
short reaction period, the Ag nanoparticles are of similar size
and shape and appear as spheres with a diameter in the range of
0.7—1.1 nm. More than 80% of the Ag-NPs are located in the
super cages (1.1 nm) and some in the sodalite cages (0.7 nm)
of the FAU zeolite crystals. The entire FAU zeolite crystal
containing Ag-NPs at high magnification is shown in Figure
4C; the homogeneous distribution of Ag-NPs all over the
zeolite crystal can be seen. The regular distribution of Ag-NPs
in the zeolite crystals is observed at high magnifications, as
shown as an inset of the enlarged selected area in Figure 4B.
However, some Ag-NPs with a size of 5—6 nm can be seen on
the zeolite external surface (Figure 4A).

The zeolite crystals containing Ag-NPs are further
characterized by EDS-TEM (Figure ).
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20 nm

Figure 4. HRTEM images of FAU crystals containing Ag-NPs. (A) Ag-NPs within the cages and on the external surface of the zeolite crystals
(arrows). (B) Ag-NPs in the zeolite cages only. The inset shows an enlarged selected area showing the silver nanoparticle in the zeolites. (C) Ag-NPs
homogeneously distributed in the entire crystalline FAU zeolite particle. This sample was obtained after UV treatment at 100% for 60 s.
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Na 26.7 32.6
Al 28.0 29.2
Si 35.7 35.7
Ag 9.5 2.5

Figure S. Elemental composition of the FAU-Ag sample measured by EDX-HRTEM (C corresponds to the holey carbon film, and Ni is coming
from the grid used in the TEM experiment). The inset shows the elemental analysis of the FAU-Ag sample expressed in weight and atomic percent.
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Figure 6. (A) Plasmon band of Ag-NPs in (a) a FAU-Ag suspension and (b) pure Ag-NPs in water (I, = 100% for 10 s). (B) Evolution of the
plasmon band for (a) FAU-Ag and (b) pure Ag in water after 60 min.

The zeolite main components, ie, Al, Si, and Na, are
measured and presented in Figure S. A Si:Al ratio of ~1.2,
which is characteristic of the FAU type zeolite (X), is measured.
Additionally, the partial ion exchange of sodium for silver is
evidenced. Besides, the chemical composition of the ion-
exchanged (FAU-Ag") and reduced (FAU-Ag) zeolite samples
is determined and presented in Table S1 of the Supporting
Information. The results confirm that the silver content does
not change; thus, only reduction of the silver cations occurred,
leading to the formation of Ag-NPs, which is proven by UV—vis
measurements.

Stability of Ag-NPs. The stability of Ag-NPs in the FAU
zeolite is of prime importance. It is expected that the
photoreductant has a dual action during the photoreduction

process: (1) reducing the silver cations and simultaneously (2)
stabilizing the Ag-NPs from further oxidation. However, we
have already mentioned that, in our case, the reducing agent is
fragmented during the reaction and so produces free radicals.
Hence, it is not capable of ensuring the stability of the reaction
products. The zeolite is therefore used as an inorganic matrix to
stabilize the Ag-NPs.'" In Figure 6A, the plasmon band of Ag-
NPs stabilized in the FAU zeolite, and a control test with the
same amount of nonsupported and reduced silver in a water
solution is presented. It is clearly seen that the Ag-NPs in FAU
zeolite exhibit an intense and nearly symmetrical band
reflecting their high degree of monodispersity, already shown
by HREM. Moreover, the Ag-NPs in a water solution have a
very broad and weak band extending from 365 to 800 nm
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(Figure 6A, black line). This band indicates the presence of Ag-
NPs of different sizes. Hence, the first role of the zeolite crystals
is to induce a homogeneous formation of Ag-NPs with a
defined location within the zeolite pores, and on the zeolite
surface. One hour after irradiation, the plasmon band of Ag-
NPs supported on FAU zeolite crystals is unchanged (Figure
6B), while the corresponding band for free Ag-NPs in a water
solution totally disappears. This evolution is accompanied by
the discoloration of the suspension, from light brown to
colorless. For the FAU-Ag suspension, no change in suspension
color, plasmon band position, or intensity is observed after
several months, while in the absence of zeolite, the Ag-NPs
start to be oxidized after reduction for only a few minutes
(Figure SS of the Supporting Information).

Theoretical Calculations of Ag-NPs Based on the
Plasmon Band. A comparative study between the exper-
imental and calculated plasmon bands for Ag-NPs stabilized in
FAU zeolites is presented in Figure 7. Simulations of Ag-NPs in

Experimental
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Figure 7. Experimental plasmon band of Ag-NPs in a FAU zeolite
suspension irradiated with an I of 100% after 60 s (black line) and
calculated plasmon band for Ag spheres with diameters (d) of 0.74 and
1.12 nm [parameter g = 0.62 and g = 0.96, N_m = 1.28 (red dotted
line)] and calculated plasmon band for the Ag sphere with diameters
of 0.74 and 1.12 nm (parameter g = 0.55 and g = 0.85, N_m = 1.28).

water are first conducted. The simulations are performed for
two spheres with diameters of 0.74 nm (opening of the
supercage) and 1.12 nm (diameter of the supercage, dotted
blue line), using an adjustable damping parameter (g),
determined using a fitting algorithm. As shown in Figure 7,
the D = 0.74 nm, g = 0.55 case and the D = 1.12 nm, g = 0.85
case result in similar absorption spectra. In fact, the
experimental absorption spectrum can be reproduced with
various values of D and g However, larger nanoparticle
diameters would be best fit using a “g” value of >0.85, and
smaller nanoparticle diameters would be best fit with a “g” value
of <0.55. Thus, the values shown in Figure 7 present the best
agreement between the diameters expected for the silver
nanoparticles and the g value, reported in the literature for
spherical particles (ie., 0.7 + 0.1). The fits can be improved by
changing the refractive index of the surrounding medium to a
value of 1.28. Again, the experimental data can be best fit with
the D = 0.74 nm, g = 0.62 case and the D = 1.12 nm, g = 0.96
case, as shown in Figure 7. Although both diameters can explain
the experimental absorption spectra, additional Mie theory
simulations, using adjustable Gaussian distributions of nano-

particle diameters, show that the experimental results are best
fit with a unique diameter. While it is difficult to ponder the
relative weight of both diameters, the simulations unambigu-
ously show that silver nanoparticles with sizes ranging between
0.74 and 1.12 nm are at the origin of the absorption peak at 380
nm. The ratio of the two sizes of Ag-NPs (D = 0.735 nm, and D
= 1.124 nm) with different damping factors could be further
investigated to determine the ratio of the opening of the super
cage (sodalite cage) over the super cage.

B CONCLUSIONS

A facile and rapid preparation of silver nanoparticles supported
on FAU zeolite crystals (zeolite X) based on UV irradiation is
reported and analyzed. A silver ion-exchanged FAU zeolite
suspension is irradiated with a Xe—Hg lamp (200 W) in the
presence of a photoactive reducing agent (2-hydroxy-2-
methylpropiophenone). Silver nanoparticles are prepared after
a very short irradiation time (5—60 s), and a faster reduction is
achieved after optimizing the process conditions at higher
irradiation intensities. The optimal conditions for fully reducing
the silver cations are a lamp intensity (I,) of 100% for 60 s.

The size, morphology, and distribution of Ag-NPs in the
FAU zeolite crystals are characterized by HRTEM. The Ag-NPs
are located predominantly inside the micropores and to a lesser
extent on the external surface of the FAU zeolite crystals. The
Ag-NPs have an almost spheroidal shape with a diameter of
0.74—1.124 nm, which corresponds to the size of the cage
opening (sodalite cage) and super cage of FAU type zeolite.
This is further confirmed by a theoretical modeling of the
plasmon band. The Ag-NPs in the FAU zeolite crystals without
stabilizers or capping agents exhibit high stability and, after
several months, do not change, again because of the stabilizing
role of the zeolite nanocrystals.

B ASSOCIATED CONTENT

© Supporting Information

UV—vis spectra of the FAU-Ag" suspension without and with a
photoreducing agent (2-hydroxy-2-methylpropiophenone) at
time zero (Figure S1), evolution of the Ag plasmon band in the
FAU-Ag suspension after UV treatment at an I of 100% for 1,
2, and 3 min (Figure S2), DLS curve of the FAU zeolite
suspension with a solid content of 1 wt % (Figure S3), TEM
picture of the FAU-Ag sample (M = 100 nm) (Figure S4),
evolution of the plasmon band of Ag-NPs with time after
irradiation of AgNOj in water (Figure SS), modeling of Ag NPs
based on the UV—vis spectra, and elemental analysis of the
FAU-Ag sample before and after reduction expressed in weight
and atomic percent (Table S1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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Modeling of optical amplifier waveguide based on silicon
nanostructures and rare earth ions doped silica matrix gain
media by a finite-difference time-domain method: comparison
of achievable gain with Er** or Nd* ions dopants

Julien Cardin?, Alexandre Fafin®*, Christian Dufour® and Fabrice Gourbilleau®

?Centre de Recherche sur les Tons, les Matériaux et la Photonique (CIMAP), ENSICAEN,
UMR 6252 CNRS, CEA/IRAMIS, Université de Caen Cedex 4, 6 boulevard Maréchal
Juin, 14050 Caen, France

ABSTRACT

A comparative study of the gain achievement is performed in a waveguide optical amplifier whose active
layer is constituted by a silica matrix containing silicon nanograins acting as sensitizer of either neodymium
ions (Nd3*) or erbium ions (Er®*). Due to the large difference between population levels characteristic times
(ms) and finite-difference time step (10717s), the conventional auxiliary differential equation and finite-difference
time-domain (ADE-FDTD) method is not appropriate to treat such systems. Consequently, a new two loops
algorithm based on ADE-FDTD method is presented in order to model this waveguide optical amplifier. We
investigate the steady states regime of both rare earth ions and silicon nanograins levels populations as well as
the electromagnetic field for different pumping powers ranging from 1 to 10* mW.mm-2. Furthermore, the three
dimensional distribution of achievable gain per unit length has been estimated in this pumping range. The Nd3+
doped waveguide shows a higher gross gain per unit length at 1064 nm (up to 30 dB.cm!) than the one with
Er3t doped active layer at 1532 nm (up to 2 dB.cm™). Considering the experimental background losses found on
those waveguides we demonstrate that a significant positive net gain can only be achieved with the Nd3* doped
waveguide. The developed algorithm is stable and applicable to optical gain materials with emitters having a
wide range of characteristic lifetimes.

Keywords: ADE-FDTD, waveguide, rare earth, Si nanostructures, Gain, Computational methods, optical am-
plifier, silicon photonics

1. INTRODUCTION

For many years, rare earth ions have been used in silica-based optical amplifiers. In these systems, the low
gain value requires to employ significant length (10 to 15 m) of doped fiber to achieve a workable power operation.
In more compact systems such as erbium-doped waveguide amplifiers (EDWA) a higher gain has to be reached
in order to shorten the operating length of the amplifier.! Mostly trivalent erbium ions (Er3*) have been studied
due to their emission wavelength at 1532 nm, which is adapted to the telecommunications window in optical
fibers.? However, there are three major gain limiting factors for the erbium ions : the up-conversion mechanism,
the excited state absorption and the re-absorption of the signal from the fundamental level. This last drawback
is characteristic of a three levels system. More recently, neodymium ions (Nd3*) has been proposed instead of
erbium ion since its four levels emission scheme prevent signal re-absorption from the fundamental level and
makes it more suitable for achieving higher gain.

One main drawback of seeking gain with rare earth ions is their low absorption cross section (o4p5). However
this can be overcome by the use of sensitizers that are characterized by a larger absorption cross section and
an efficient energy transfer to RE3T ions. Several sensitizers of RE have been proposed in literature, Polman et
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al! show the sensitization of Er3+ ions by different kinds of sensitizers such as ytterbium ions, metal ions and
silicon nanograins (Si-ng). Several studies®* have pointed out that silicon nanograins are efficient sensitizers of
Er3+ ions and can increase its effective absorption cross section by a factor up to 10*. MacDonald et al®> showed
a likewise efficient sensitization of Nd3+ ions by those Si-ng sensitizers.

We aim to model the propagation of an electromagnetic field into a waveguide with a layer containing
absorbing and emitting centers as for example rare earth ions and silicon nanograins. More particularly, we want
to determine the system characteristics as fields, level populations, and gain in a steady state regime as a function
of initial parameters such as concentration of emitting centers, geometry, pumping configuration and pump and
signal powers. Moreover, to model those steady states regimes in a waveguide with a layer containing absorbing
and emitting centers, we must take into account the time evolution of electromagnetic field and electronic levels
populations of these centers. In a waveguide containing silicon nanograins and rare earth ions, the typical lifetime
of the electronic levels is about some ms, whereas the characteristic period of the electromagnetic field is of the
order of fs. The steady state of the system cannot be reached with such a difference between absorbing and
emitting centers lifetimes and electromagnetic field period by means of classical ADE-FDTD. It would require
prohibitively long computation times with about 10'° iterations. Consequently, we developed a two loops new
algorithm based on ADE-FDTD method which allows to compute the electromagnetic field distribution, the
electronic levels populations, and the gain in the waveguide in the steady state regime.®” In this paper we
present briefly the two loops ADE-FDTD algorithm of calculation and the comparative study of waveguides
with an active layer containing Si-ng and doped either with erbium or neodymium ions.

2. RARE EARTH DOPED SILICON BASED WAVEGUIDE

The system describe hereafter is an optical amplifier strip loaded waveguide, composed of three layers as
presented on figure 1. Bottom and top cladding layers of pure silica of a thickness equal to 3.5 yum and 0.4 pym
respectively ensure vertical guiding of modes, whereas a top silica strip stacked on the active layer ensures lateral
confinement of modes. The static refractive index (i.e. refractive index which remains constant with wavelength)
of the active layer is equal to 1.5 and the one of the strip and bottom cladding layers to 1.448 to ensure the
guiding conditions. We inject at one end of the waveguide pump and signal guide modes in a co-propagation
scheme as presented on figure 1(a). The active layer of 2 um thick is constituted of non-stoichiometric Silicon
oxide (SiO,) containing silicon nanograins and rare earth ions (RE3*).

The active layers doped with RE3* are grown by magnetron sputtering technique as described in refe-
rences.® 19 Those composite layers contain silicon nanograins (Si-ng) and RE3* ions dispersed in non-stoichiometric
Silicon oxide (SiO,) as schematically presented of figure 2. Those Si-ng act as sensitizers of RE3* ions in their
vicinity by a mechanism of energy transfer and therefore enhance their excitability by several order of magnitude.
The effective absorption cross section of RE3* sensitized by Si-ng is of the order of 107!¢ cm? against RE3* di-
rect excitation absorption cross section which is in the 1072 to 1072! cm? range. According to our experimental
investigations'! an exciton is photogenerated in Si-ng by pumping of SiO,, :Si-ng :RE3* layer with an electroma-
gnetic wave at 488 nm. After non-radiative deexcitations, the exciton energy reaches the corresponding energy
gap of RE3*. Exciton can then vanish either by transfer of energy to the RE3* ions by dipole-dipole interaction
or by radiative or non-radiative recombination to Si-ng ground level.

Hence those active layers have typical/particular photoluminescence properties as presented on figure 3. The
characteristic emission band of radiative transition occurring from excited (Si*) to ground state (Si) in Si-ng is
at 770nm. The characteristic emission bands of Er3+ and Nd3+ ions are respectively at 1532 nm and at 921, 1106
and 1395 nm.

3. TWO LOOPS ADE-FDTD METHOD

The FDTD method is based on time and space discretization scheme of Maxwell equations proposed by
Yee!'? which allows to calculate the propagation of electromagnetic field (E,H) in time domain.!* The ADE

method consists in the use of extra terms such as current density J or polarization density P which are solutions
of differential equations with the aim to model some non linear optical behavior such as dispersive or gain

media.'* 1% The Maxwell equations describing fields E, H are rewritten in the form given in equation 1.
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Pump
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~ SiO, « Er¥*/Nd3*

FIGURE 1. Optical amplifier waveguide based silicon rich silicon oxide doped with rare earth ions : (a)in longitudinal view
with configuration of co-propagation of pump and signal and (b) in cross section view

FIGURE 2. Schematic representation of the principle of optical indirect excitation of the rare earth ions via sensitization
by silicon nanograin in silicon rich silicon oxide sample with silicon nanograins and doped with : (a) erbium ion (b)
neodymium ion
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F1GURE 3. Typical photoluminescence spectra of silicon rich silicon oxide sample containing silicon nanograins and doped
with rare earth ions : (a) erbium ions (b) neodymium ions

OH
VAE = _MOMTE - rH

(1)
VAH= eoeraa—];] + agz()t + oE

In equation 1, ¢, and ., are respectively the static dielectric permittivity and magnetic permeability of different
considered materials. o is the electrical conductivity and p is a fictitious magnetic resistivity used for boundary
conditions of the calculation box. The perflectly matched layers (PML) scheme developped by Berenger'6 have
been implemented as boundary conditions. Py, = > P;; is the sum of all polarizations corresponding to each
transition of absorbing/emitting centers (hereafter : silicon nanograins and rare earth ions). The use of one
polarization density P;; per optical transition between levels i and j allows the description of the active layer
dynamic permittivity e(w) arising from the dipole moment densities induced by optical transitions in emitting
centers. The FDTD space step A, time step A;, Courant number S. and calculation box size are reported in

Table 1.
TABLE 1. FDTD algorithm parameters
Parameter A Ay Sc | box length x | box length y | box length z
Value 50nm [ 1077 s | 1 169A 321A 161A

Neglecting the Rabi oscillation term,'? for a transition between levels i and j the polarization density P;; is
linked to the instantaneous electric field E(t), to the population difference AN;; = N; — N;, and to a constant
Kij = breoc® through the Lorentz type polarization density differential equation!® :

wij‘rijn

d’P;(t) dP;;(t)
Y Awy —2
dt? AT

+ WP (1) = ki AN;; (0 E(t) (2)

The time evolution of electronic levels population N; is modeled by classical rate equations system. Full detailed
rate equations system of considered emitters will be given thereafter. As mentioned in the introduction, some
excited levels characteristic lifetimes may be as long as a few ms.!?2° Due to the time step of ADE-FDTD
classical method (figure 4a), which are lower than 10717 s,'3 the number of iteration should be as huge as 10%°
in order to reach the steady states of the levels populations. A conventional calculation is therefore impossible
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in a reasonable time. Consequently a new two loops algorithm based on ADE-FDTD method (figure 4b) has
been developed that overcomes the multi-scale times issue of such a system and allows to describe the spatial
distribution of the electromagnetic field and levels population in steady state in an active optical waveguide.%”
This algorithm works with a drastic reduction of number of iterations to reach steady states values of fields and
levels population from about 10'® to 10° iterations.

( (a))
(—>] E,H (FDTD) \ - N, .
! (b)
’ P;; (ADE) ‘ r—" E,H (FDTD) ‘ /—% N; (steady state) ‘
' i
| N, | ’ P;; (ADE) ‘
l { no
no <Ed1;” > (t) = eat? €s g yes
END
yes
END \ . )\ )

FIGURE 4. Flowcharts showing (a) the classical ADE-FDTD algorithm and (b) the new hybrid-algorithm with the al-
ternation of the short times loop calculating electromagnetic field and polarizations and the long times loop including
calculation of levels populations.

The description by the Lorentz oscillator polarization density (Equation 2) of an absorption or an emission
process occurring during a transition i to j implies the equality of absorption and emission cross sections and
only homogeneous broadening of the transition linewidth. At the resonance frequency, each Lorentz oscillator
linewidth Aw;; is related to the absorption/emission cross section by the equation 3.

Rij 1

(3)

O;j — ——
J €pC Awi]‘

According to equation 3, high absorption cross sections o;; (typically greater than 10717 c¢m?) lead to a small
linewidth Aw;; (about 10! rad.s'') which impose a large number of iterations to reach a steady state. In order
to calibrate the proper absorption cross section while keeping the number of iterations as small as possible, we
exploit the superposition property of the polarization densities by using a number N, of identical polarization
densities with larger Aw;;. Hence, equation (3) becomes equation (4).
wij Np

P 4
* €pC Awij ( )
At resonance frequency for w;; = 3.8 x 10'% rad.s~!, the two methods lead to identical cross sections : 0ij(Np =
1) = 04;(N, = 1000) as represented on figure 5. By this method, the cross section calibration is performed by

choosing the appropriate value of the number of identical polarization densities IV, and the linewidth Aw;;.

Silicon nanograins (Si-ng) are modeled as a two levels system (Figure 6) where the ground and excited levels
populations (respectively Ng; and Ng;«) are given by the rate equations (Equation 5 and 6). Due to a low
probability of multi-exciton generation in a single Si-ng,?! we assume the excitation of one single exciton by
Si-ng, therefore the Si-ng population will correspond to the exciton population.

Proc. of SPIE Vol. 9357 935709-5

Downloaded From: http://spiedigitallibrary.org/ on 03/17/2015 Terms of Use: http://spiedl.org/terms



107

A0=10""rad.s™, N =1
Ao=10" rad.s”, N =1000

10"
107
-
S
2
o 10%
10

T T T T T T T v 1
2.0x10" 4.0x10" 6.0x10" 8.0x10" 1.0x10"
o (rad.s™)

FIGURE 5. Absorption cross section as a function of the pulsation with a transition at 3.8 x 10'® rad.s™! for two number
of polarization densities N, and two linewidths Aw;;
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FIGURE 6. Excitation mechanism of (a) erbium ions and (b) neodymium ions in silicon rich silicon oxide containing silicon
nanograins and rare earth ions. Radiative transitions are represented by straight lines and nonradiative ones by sinusoidal

lines.
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dNgi- (t) _ Lt dPg; (t)  Nsi (1)

= E — K Ng;« (t) N,
dt ﬁwSi (t) dt TS 27’ Si (t) 0 (t) (5)
dNg; (t) 1 dPg; (t)  Ngi (t)
=— E K Ng;« (t) N

The Si-ng physical parameters are reported in table 2 (for further detail see references® and”).

TABLE 2. Parameters levels of silicon nanograins
j—i Lifetime (s) | wi; (107 rad/s) | Aw;;(10™ rad/s) | N, | K (em 3.5~ 1) | [Si-ng] (em™?)
Si* — Si 50.10~° 3.682 1 2756 0™ 10™

Erbium ions levels diagram is presented on figure 6a. We consider two non-radiative transitions and one
radiative transition from level 1 to level 0 at 1532 nm. Moreover an up-conversion process from level 1 to levels
0 and 3 can be modeled. The time evolution of Er3* levels populations is described by the rate equations 7 to
10. The concentration of erbium ions was taken equal to 102° cm3. All parameters of erbium ions transitions are
taken from references'? 22 and reported in Table 3.

N (1) Na(t)

= + K Ng;= (t) Ny (t) + Cyp N7 (7)
dt 7-32|m“
dNs (t N3 (t Ny (t Ny (t
2():+ 3(t)  Na(t)  Na(t) ()
dt T32 |nr T21 |nr T20 |nr
dNi (t) 1 dPio(t) | Na(t) Ni(t) 2
= E (¢t — —2C»,N-
dt * hwig ( ) dt + T21‘nr,s Tlo‘:”, C Pl (9)
dNy (t) 1 dP1p (t)
= E (t 1
dt hwm ( ) dt ( 0)

No(t)  Ni(t)

720 |nr T10 |2r

_|_

— K Ng;- (t) No (t) + Cup NT

TABLE 3. Erbium ions parameters

j—i 3—2 2—1 2—0 10
Lifetime (s) 0.1x10 5] 24x10°[710x10° | 85x10°7
wij (10™° rad/s) 1.23
Awi; (10" rad/s) 0.15
N, 1
Cup (em®.s7T) 5x10~ 17

Neodymium ions levels diagram is presented on figure 6b. We consider three non-radiative transitions and
three radiative transitions and neglect up-conversion phenomena. The concentration of neodymium ions is taken
equal to 102° cm3. The time evolution of Nd3* levels populations is described by the rate equations 11 to 15.
Parameters of neodymium ions transitions are taken from'® 23 and reported in Table 4.
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dNy (t Ny (t
) N g (t) No (t) (11)
dt T43|n7"
dNs3 (t) 1 dP3o (t) 1 dP3; (t) dP3z (1)
= E(t E(t E(t 12
dt + hw:;o ( ) dt + hwgl ( ) dt + ﬁwgg ( dt ( )
n Ny(t) Ns(t) Ns(t) Ns(t)
Taslor  Tolhe  Tsilne  Ta2lh,
dNy (t 1 dPss (t Ns (t Ny (t
2():7 E(t) 32() 3()7 2() (13)
dt hwsa dt T32|h.  T21lne
dNy (t 1 dPsq (t Nj (t Np(t No (t
1) E) s1(t) [ Ns(t)  Ni(t) | Na2(t) (14)
dt Tiws1 dt 7310 Twolnr  T21lne
dNy (t) 1 dPso (t) | Na(t)  Ni(t)
= — K Ng;« (1) Ny (¢ 15
dt hwso dt 73005 T10|nr si () No (1) (15)
TABLE 4. Neodymium ion parameters
j—1 4—3 3—2 3—1 3—0 2—1 1-0
Lifetime (s) 230 x 10772 | 1000 x 107°% | 200 x 107° | 250 x 10°° | 970 x 10~ "% | 510 x 10~
w;j (10™ rad/s) 1.34 1.77 1.99
Aw;; (10™ rad/s) 0.67 0.18 0.11
N, 1 1 1

We aim at calculating levels populations in steady states in a faster and more convenient manner. Therefore,
the preferred method would be to analytically calculate the steady state populations by setting dfi\t”? = 0 in each
equation. Consequently, this method is applied in case of neodymium levels equations system. In erbium rate
equations system a finite-difference method was used in order to reach the steady states of population levels.
This calculation was performed using a time step ten times lower than the shortest lifetime (0.1 us) of the rate
equations system. The calculation time is then no longer negligible but does not rise up significantly the global

calculation time of the two loops ADE-FDTD method.

4. RESULTS AND DISCUSSION

Poynting vector (R = E x H) has been calculated from time Fourier transform of electromagnetic field (E,
H) computed by ADE-FDTD method. Both signal and pump were injected as guided mode in the waveguide.
We determine the main component R, of the guided pump (488 nm) and signal (1064 nm) power density of R
in transverse and longitudinal section view (in W.mm2) on figures 7 and 8 respectively. A decrease of the pump
R2“™P along the waveguide is observed, which is due to the absorption at 488 nm by the silicon nanograins.
Moreover, the signal R5%" at 1064 nm does not appear absorbed over the 7um length of the waveguide.

The two loops ADE-FDTD algorithm allows to compute tridimensional population distributions in different
states. For a transition of interest, Npisn and Ny, represent respectively the higher and lower levels of the
transition. We present the relative population difference (RPD) % distributions in the waveguide in a
longitudinal section view along the propagation axis for the transition in Si-ng, and the 1532 nm transition of

Erdt (figure 9) and the 1064 nm transition of Nd** (figure 10) for a pump power equal to 10?> mW.mm2.

In case of Si-ng (figures 9 left, 10 left), the decreasing RPD profile with waveguide length is consistent with
the pump profile RE“™P(z) decrease figure 8 due to the absorption of the pump field by the Si-ng. For erbium
ions (figures 9 right), the RPD of Nd3+ ions shows a decrease with propagation length in the waveguide. This
decrease is characteristic of the pump strong absorption due to the presence of the nanograins as shown in our
previous paper.® The RPD of Er®* ions remains positive (inversion population is realized) over a length of 1.5
pm, beyond which it becomes negative witnessing the threshold effect occurring with three-levels system. For
neodymium ions (figures 10 right), the RPD of Nd3* ions shows also a decrease with propagation length in the
waveguide which is also due to pump strong absorption by nanograins. The RPD of Nd3* ions remains positive
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FIGURE 7. Transverse section views of Z-component of the time average Poynting vector of the pump (on the left) and
of the signal (on the right) in the middle of the waveguide. The pump wavelength is A\,=488 nm and the signal As=1064
nm. Injected powers are respectively 1 W.mm ™2 and 1 mW.mm-2
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FIGURE 8. Longitudinal section views of Z-component of the time average Poynting vector of the pump (on the left) and
of the signal (on the right) in the middle of the waveguide. The pump wavelength is A\,=488 nm and the signal A;=1064
nm. Injected powers are respectively 1 W.mm ™2 and 1 mW.mm-2
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FIGURE 9. Relative population differences along the direction of propagation of Si-ng (on the left) and for the erbium ions
(on the right) in SiO, :Si-ng :Er3* system for a pump power equal to 1000 mW.mm-2
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FIGURE 10. Relative population differences along the direction of propagation of Si-ng (on the left) and for the neodymium
ions (on the right) in SiO, :Si-ng :Nd?* system for a pump power equal to 1000 mW.mm-2

(inversion population is realized) along the whole waveguide length witnessing the four-level system behavior,
where the level 1 is depopulated quickly to the ground level leading to N3 > Nj.

This co-propagating pumping configuration allows to study locally the waveguides with various pumping
values in one calculation. Indeed from population levels distribution N;(x,y,z) we can calculated the gross gain
per unit length (dB.cm™?) at the signal wavelength by equation 16.

10

= m (UemNhigh(xvyaz) - Uableow(xaya Z)) (16)

gdB/cm(x7y7 Z)

Npign and Njo, are respectively the higher and lower levels of the considered transition and o445 and o, are
respectively absorption and emission cross sections. For erbium ions, we use Np;gn = N1 and Ny, =Ng and for
neodymium ions Np;gn, = N3 and N, = Ny (figure 6). Assuming equal emission and absorption cross sections,
the gross gain per unit length longitudinal distribution for both rare earth ions are plotted in figure 11. In case
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FIGURE 11. Gross gain per unit length (dB.cm™) along the direction of propagation in the case of erbium ions (on the
left) and neodymium ions (on the right) for a pump power equal to 1000 mW.mm-2

of erbium ions, figure 11a shows a positive (in red) gain per unit length only in the first 1.5 pm of the waveguide.
Elsewhere, the gain per unit length remains negative. For neodymium ions, the figure 11b shows a positive gain
per unit length that remains everywhere positive in the waveguide. On these two dimensional distributions of
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the gross gain per unit length, the local gross gain per unit length can be extracted from anywhere in the active
layer. We choose to take the local gross gain per unit length at the beginning of the waveguide in the center of
the active layer (x = 4.5 ym and y = 8.55 pum) and in the first cell of the active layer of the waveguide where the
pumping flux was recorded. We perform calculations with different pumping power densities at this extraction
position and obtain the local gross gain per unit length plotted for different pumping power densities in figure
12.
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FIGURE 12. Local gross gain per unit length as a function of the pumping power density for a waveguide doped with
Nd3+(open circle) and a waveguide doped with Er3+(open square) recorded at x = 4.5 pm and y = 8.55 pum (center of
the XY section of the active layer) and z = 0 (beginning of the waveguide). Losses found by Pirasteh et al?** and by
Navarro-Urrios et al?® are reported respectively in blue and red dashed line.

For Er3* doped waveguide, above a threshold pump power of 1550 mW.mm2, a positive gross gain is reached
which increases up to 2 dB.cm™ for the highest pump power density simulated. In order to estimate the net gain,
we must account for the background losses such as those found experimentally by Navarro-Urrios et al.2> They
found on comparable waveguide losses of about 3 dB.cm™ at 1532 nm, making it impossible to reach a positive
net gain in this range of pump power density. In case of Nd3+ doped waveguide, we find that the optical gain
remains positive over the whole power range and it increases up to 30 dB.cm™! for the highest pump power of
10* mW.mm-2. Taking into account experimental background losses of 0.8 dB.cm™! found by Pirasteh et al®* in
a similar system, we can estimate a net gain per unit length. Figure 12 shows that for a pump power above 130
mW.mm? the losses (dashed line) can be compensated leading to a net gain. The gross gain per unit length
obtained for Nd®*+ remains higher that the one obtained for Er3* whatever the pump power density range. The
gross gain per unit length difference between Nd3+ and Er3+ doped waveguides increases also with pump power
density. Difference in Si-ng/RE transfer efficiency linked to the levels dynamics as well as to the difference in
absorption/emission cross sections” (o, =6.102! cm? against oxg =1.10' em?) may explain this gross gain per
unit length feature. The low gain and a short length of positive population inversion obtained by modeling of
Er3t doped based waveguide on the broad range of pump power make impossible the achievement of an optical
amplifier with this configuration which would compete with commercially available systems. The gross gain per
unit length reachable with Nd3+, about one order of magnitude larger than the one obtained with Er3+, could
lead to a significant amplification. Nowadays, there is no commercially available comparable optical amplifier
based on Nd3+ emission bands. However, Nd3* doped Aluminum oxide channel waveguide amplifiers developed
by Yang et al?6 show a maximal internal gain of 6 dB.cm™ for a pump power of 45 mW.
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5. CONCLUSION

A new two loops ADE-FDTD algorithm has been developed that allows to describe the spatial distribution of
the electromagnetic field and steady state population levels in an active optical waveguide. The multi-scale times

issue of such a system consisting in crippling calculation duration due to large difference between FDTD time
step and population level lifetimes has been overcome by this algorithm. Moreover, we proposed a calibration

method of the i — j transition linewidth Aw;; according to the experimental cross section, making a possible
comparison between experimental and theoretical studies. We apply our algorithm to a strip loaded waveguide
whose active layer is constituted of a silicon rich silicon oxide layer containing silicon nanograins and doped with
either Er3* or with Nd3* ions. Our method permits to determine a three dimensional distribution of gross gain
per unit length in the waveguide in steady state. We have demonstrated that, to obtain a net positive gain per
unit length in SiO, :Si-ng :RE3*+ based waveguide, the neodymium ions are more suitable than the erbium ions.
For the latter, the theoretical maximum gross gain per unit length of 2 dB.cm™ at 1532 nm (10* mW.mm2) does
not compensate background losses experimentally estimated to 3 dB.cm™. On the contrary, the use of neodymium
ions leads to a gross gain per unit length of 30 dB.cm™* at 1064 nm (10* mW.mm2). Moreover the background
losses are compensated above a pump power threshold of 130 mW.mm-2. This theoretical demonstration of a large
gross gain per unit length for a Nd3+ doped active layer may justify further experimental work in order to achieve
Nd3+ doped silicon based waveguide optical amplifier or laser. Further studies may be performed exploring other
concentrations of rare earth ions and Si-ng, other rare earth ions and other pumping configurations in order to
investigate the possibility of achieving larger gain. This method may be applied successfully to describe steady
states of other kind of emitters (quantum dots, quantum wells, Dyes...) and in other configuration (VCELs,
down-converting layers...).
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