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Propriétés optiques de films minces plasmoniques hybrides 

à superstructure chirale contrôlée 

I .  Contexte  

La chiralité décrit la propriété géométrique d’un objet qui n’est pas superposable à son image 

miroir dans un plan. Cette propriété, avant qu’elle ne soit nommée chiralité par Lord Kelvin en 

1893, a été mise en évidence au niveau moléculaire via les propriétés optiques qui lui sont 

associées pour la première fois en 1848 par Louis Pasteur lorsqu’il étudia les 2 énantiomères 

d'un sel d'acide tartrique. La chiralité peut se retrouver à toutes les échelles, du niveau 

moléculaire aux galaxies de forme spirale. Considérant son importance primordiale dans les 

processus naturels, en particulier dans le domaine de la biochimie, la chiralité demeure un sujet 

de recherche essentiel dans les domaines de la chimie, de la biologie et des matériaux depuis sa 

découverte.  

En particulier, accompagnant le développement des nanosciences et des nanotechnologies, la 

fabrication de structures artificielles chirales à l’échelle nanométrique a suscité de grands 

intérêts de recherche partout dans le monde. En particulier, les nanostructures chirales à base 

de nano-objets plasmoniques telles que les nanoparticules métalliques (or, argent, cuivre) 

représentent actuellement une direction majeure de recherche, motivée par les propriétés chiro-

optiques plus fortes que dans les systèmes moléculaires et leur intégration possible dans de 

futurs dispositifs optiques et métamatériaux. Ces structures peuvent être fabriquées par 

différentes techniques top-down ou bottom-up, le grand défi dans ce dernier cas résidant dans 

l'organisation hiérarchique des briques élémentaires (nano-objets plasmoniques) à l'échelle 

nanométrique d’une manière reproductible, contrôlée et/ou sur une grande surface. Les 

propriétés optiques étant intimement liées à la géométrie de l’assemblage, il est fondamental de 
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pouvoir contrôler finement les paramètres structuraux et d’analyser le lien entre la structure et 

les propriétés optiques.  

L’objectif de cette thèse est ainsi d’étudier un ensemble de nanostructures plasmoniques 

chirales composées de nanofils d’argent (AgNWs, Ag Nanowires) assemblés en structure 

hélicoïdale en combinant la pulvérisation à incidence rasante (GIS, Grazing Incidence Spraying) 

et l’assemblage couche-par-couche (LbL, Layer-by-Layer). Cette approche permet la 

fabrication reproductible d’échantillons de structure contrôlée précisément à l'échelle 

nanométrique sur une grande surface (~ cm2), conduisant à un très fort dichroïsme circulaire 

qui peut être modulé dans le domaine UV, visible et proche-IR. De plus, il est possible d’inclure 

dans la nanostructure un colorant moléculaire à une position bien déterminée et donc d’étudier 

la modification des propriétés optiques d’une molécule achirale dans un environnement 

plasmonique chiral. 

I I .  Superstructures plasmoniques chirales 

La pulvérisation à incidence rasante (GIS) 

(Figure 1A) consiste en la pulvérisation à un 

angle faible (10°−15°) d’une solution d’AgNWs 

fonctionnalisés par un polyanion sur un substrat 

recouvert d’un polycation. La buse est alimentée 

par un fluide et une arrivée d'air, dont les débits 

sont précisément régulés. Lors du dépôt, la 

suspension de nanofils d’argent est pulvérisée 

sur le substrat, créant un film mince de liquide 

s’écoulant dans la direction de la pulvérisation, 

induisant l’orientation des nanofils par la force 

de cisaillement du liquide en mouvement durant 

 

Figure 1. (A) Représentation schématique du GIS et 

(B) image MEB d’une monocouche orientée 

d’AgNWs. Les AgNWs sont colorés en fonction de leur 

orientation. 
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leur adsorbtion sur le substrat par des interactions électrostatiques (Figure 1B).  

Les nanofils ayant deux modes de résonance des plasmons de surface localisée (LSPR), le mode 

longitudinal et le mode transverse, les films d’AgNWs obtenus ont des propriétés optiques 

fortement anisotropes. Le spectre d’extinction d’un film d’AgNWs alignés présente donc un 

double pic dans la gamme UV-Vis correspondant aux modes transverses de la LSPR des 

AgNWs et une large bande d’extinction entre 500 nm et 2000 nm correspondant aux modes 

longitudinaux de la LSPR des AgNWs.  

 
Figure 2. (A) Représentation schématique de la spectroscopie d'extinction avec de la lumière polarisée 

linéairement à l'angle α par rapport à la direction d'orientation des AgNWs. (B) Spectres d'extinction d'une 

monocouche de AgNWs alignés mesurés avec une lumière polarisée linéairement. L'angle α varie de 0° à 90° par 

pas de 10°. La ligne pointillée est le spectre d'extinction mesuré avec un dépolariseur. Les perturbations autour 

de 900 nm sont un artefact du spectrophotomètre. 

Les intensités d’extinction de ces deux modes sont fortement sensibles à la polarisation de la 

lumière incidente. On décrit l’azimut α de la lumière polarisée linéairement tel que α = 0° 

lorsque son plan de polarisation est parallèle à l’orientation des AgNWs (Figure 2A). On 

observe que l’extinction entre 320 nm et 450 nm diminue avec α tandis que l’extinction entre 

500 nm et 2000 nm augmente avec α (Figure 2B), car les modes transverses sont sélectivement 

excités lorsque α = 0° alors que les modes longitudinaux sont excités préférentiellement lorsque 

α = 90°. Cela confirme l'excellent alignement des AgNWs et souligne que les propriétés 

optiques du film monocouche sont fortement anisotropes. 
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Des multicouches de polyélectrolytes 

d’épaisseur contrôlée ont été déposées par LbL 

sur cette première couche de AgNWs orientés. 

Le LbL consiste à déposer alternativement des 

matériaux de charge opposée (Figure 3A), 

notamment des polyélectrolytes, par trempage, 

pulvérisation (Figure 3B) ou spin-coating. 

Cette technique permet de structurer sur toutes 

sortes de surfaces des films minces 

multicouches avec une rugosité réduite et une 

épaisseur bien définie et contrôlable par le 

nombre de couches de polyélectrolytes déposées (Figure 3C). Les principaux polycations 

utilisés dans cette thèse sont le polyéthylènimine (PEI) et le poly(hydrochlorure d'allylamine) 

(PAH), le polyanion étant du poly(styrène sulfonate) de sodium (PSS). La structure LbL utilisée 

en général dans cette thèse est PEI/(PSS/PAH)n/PSS/PEI.  

 
Figure 4. Structures chimiques des polyélectrolytes. 

En déposant sur la multicouche de polyélectrolytes une nouvelle couche de AgNWs dont 

l’orientation peut être choisie indépendamment de la couche précédente, il est possible de créer 

une structure chirale gauche ou droite. Le processus peut être répété un certain nombre de fois 

en variant la densité de nanofils, le nombre de couches de polyélectrolytes et la direction 

d’orientation de chaque couche de AgNWs, et un ensemble de structures chirales d’architecture 

contrôlée contenant plusieurs couches d’AgNWs orientées dans des directions différentes et 

séparées d’un espacement différent ont pu être fabriquées (Figure 5).  

 

Figure 3. (A) Schéma du principe de l’assemblage LbL 

par (B) trempage et pulvérisation. (C) L’épaisseur du 

film avec une structure PEI/(PSS/PAH)n augmente 

linéairement en fonction du nombre n de paires de 

couches (PSS/PAH). 
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Figure 5. 1. Une lame de verre est fonctionnalisée par un assemblage de couches de polyélectrolytes 

(PEI/PSS/PAH/PSS/PEI) d’une épaisseur d’environ 5 nm. 2. La première couche d’AgNWs orientée à l’angle 0° 

est déposé par GIS. 3. Un film multicouche de polyélectrolytes (PEI/(PSS/PAH)n/PSS/PEI) d’épaisseur variable 

est déposée par LbL. 4. La deuxième couche d’AgNWs orientée à un angle α est déposée par GIS. Cela donne 

une structure chirale. 5. En répétant le processus, des superstructures chirales d’architecture contrôlée 

contenant plusieurs couches de AgNWs peuvent être obtenues. La structure obtenue dans les étapes 4 et 5 

est une structure « gauche ». Une structure « droite » peut être obtenue en tournant l’échantillon dans 

l’autre sens. 

 

Figure 6. Images MEB de structures gauches (A and C) et droites (B and D) contenant deux (A and B) et trois (C 

and D) couches d'AgNWs en vue de dessus et en coupe transversale. 
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La Figure 6 montre des images MEB en vue de dessus et en vue transversale de structures 

gauches et droites contenant 2 couches et 3 couches d’AgNWs. L’angle entre les couches 

successives d’AgNWs orientés est de 60° et la distance entre elles est d’environ 13 nm.  

Les mesures spectroscopiques du dichroïsme circulaire (CD) et de l’extinction permettent 

d’accéder au facteur g qui mesure le niveau d'asymétrie en comparant la différence 

d’absorbance entre la lumière polarisée gauche et droite (𝑔 =
𝐴𝑔𝑎𝑢𝑐ℎ𝑒−𝐴𝑑𝑟𝑜𝑖𝑡𝑒

𝐴
∝

𝐶𝐷

𝐴
), révélant la 

forte chiralité optique des échantillons avec des valeurs de facteur g très élevées et des 

propriétés optiques symétriques pour les structures énantiomorphes (Figure 7).  

 

Figure 7. (A) : spectres de CD et d'extinction et facteurs g d'échantillons composés d'une couche (pointillés) 

d'AgNWs alignés (structure achirale), 2 couches (tirets) et 3 couches (lignes pleines) d'AgNWs avec une chiralité 

gauche (rouge) et droite (bleue). (B) Schémas de superstructures gauches et droites contenant 3 couches d'AgNW 

et (C) représentation schématique couche par couche d'une structure à deux couches. L'angle entre deux couches 

adjacentes d'AgNWs est de 60°, et le multicouche de polyélectrolytes entre elles est PEI/(PSS/PAH)5/PSS/PEI 

(épaisseur ≈ 13 nm).  
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Une caractérisation plus poussée des propriétés optiques par Polarimétrie à Matrice de Mueller 

(MMP) a également été conduite en collaboration avec Yann Battie (Université de Lorraine), et 

des modélisations par matrices de transfert ont permis de relier les propriétés observées à la 

structure des échantillons. Les modélisations ont été effectuées à partir des propriétés effectives 

d’une monocouche orientée de AgNWs mesurées par ellipsométrie et en considérant la structure 

déterminée par microscopie (en particulier l’espacement entre les couches). À partir de la 

matrice de Mueller (mesurée et/ou simulée) d’un échantillon qui peut être écrite sous la forme 

suivante (1), il est possible, à condition que la dépolarisation soit négligeable, d'extraire les 

propriétés optiques importantes de l'échantillon, en particulier le dichroïsme circulaire (CD), la 

biréfringence circulaire (CB), le dichroïsme linéaire (LD) et la biréfringence linéaire (LB). 

 
M = exp (

𝐴 −𝐿𝐷
−𝐿𝐷 𝐴

−𝐿𝐷′ 𝐶𝐷
𝐶𝐵 𝐿𝐵′

−𝐿𝐷′ −𝐶𝐵
𝐶𝐷 −𝐿𝐵′

𝐴 −𝐿𝐵
𝐿𝐵 𝐴

) (1) 

 
Figure 8. LD, LB, CD et CB pour les structures gauche (rouge) et droite (bleu) à deux couches, extraites de la 

matrice de Mueller mesurée (A) et simulée (B). (C) Comparaison de CD mesuré par un spectrophotomètre CD 

commercial (lignes pleines), MMP (tirets) et issu des simulations (pointillés). 
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Figure 9. LD, LB, CD et CB pour les structures gauche (rouge) et droite (bleu) à trois couches, extraites de la matrice 

de Mueller mesurée (A) et simulée (B). (C) Comparaison de CD mesuré par un spectrophotomètre CD commercial 

(lignes pleines), MMP (tirets) et issu des simulations (pointillés). 

 

Les Figure 8 et Figure 9 montrent le LD, LB, CD et CB mesurés et simulés pour les structures 

gauches et droites à deux (Fig. 8) et trois couches d’AgNWs (Fig. 9), ainsi que les 

comparaisons de CD mesurés et simulé. On observe que les termes linéaires sont similaires 

pour les échantillons gauches et droites, alors que les termes circulaires sont symétriques en 

miroir, ceux qui est attendu pour deux énantiomorphes. Le dichroïsme circulaire observé est 

très important : des valeurs de CD allant jusqu’à 4000 mdeg (soit un facteur g de 0.3) ont été 

mesurés sur ces structures.  

Les simulations réalisées sont basées sur un modèle qui considère un empilement de couches 

sans interactions. Les principales caractéristiques des spectres sont reproduites par les 

simulations. Il existe néanmoins des différences entre les mesures et la modélisation, qui 

peuvent être dues à de petites différences dans la distance entre les couches, au caractère non 
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idéal des échantillons et au fait qu'aucun couplage des modes de LSPR entre les nanofils des 

différentes couches n'est considéré dans les simulations. 

L’influence des paramètres structuraux des assemblages sur les propriétés chirales (en 

particulier l’angle α et la distance d entre deux couches d’AgNWs) a été étudiée. 

 
Figure 10. Facteurs g et images MEB correspondantes pour les échantillons avec un angle α entre les deux 

couches d'AgNWs variable en fixant la distance d entre elles à 13 nm. 

Une série d’échantillons à deux couches avec un angle α variable ont été préparées en gardant 

la distance entre les couches fixée à 13 nm. Le facteur g de chaque échantillon est donné dans 

la Figure 10. Les échantillons avec α = 0° et 90° ont un facteur g proche de 0, ce qui est cohérent 

avec le fait qu'il s'agit structures achirales. En revanche, le CD et les facteurs g augmentent avec 

α entre α = 0° et 45° et atteint un maximum à α = 45°, qui est la superstructure la plus chirale, 

et diminue de α = 45° à 90°. L’allure du spectre de CD n’est par contre pas modifiée par l’angle 

entre les couches de AgNWs.  
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Figure 11. Facteurs g et images MEB correspondantes pour des échantillons avec une distance d entre les deux 

couches d'AgNWs variable en fixant l’angle α à 60°. 

Une autre série d’échantillons à deux couches sont préparés avec une distance d variable en 

gardant l’angle α fixé à 60°. Le facteur g de ces échantillons sont présentés dans la Figure 11. 

La distance entre les couches modifie de manière significative le CD du film. Les pics de CD 

sont décalés vers le rouge avec l'augmentation de la distance et des oscillations dans le spectre 

de CD ont été observés pour un grand espacement (> 100 nm), similairement à des oscillations 

de Fabry-Perot observées dans les spectres d’absorbance de couches minces. 

I I I .  Couplage d’un colorant achiral aux 

superstructures chirales 

Les nanostructures plasmoniques peuvent modifier les propriétés de molécules placées à leur 

proximité. Les nanostructures plasmoniques chirales décrites précédemment ont été modifiées 

en insérant au sein de la structure un colorant achiral, le TDBC. Le TDBC a été sélectionné 



Résumé en français 

11 

 

pour cette étude car il forme un J-aggregate spontanément en solution aqueuse ce qui donne 

lieu à un pic d'absorbance étroit et intense dans le visible, et que sa charge permet de l’intégrer 

facilement au sein de la multicouche de polyélectrolytes par assemblage LbL. 

 

Figure 12. (A) Structure chimique du TDBC. (B) Spectres d'extinction du TDBC en solution et en film. 

 

Figure 13. (A) spectres CD, extinction et facteur g d'échantillons constitués de deux couches d'AgNWs avec une 

couche de TDBC entre elles (lignes pleines) et un échantillon de contrôle (achiral) constitué d'une couche 

d'AgNWs avec une couche de TDBC. Les structures correspondantes sans TDBC (tiret) sont celles avec un 

espacement et un angle identiques. Les structures gauche (rouge) et droite (bleu) sont présentées. L'encart 

montre ΔCD, qui est la différence entre le CD des structures avec et sans TDBC. (B) représentation schématique 

des superstructures avec la couche de TDBC.  
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Nous avons développé des superstructures plasmoniques chirales gauche et droite contenant 

deux couches d'AgNWs avec une couche de TDBC entre elles, ainsi que des échantillons 

achiraux contenant une couche d’AgNWs et une couche de TDBC. Le processus de fabrication 

des superstructures plasmoniques chirales utilisant le GIS et l'assemblage LbL présenté dans la 

Figure 5 a été modifié pour introduire la couche de TDBC. Les conditions de dépôt ont été 

optimisées pour permettre un assemblage efficace et reproductible du TDBC à une position bien 

déterminée de la superstructure. Les propriétés chiro-optiques sont fortement influencées par la 

présence de TDBC : une modification importante du spectre CD de la nanostructure est 

observée à la longueur d’onde d’absorbance du J-aggregate de TDBC alors que le colorant est 

achiral, ce qui indique une modification des propriétés du TDBC par son environnement chiral. 

En traçant ΔCD, la différence entre le CD des structures avec et sans TDBC, la modification du 

CD due à la couche TDBC est mise en évidence (insert de la Figure 13A). Le ΔCD lié à la 

couche TDBC présente une succession d’extremums positifs et négatifs (effet Cotton) comme 

le spectre CD de nombreuses molécules chirales, alors que le TDBC lui-même est achiral. Ce 

ΔCD présente un effet Cotton négatif / positif autour de la longueur d'onde d'absorption du 

TDBC pour les structures gauches / droites respectivement. De plus, le ΔCD a des valeurs 

extrêmement élevées (jusqu'à quelques milliers de millidegrés) par rapport aux molécules 

chirales classiques, qui ont typiquement un CD de quelques dizaines de millidegrés. 

L'extinction du film se révèle être l'addition des spectres d'extinction des couches AgNW et des 

couches TDBC, alors que l'intensité d'extinction des J-agrégats de TDBC est significativement 

renforcée. La structure achirale (une couche d'AgNWs + TDBC) ne présente pas de CD et bien 

sûr aucune modification de CD, mais le renforcement de l'extinction de TDBC est également 

observé. Ce phénomène connu sous le nom d'absorption exaltée par le plasmon de surface. Il 

est dépendant de la distance entre la couche de TDBC et les couches d’AgNWs. 

La matrice de Mueller des structures à une et deux couches avec une couche de TDBC a été 

simulée et mesurée par Yann Battie de l'Université de Lorraine. Les LD, LB, CD et CB mesurés 

et simulés sont représentés sur la Figure 14A et Figure 14B respectivement, ainsi que la 
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comparaison du CD mesuré et simulé (Figure 14C). 

 

Figure 14. LD, LB, CD et CB pour les structures achirale (rose), gauche (rouge) et droite (bleu) avec une couche de 

TDBC, extraites de la matrice de Mueller mesurée (A) et simulée (B). (C) Comparaison de CD mesurés par un 

spectrophotomètre CD commercial (lignes pleines), MMP (tirets) et issu des simulations (pointillés). 

Nous avons observé qu’en plus du CD, le LD, LB et CB sont également modifiés par 

l’introduction de la couche TDBC. Les simulations de CD ne sont pas totalement cohérentes 

avec les mesures. Cependant, la modification de CD est assez bien reproduite dans les 

simulations. Cela signifie que le modèle simple considérant les superstructures assemblées en 

LbL comme des couches indépendantes empilées ensemble est capable de reproduire en partie 

le changement de CD induit par le TDBC. Cependant, les détails de la modification ne sont pas 

bien modélisés, et il est donc possible que le couplage entre le LSPR des AgNWs et la couche 

TDBC contribue également à la modification CD, qui n'a pas été prise en compte dans les 

simulations. 

Les paramètres structurels, y compris la distance entre deux couches d’AgNWs et la position 
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de la couche TDBC dans le film multicouche de polyélectrolyte, ont une influence majeure sur 

la modification des propriétés chiro-optiques et ont été systématiquement étudiés. 

 

Figure 15. Cadre bleu: les mesures par microscopie de l'épaisseur intercouche ont été réalisées sur des 

superstructures bicouches avec un angle α = 45 °. Cadre rouge: Images MEB en coupe d'échantillons avec une 

couche de TDBC, dont la structure est décrite comme 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m/PSS/PEI/TDBC/PEI/(PSS/PAH)m/PSS/PEI/Ag (m = 2, 7, 14, 29 et 49). 

Cadre noir: échantillons sans TDBC, dont la structure est PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)n/PSS/PEI/Ag (n 

= 5, 15, 30, 60 et 100). Les épaisseurs sont la distance moyenne entre les deux couches d'AgNW mesurées à 

différentes positions. m et n pour chaque paire d'échantillons correspondent au même nombre total de couches, 

lorsque n = 2 (m + 1), entre les couches d’AgNWs. 

Afin de mesurer l’épaisseur du film PEM contenant une couche de TDBC placée en son centre, 

nous avons préparé une série d’échantillons à deux couches d’AgNWs, dont la structure peut 

s'écrire comme suit: 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m/PSS/PEI/TDBC/PEI/(PSS/PAH)m/PSS/ 

PEI/Ag (m = 2, 7, 14, 29 and 49). Les images MEB ont été prises en vue transversale et 

l'épaisseur a été mesurée et a été comparée à la structure correspondante sans TDBC (Figure 

15). L'épaisseur du film PEM avec une couche de TDBC augmente linéairement à mesure que 

le nombre de couches de PEM augmente. Pour un nombre total de couches identique entre les 

AgNWs, l'espacement entre les couches AgNWs d'un film avec TDBC est d'environ 20 nm plus 

épais que sans TDBC (Figure 16). 
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Le bon contrôle de l’épaisseur du film PEM 

avec/sans TDBC nous a permis de pourvoir 

étudier l'influence de l'espacement sur les 

propriétés chiroptiques. Nous avons donc 

préparé une série d'échantillons à deux 

couches d’AgNWs avec une couche TDBC 

au centre en faisant varier l'espacement d 

entre les deux couches d'AgNWs (d = 30, 60, 

100, 150 et 200 nm). Ces échantillons ont été 

comparés à des structures sans TDBC avec des espacements identiques. L’angle entre les deux 

couches d’AgNWs a été fixé à 45°.  

 

Figure 17. (A) spectres CD, extinction et facteurs g d'échantillons composés de deux couches d'AgNWs dont 

l'espacement entre les couches varie de 30 nm à 200 nm, contenant une couche de TDBC au centre et avec l'angle 

α fixé à 45 °, l’encart est un zoom dans les spectres CD. (B) représentation schématique de la structure et (C) 

correspondance entre la distance entre les couches de AgNWs et le nombre de paires de couches de PSS/PAH 

dans les structures notées PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m/PSS/PEI/TDBC/PEI/(PSS/PAH)m/PSS/PEI/Ag.  

Figure 16. Épaisseurs de films PEM contenant une ou 

aucune couche de TDBC en fonction du nombre de 

couche de PEM. 
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Les spectres de CD et d'extinction et les facteurs g des échantillons avec TDBC sont donnés 

dans Figure 17. Nous avons observé la modification de CD et du facteur g en fonction de 

l’espacement entre les couches de AgNWs, ainsi que l’exaltation de l’extinction du TDBC pour 

les petit espacement (d = 30 nm). Les spectres CD des structures correspondantes avec et sans 

TDBC sont comparés dans la Figure 18 pour chaque d, ainsi que la différence ΔCD entre le 

CD avec et sans TDBC pour des espacements identiques. 

 
Figure 18. Colonne de gauche: comparaison des spectres CD d'échantillons avec et sans TDBC, avec un 

espacement identique de d = 30 nm, 60 nm, 100 nm, 150 nm et 200 nm. Colonne de droite: spectres de ΔCD, la 

différence de CD des échantillons avec et sans la couche TDBC pour un espacement identique entre les deux 

couches d’AgNWs. 
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Nous avons observé une excellente reproductibilité des spectres CD pour des échantillons 

d'espacement identique avec et sans la couche TDBC, ce qui confirme le bon contrôle sur 

l’épaisseur du film, sachant que les spectres CD sont extrêmement sensibles à l'espacement et 

que les échantillons nécessitent jusqu'à plus de 200 étapes de dépôt pour les échantillons d = 

200 nm. Le ΔCD peut être considéré comme la modification CD due à l'introduction de la 

couche de TDBC. Le ΔCD a une forme caractéristique d’un effet Cotton. L'espacement entre 

les couches d'AgNWs a une forte influence sur le changement de CD dû au TDBC. Dans ces 

structures gauches, pour un faible espacement (d = 30 nm et 60 nm), le ΔCD montre un effet 

Cotton négatif, décalé vers le rouge avec l'augmentation de d. Pour d = 100 nm et 150 nm, le 

ΔCD affiche un effet Cotton positif, décalant vers le rouge avec l'augmentation de d et dont 

l'intensité diminue avec d. Pour d = 200 nm, le ΔCD a un « double effet Cotton » autour de 589 

nm avec une intensité faible: un effet Cotton positif à droite de λ = 589 nm et négatif à gauche 

de λ = 589 nm. 

Nous avons étudié ensuite l'influence sur les propriétés chiro-optiques de la position de la 

couche de TDBC entre deux couches d'AgNWs séparées par une distance fixée. Compte tenu 

de la propriété semi-réfléchissante des films de AgNWs, une onde stationnaire et / ou des 

interférences à une longueur d'onde spécifique liée à la largeur de la « cavité » peuvent survenir. 

Nous avons choisi ici des espacements fixés d = 147 nm et d = 294 nm, correspondant au quart 

et à la moitié la longueur d'onde d'absorption maximale des J-agrégats du TDBC (589 nm). La 

structure peut s'écrire comme suit : 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m1/PSS/PEI/TDBC/PEI/(PSS/PAH)m2/PSS/PEI/Ag 

(m1 + m2 = 58 pour d = 147 nm et m1 + m2 = 128 pour d = 294 nm). La position de TDBC a été 

contrôlé en variant m1 et m2.  

Les spectres de CD et d'extinction et les facteurs g des échantillons avec d = 294 nm sont donnés 

dans Figure 19. Le ΔCD pour tous les d1 a un effet Cotton positif avec des positions de pic 

légèrement décalées et des intensités légèrement différentes. Cette observation rejoint la 

conclusion de la section précédente : un effet Cotton négatif en ΔCD n'est observé que pour une 
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petite distance AgNW-TDBC (<20 nm), alors qu'un effet Coton positif est observé pour des 

distances AgNW-TDBC plus importantes. 

 

Figure 19. (A) Représentation schématique des structures étudiées. La distance totale entre les deux couches 

d'AgNWs est fixée à 294nm. La position de la couche de TDBC est modifiée en changeant d1 (distance de la couche 

TDBC à la couche inférieure d'AgNWs) et d2 (distance de la couche TDBC à la couche supérieure d'AgNWs). 

Lorsque la couche TDBC est au milieu de la structure, d1 = d2 = 137 nm. (B) spectres CD, extinction et facteurs g 

des superstructures pour différentes positions de la couche de TDBC (d1). (C) ΔCD pour différentes positions de 

TDBC (d1), l'échelle pour tous les spectres est la même. 

Similairement à la série d'échantillons précédente, le ΔCD montre un effet Cotton positif, à une 

exception près toutefois: lorsque la couche TDBC est placée au milieu entre les deux couches 
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d'AgNWs (d1 = 137 nm), le changement de CD est beaucoup plus faible . Ceci confirme notre 

observation dans la figure 18 (échantillon avec un très grand espacement). 

I V .   Conclusion et perspectives 

En conclusion, nous avons montré que nous sommes capables de construire des nanostructures 

chirales hybrides bien contrôlées composées de couches d’AgNWs orientées et d'un colorant 

moléculaire placé à une position précise dans la nanostructure. Bien que la fabrication de telles 

structures nécessite un grand nombre d'étapes, les structures formées sont très reproductibles et 

l'architecture peut être facilement modulée avec un contrôle à l'échelle du nm sur les distances 

entre les différents constituants. 

Nous avons ainsi montré que des nanostructures plasmoniques chirales composées de couches 

de nanofils d’argent orientés présentent un très fort dichroïsme circulaire s’étendant sur toute 

la gamme de l’UV, du visible et du proche infrarouge, et que les caractéristiques des spectres 

CD dépendent de l’angle entre l’orientation de chaque couche de nanofils et de la distance entre 

les couches.  

Nous avons également montré que les propriétés optiques d'un colorant organique achiral sont 

fortement modifiées lorsqu'il est placé à proximité d'une superstructure plasmonique chirale. 

Cette modification comprend l’exaltation de l'extinction (et de l'émission) du colorant et la 

modification des propriétés de polarisation, notamment LD, LB, CD et CB, parmi lesquelles 

nous nous intéressons principalement à la modification CD. 

L'extinction exaltée par le plasmon de surface a été observée lorsqu'une couche de TDBC est à 

proximité d'une ou plusieurs couches d'AgNWs. La modification de CD due à la couche de 

colorant est caractérisée par ΔCD, la différence entre le CD avec et sans la couche de colorant. 

Nous avons étudié les paramètres structurels qui ont une influence sur la modification du CD, 

en particulier la distance entre la couche de colorant et les couches d'AgNWs. En général, ΔCD 
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a des valeurs relativement élevées (jusqu'à plusieurs degrés) et a une forme caractéristique d’un 

effet Cotton dépendant de la distance entre la couche de colorant et les AgNWs. 

Les propriétés optiques de ces diverses nanostructures ont été modélisées avec un accord 

raisonnable entre les simulations et les mesures par une approche de matrice de transfert en se 

basant sur les propriétés effectives mesurées sur une monocouche.   

Ce travail ouvre des perspectives dans de nombreux domaines car l’approche proposée est très 

générale. D’autres molécules pourraient par exemple être intégrés dans de telles nanostructures 

chirales, en particulier des (bio)molécules chirales dont le spectre CD pourrait être exalté. Il 

serait aussi intéressant d’étudier si l’intégration de fluorophores achiraux au sein des 

nanostructures chirales permet de polariser circulairement la lumière émise. Enfin, des résultats 

préliminaires indiquent qu’en déposant les nanofils d’argent sur des miroirs d’argent il est 

possible de fabriquer des surfaces semi-réfléchissantes dont la réflexion est polarisée 

circulairement, ce qui est une première étape vers le couplage fort d’une molécule dans une 

cavité chirale auto-assemblée.  
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I .  State of the art 

I.1. Chirality 

Chirality1 is the geometrical property of an object lacking any planes of symmetry or inversion 

centers, which distinguishes the original object from its non-superimposable mirror image – a 

chiral object and its mirror image are called enantiomorphs, or when referring to molecules, 

enantiomers2. Human hands are the most explicit illustration of this concept (Figure 1), 

knowing that the word “chirality” is derived from the word “hand” in Greek.  

 

Figure 1. Two enantiomers of a generic amino acid that is chiral3 

It was Lord Kelvin who coined the term in 18934: “I call any geometrical figure, or group of 

points, 'chiral', and say that it has chirality if its image in a plane mirror, ideally realized, cannot 

be brought to coincide with itself”, while back in 1848 Louis Pasteur discovered already for the 

first time the molecular chirality, which he described as “dissymmetry” at that time, 

investigating the enantiomers of a tartaric acid salt.5 Pasteur also deduced at the same time the 

connection between molecular chirality and optical activity, i.e. the rotation of the plane of 

polarization of light passing through a chiral medium. It was not until 25 years later that Le 
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Bel6 and van’t Hoff established the basis of molecular stereochemistry by formulating the 

notion of asymmetrical tetrahedral carbon atom.  

Since then, the subject of chirality has been steadily expanding as a major topic in chemistry 

and biology, owing to its wide existence and paramount importance in nature and of its abundant 

potential of applications. The fact that, for instance, homochirality7 is favored in living systems 

on earth is supposed to be a possible origin of life on earth.8,9 Indeed, all amino acids (with the 

exception of glycine) which constitute the essential components of proteins and enzymes are 

Levogyre and the sugars that are the essential components of DNA and RNA are all Dextrogyre. 

Nowadays, 80% of active compounds in pharmaceutics are chiral, while in certain cases the 

enantiomer of a drug is a poison. One tragic outcome of this phenomenon is the “thalidomide 

scandal”10, known as the "biggest man-made medical disaster ever". In the 1960s, over 10,000 

children were born all over the world with severe birth defects, such as phocomelia, because 

their mothers consumed thalidomide as a medication to treat morning sickness during 

pregnancy. Several years later, it was proven that the 

clinically active component was the (R)-thalidomide, 

while the (S)-thalidomide was extremely teratogenic 

(Figure 2), yet its pathological mechanism was not 

understood until 2010.11 Many other examples 

advocating the importance of chirality in biology can be 

given, such as chiral fragrance of molecules12 of fruits producing different odors like orange 

and lemon (chiral limonene) or mint and caraway (chiral carvone), to name a few. However, 

one should bear in mind that chirality is not limited to molecular systems, but may appear at all 

scales, ranging from spiral galaxy13 to nanoscale structures14. In fact, the upper limit of size 

scale allowing for detecting an object’s chiroptical effects is on the order of the wavelength of 

light used to probe the optical activity. In this context, accompanying the development of nano-

sciences and technologies, fabrication and investigation of artificial chiral nanostructures, from 

the molecular level15 and supramolecular (self-)assemblies16–18 to hybrid chiral 

Figure 2. The enantiomers of thalidomide, R 

and S, can rapidly interconvert (racemize) in 

body fluids and tissues and form equal 

concentrations of each form. 
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nanostructures14,19,20, have been desirable and attracted interest of researchers all over the world, 

owing to the vast potential of applications of the chiral nanostructures in biology, pharmacy, 

chiral catalysis, light manipulation and light-matter interaction (see more in section I.4).   

I.2. Chiral inorganic nanostructures 

Chiral inorganic nanostructures have been widely investigated in recent years for the following 

reasons: 1. Such nanostructures exhibit in many cases stronger chiroptical properties by orders 

of magnitude compared to molecules; 2. They offer more possibilities to be scaled up to 

metamaterials and metadevices21; 3. many fabrication routes are available besides chemical 

synthesis. 

To date, chiral inorganic nanostructures can be classified in various categories, which we will 

develop in this section: 1. Nanocrystals with intrinsic chirality; 2. individual nanoparticles with 

chiral shape; 3. nanoparticles in which the chirality is induced by approaching chiral / achiral 

molecules / ligands; 4. achiral nanoparticles arranged in chiral configurations. 

I.2.1. Nanocrystals with intrinsic chirality 

The asymmetrical arrangement of atoms or molecules in a crystal lattice is an evident origin of 

chirality. When dealing with crystals, it involves three levels of chirality: 1. Chirality of the 

molecule; 2. Chirality of the space group; 3. Chirality of the crystal.22 One could apply the 

following dendrogram (Scheme 1) to determine the chirality of a crystal.  
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Scheme 1. Determination of crystal chirality 

Whether a crystal or an object is chiral or achiral depends on its symmetry group. The symmetry 

group of a molecule is its point group, that of a crystal is its space group, and that of a space 

group is its Euclidean normalizer.23 

There is no achiral crystal formed by chiral molecules. The explanation was given by J. Jacques 

et al.24 from a symmetry point of view: the symmetry group of an achiral object contains both 

proper (viz. translations, rotations and screw rotations) and improper symmetry operations (viz. 

inversion, reflections, roto-inversions, and glide reflections) in equal numbers, whereas that of 

a chiral object consists of only proper ones. Thus, the space group of an achiral crystal contains 

at least one improper symmetry operation. When the latter operates intermolecularly, racemates 

appear. When operating intramolecularly, achiral molecules are indispensable. Consequently, 

an achiral crystal is formed either from achiral molecules or from racemates, but never from an 

enantiomerically pure chiral molecule. In another word, when an enantiomerically pure chiral 
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molecule crystallizes, it always produces a chiral crystal. The same mechanism works for non-

racemate mixtures of chiral enantiomers. The best example of a chiral crystal formed of chiral 

molecules is Louis Pasteur’s discovery of molecular chirality by observing the chiral crystal 

structures of the two enantiomers of sodium ammonium (2R,3R)-tartrate and sodium 

ammonium (2S,3S)-tartrate.5 Enantiomers in Pasteur’s case both have P21212 space group, the 

chiral crystals of enantiopure opposite enantiomers, however, do not necessarily display 

identical space groups.25 A. Berger et al.26, for instance, reported the preparation of enantiopure 

planar chiral cyclopalladated 2-[tricarbonyl(h6-phenyl)chromium] pyridine (Figure 3A), as its 

(+)enantiomer crystallizes in the P21 space group and the (-)enantiomer in P212121 one. 

On the other hand, as for racemates and achiral molecules, one needs to refer to its space group. 

22 space groups (11 enantiomer pairs) out of the total 230, are considered to be chiral (Figure 

3B), which implies by definition chiral crystals, since they include helical operations. 43 other 

space groups are actually achiral (containing only proper operations and the 21-screw rotation), 

but result in too invariably chiral crystals (Figure 3C), because the asymmetry unit for these 43 

symmetries cannot be achiral: if it would have been achiral that is, if it would have contained 

any improper operation, one could describe the same crystal by a higher symmetry space group 

from the remaining 165 which encompasses that improper operation.27 These 65 (22 + 43) space 

groups are called thereby Sohncke groups, and crystals representing these space groups are 

chiral. 
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Figure 3. (A) Molecular structure of (R,R)- and (S,S)-tartaric acid (top) and L. Pasteur’s own cork models of crystals 

of sodium ammonium (2R,3R)-tartrate and sodium ammonium (2S,3S)-tartrate.5 (B) Enantiomers of 

cyclopalladated 2-[tricarbonyl(h6-phenyl)chromium] pyridine.26 (C) Schematic illustration of α-HgS nanocrystals 

in two opposite enantiomorphic space groups, P3121 and P3221 and CD spectra of crystals in different molar ratio 

of them.28 (D) Symmetry coordinates of a single NH3 molecule and its unit cell in a crystal of P213 group. The 

molecule and the space group are achiral, while the crystal is.29 

I.2.2. Individual nanoparticles with chiral shape 

Whether a material has an intrinsically chiral crystal structure or not, it is chiral by definition 

when it has an asymmetrical shape. Nowadays, it is possible to artificially modify the shape of 

nanoparticles into chiral ones by various strategies (see more in section I.5). Theorists and 

experimentalists have developed a variety of nanoparticles with different chiral geometries, e.g. 

tetrahedron (Figure 4A,B), metallic clusters (Figure 4C), nanohelices (Figure 4D), twisted 
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ribbons (Figure 4E), twisted nanorods (Figure 4F) and nanotubes (Figure 4G), and in diverse 

materials, e.g. metals (Figure 4A,C), semiconductors (Figure 4B,E,F), ceramics (Figure 4D) 

and carbonates (Figure 4G). 

 
Figure 4. (A) Atomistic models of tetrahedral CdTe nanoparticles with left and right handedness (top) and the 

SEM image of an experimental assembly of the right handed ones.30 (B) SEM image of CdTe nano-tetrapods, the 

bright top arms were modified with Au NPs. Chirality can be induced by respectively modifying each of the four 

arms.31,32 (C) Side views (left) and top views (right) of Au34 clusters with C3v symmetry (top, achiral) and C3 

symmetry (bottom, chiral).33 (D)SEM images of a right-handed double helix of silicon (although it is labeled as 

“left-handed” in the original publication).34 (E) SEM image of twisted CdTe / CdS nanoribbon.35 (F) Model chiral 

shape of twisted tellurium nanorod.36 (G) Chiral single-walled carbon nanotubes.37  

Recently, G. González-Rubio et al. reported chiral nanorods with helical wrinkles on the surface 

(Figure 5). Achiral nanorods were used as seeds. Chiral cosurfactants were adsorbed on the 

surface of the seeds, and directed the seeded growth into chiral nanorods with helical wrinkles 

on the surface. The obtained chiral nanorods have shown very strong chirality (with g-factors 

up to 0.2), which depends on the dimensions of the nanorods.    
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Figure 5. (A) Axial and lateral views of the molecular dynamic simulation of the structure of a right-handed 

cosurfactant ((R)-BINOL-CTAC) adsorbed on the surface of a gold nanorod. (B) High-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) image at low magnification of gold nanorods obtained 

in the presence of a right-handed surfactant ((R)-BINAMINE). (C) Gold nanorods grown with the presence of (R)-

BINAMINE of different dimensions. (D) Measured (top) and simulated (bottom) g-factors of the chiral gold 

nanorods in different dimensions. The gold nanorods from left to right in middle panel correspond to red, blue 

and magenta lines in the spectra, respectively. All the scale bars are 100 nm.38  

I.2.3. Nanoparticles with induced chirality 

Here we discuss about the chirality induced by surface ligands or molecules on a geometrically 

symmetrical nanoparticle core. Chiral molecules can impart chirality to closely interacting 

achiral materials through the chiral field effect (Figure 6A-C), which was first demonstrated in 

196639. On the other hand, chiral (Figure 6D,E) or achiral (Figure 6F) surface ligands or 

molecules may lead to distortion, displacement and / or reconstruction of surface atoms, and 

thus the destruction of surface symmetry, of the achiral core. It is important to note that the 

involved surface ligands or molecules are not necessarily chiral. Finally, chirality appears given 
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the arrangement of the achiral ligands or molecules bound on the particle surface featuring a 

geometrical handedness (Figure 6G-I).  

 

Figure 6. (A) Induced chirality of peptide functionalized gold nanoparticles, CD effects were observed at the 

plasmonic resonance of the AuNP.40 (B) Induced chirality of gold nanoparticles by the biomolecule riboflavin, CD 

not only emerges at the plasmonic resonance of AuNP but also amplifies at biomolecule level.41 (C) Induced 

chirality of CdSe quantum dots clusters by chiral thiol capping ligands L- and D-cysteines.42 (D) STM images of 

(R,R)- (left) and (S,S)- (right) tartaric acid adsorbed on Cu(110) giving rise to chiral surfaces of Cu.43 (E) STM images 

of two enantiomers of chiral stilbene dicarboxylic acid (SDA) bound to Cu(110) leading to chiral configurations Cu 

surface atoms.44 (F) Tetradentate phosphine ligands generated chirality of gold nanocluster Au20 and two types 

of the binding modes.45 (G) Au38 clusters protected by achiral ligands. Both the Au38 core and the ligands are 

achiral, while the arrangement of the ligands is chiral.46 (a) top view; (b) side view; (c) representation of the 

handedness of arrangement of the ligands; (d) top-view in space-filling representation mode; (e) side-view in 

space-filling representation mode. (H) Achiral (top) and chiral (bottom) arrangements of thiolate ligands on the 

surface of Au38 cluster.47 (I) Achiral Ag22Au18 core protected by a chiral Au-Ag bimetallic shell.48  

I.2.4. Achiral nanoparticles arranged in chiral configurations  

A large number of research groups all over the world have been making efforts to assemble 

achiral nanoparticles into chiral configurations, where inter-particle interaction, plasmonic 
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coupling in particular, engenders chiroptical activity. This sort of chirality opens up the 

possibilities of hybrid and hierarchical chiroptical systems at the nanoscale and even at larger 

scales, giving rise to complex superstructures and metamaterials. Superstructures are mesoscale 

structures composed of nanoobjects assembled with a certain order. Metamaterials are 

composite materials which exhibit properties that are not found in naturally occurring material, 

and whose properties depend strongly on the geometrical arrangement of the building blocks 

rather than of the nature of the constitutive materials.  

Figure 7A,B and G depict several examples of chiral plasmonic nanorods dimers, while chiral 

configurations, such as helices (Figure 7D, F) and pyramids (Figure 7E), based on plasmonic 

spherical nanoparticles, are also demonstrated. More complex chiral nanostructures were 

achieved, such as chiral nanocomposites (Figure 7C), multilayer chiral film (Figure 7H) and 

switchable chiral systems (Figure 7I). The fabrication approaches leading to such 

nanostructures will be discussed in section I.5.  
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Figure 7. (A) Schematics of chiral dimers of Au nanorods made with sodium citrate (SCI), sodium carbonate (SCA) 

and DNA (left); TEM image of a twisted dimer and its CD spectrum (right).49 (B) Au NR-NP-NR chiral structure (left) 

and its CD spectra detected from different directions X, Y and Z (right).50 (C) TEM image showing Au NRs absorbed 

on twisted supramolecular M-fibers (right) and experimental CD spectra for right- (P) and left-handed (M) fibers 

(left).51 (D) Calculated CD for helices of Au NPs (number of NPs = 4, 5, 6 and 7).52 (E) CD spectra of nanoparticle 

pyramids composed of two Au NPs (of different sizes, red), one Ag NP (grey) and one CdSe@ZnS QD (yellow) of 

R / S – enantiomers and their mixture.53 (F) (a) Step 1: Covalent grafting of GNPs on silica nanohelices to form a 

Goldhelix suspension in water. Step 2: Formation of nonoriented and oriented films by drop-casting and grazing 

incidence spraying; (b) CD spectra (solid lines) and extinction spectra (dashed lines) of the right-handed (P-

Goldhelix) and left-handed (M-Goldhelix) Goldhelix suspension.54 (G) Au nanorod dimer with certain inter-particle 

separation and relative orientation (left) and simulated chiroptical responses (right).55 (H) Multilayer chiral 

metamaterial composed of 4 layers of Au NRs (top) and its selective transmissions for LCP and RCP (bottom).56 (I) 

DNA-Guided Plasmonic Helix with Switchable Chirality.57  
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I.3. Introduction to the localized surface plasmon resonance 

In recent years, surface plasmon based structures and devices have emerged as one of the major 

directions in fundamental and applied research in the nanoscience community. Proposed in 

1952 by D. Pines and D. Bohm58, a plasmon is a quantum of plasma oscillation, or in another 

word, the oscillation of the electron gas with respect to the fixed positive ions constituting the 

metal. They can manifest themselves as freely propagating electron density waves along metal 

surfaces or as localized electron oscillations in metallic nanoparticles. Just like photon is the 

quantization of the electromagnetic field, plasmon can be recognized as a quasiparticle, which 

can couple with the photon to create another quasiparticle called a plasmon polariton. In order 

to understand the nature of plasmons and plasmon polaritons, the interaction of metals with an 

electromagnetic field has to be introduced.  

I.3.1. Electrodynamics of metallic particles 

The interactions between metals and electromagnetic fields is determined by the Maxwell’s 

equations, which dictate the highly frequency-dependent complex dielectric function of metals. 

This dielectric function explains the response of the medium to the external electromagnetic 

field, while the underlying physics is the change of the induced polarization of the free electron 

gas according to the driving fields.   

 
∇ ∙ 𝐃 = ρext (1.a) 

 
∇ ∙ 𝑩 = 0 (1.b) 

 
∇ × 𝐄 = −

𝜕𝑩

𝜕𝑡
 (1.c) 

 
∇ × 𝐇 = 𝐉𝐞𝐱𝐭 +

𝜕𝑫

𝜕𝑡
 (1.d) 

The Maxwell’s equations (1) describe the four fundamental electromagnetic fields and their 

relations in a medium: D (dielectric displacement), E (electric field), H (magnetic field) and B 
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(magnetic induction), and Jext and ρext are the external current and charge densities. 

Furthermore, D and E, as well as H and B, have following constitutive relations linked via the 

polarization P and magnetization M:  

 
𝐃 = 𝜀0𝑬 + 𝑷 (2.a) 

 
𝐇 =

1

𝜇0
𝑩 − 𝑴 (2.b) 

where ε0 and μ0 are the permittivity and permeability of vacuum, respectively. In a linear (P 

and M vary linearly with respect to E and H) and homogeneous (no coordinate dependence) 

medium, the constitutive relations can be written as: 

 
𝐃 = 𝜀0(1 +  𝜒𝑒)𝑬 =  𝜀0𝜀𝑬 (3.a) 

 
𝐁 =  𝜇0(1 +  𝜒𝑚)𝑯 = 𝜇0𝜇𝑯 (3.b) 

where ε = 1 + χe and μ = 1 + χm are defined as the permittivity and permeability of the medium, 

and χe and χm are called electric / magnetic susceptibility. Being the main characteristics of a 

material, ε and μ are complex functions of the angular frequency ω. The real part of the 

permittivity is responsible for the polarization of the material, while the imaginary part for the 

losses. The ε = ε1(ω) + iε2(ω) relation is also known as the dielectric function. The optical 

properties of a metal over a wide frequency range, including the plasmonic resonance, can be 

transferred into the problem of solving this dielectric function. 

Consider the free electron gas of a metal in an external electric field E (the Lorentz force due 

to the magnetic field can be neglected given that the velocity of the electrons is much lower 

than the velocity of light), the equation of motion of an electron can be written as: 

 
m�̈� + 𝑚𝛾�̇� =  −𝑒𝑬 (4) 

where m and e are the effective mass and charge of an electron, and γ is the inverse of the 

relaxation time τ of electron (i.e. the mean time between damping collisions of electrons with 

the metal cations). 
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For a time-harmonic plane wave, the E field is given in the following form with no space 

dependence taken into account since the velocity of the electrons is estimated much smaller 

than that of an electromagnetic wave (c): 

 
𝑬(𝑡) = 𝑬𝟎𝑒−𝑖𝜔𝑡 (5) 

Combining equation (5) and (4) leads to a differential equation whose solution is:  

 
𝐱(t) =

𝑒

𝑚(𝜔2 + 𝑖𝛾𝜔)
𝑬(𝑡) (6) 

This equation of motion reveals that the electrons oscillate in space with the frequency and 

phase of the external field.  

The collective polarization of the free electron gas can be given by: 

 
𝑷 = −𝑛𝑒𝒙 = −

𝑛𝑒2

𝑚(𝜔2 + 𝑖𝛾𝜔)
𝑬(𝑡)  (7) 

n being the volumic density of electrons. Inserting equation (7) into (2.a) yields: 

 
𝑫 = 𝜀0 [1 −

𝑛𝑒2

𝜀0𝑚(𝜔2 + 𝑖𝛾𝜔)
] 𝑬(𝑡)  (8) 

thus, 

 
𝜀 = 1 −

𝑛𝑒2

𝜀0𝑚(𝜔2 + 𝑖𝛾𝜔)
= 1 −

𝜔𝑝
2

𝜔2 + 𝑖𝛾𝜔
  (9) 

This frequency dependent dielectric function is known as the Drude Model, where 𝜔𝑝
2 =

𝑛𝑒2

𝜀0𝑚
   

is defined as the plasma frequency of the free electron gas. For real metals, one needs to 

integrate also the bound electrons, this equation should then be modified with a dielectric 

constant ε∞ (normally 1 ≤ ε∞ ≤ 10), responsible for the polarization of the bound electrons in 

response to external electromagnetic fields:   

 
𝜀 = 𝜀∞ −

𝜔𝑝
2

𝜔2 + 𝑖𝛾𝜔
  (10) 

Consequently, one is capable to extract the real and imaginary components of this complex 

dielectric function of metal, noting that ε = ε1(ω) + iε2(ω): 
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𝜀1(𝜔) = 𝜀∞ −

𝜔𝑝
2𝜏2

1 + 𝜔2𝜏2
  (11.a) 

 
𝜀2(𝜔) =

𝜔𝑝
2𝜏

𝜔(1 + 𝜔2𝜏2)
 (11.b) 

  

Figure 8. Real part (A) and imaginary part (B) of dielectric function ε(ω) using Drude model and Drude-Lorentz 

model fitted to the experimental dielectric data for gold.59,60 

As we can see in Figure 8, the Drude model fits pretty well the measured dielectric function of 

gold at low frequency, while the fitting of its imaginary part in the visible range deviates 

strongly from the experimental data. This absorption can be explained by the interband 

transitions of gold which are not included in the Drude model. For many metals, interband 

transitions occur for energies larger than 2 eV (corresponding to a wavelength of 620 nm), 

which is also responsible for the orange and yellow color of copper and gold. Colorless silver, 

on the other hand, has its interband transitions for higher energies (starting from 4 eV, 

corresponding to ultraviolet range), which makes it an ideal candidate for plasmonic materials 

in the visible range. In order to overcome the inadequacy of the Drude model in describing the 

dielectric function of metals in the UV-Vis range, the Drude model should be replaced by the 

Drude-Lorentz model by adding one or more Lorentz-oscillator terms of the form 
𝐴𝑖

𝜔𝑖
2−𝜔2−𝑖𝛾𝑖𝜔

 

to the Drude model in equation (10). 

The dielectric function allows retrieving the response of a metal to an external electric field 

depending on its frequency. At optical frequencies, the complex refractive index  ñ(ω) =
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n(ω) + iκ(ω) = √𝜀𝜇 = √𝜀 , assuming that 𝜇 = 1  for non-magnetic materials. We have 

therefore: 

 
𝑛2 =

𝜀1

2
+

1

2
√𝜀1

2 + 𝜀2
2  (12.a) 

 
𝜅 =

𝜀2

2𝑛
 (12.b) 

where the real part n of the complex refractive index indicates the phase velocity, and the 

imaginary part κ is called the extinction coefficient indicating optical absorption of the 

electromagnetic wave propagating through the medium. The extinction coefficient κ is therefore 

linked to the absorption coefficient α of the Beer’s law (𝐼(𝑥) = 𝐼0𝑒−αx ) by the following 

equation: 

 
𝛼(𝜔) =

2κ(ω)ω

𝑐
 (13) 

Similarly, ε1 and ε2 can be expressed as function of n and κ: 

 
𝜀1 = 𝑛2 − 𝜅2  (14.a) 

 
𝜀2 = 2𝑛𝜅 (14.b) 

Having the dielectric function (9), we are now ready to derive the responses of the free electron 

gas of metals to an electromagnetic field. 

By solving the Maxwell’s equations (1), the following wave equations of a traveling-wave in 

both time domain and Fourier domain can be obtained: 

 
∇ × ∇ × 𝐄 = −𝜇0

𝜕2𝑫

𝜕𝑡2
 

(15.a) 

 

 
𝒌(𝒌 ∙ 𝑬) − 𝑘2𝑬 = −𝜀(𝒌, 𝜔)

𝜔2

𝑐2
𝑬 (15.b) 

k being the wavevector. For transversal waves, k∙E = 0, we obtain thus the dispersion relation 

in following form: 
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𝑘2 = 𝜀(𝒌, 𝜔)

𝜔2

𝑐2
 

(16) 

 

For longitudinal waves, we have: 

 
𝜀(𝒌, 𝜔) = 0 (17) 

 

This implies that longitudinal collective oscillation can only occur at frequencies where ε = 0. 

- At low frequencies (ω ≤ γ), ε1 << ε2, the permittivity is predominantly imaginary and thus 

we have the real part and imaginary part of the complex refractive index of comparable 

magnitude: 

 𝑛 ≈ 𝜅 = √
𝜀2

2
= √

𝜏𝜔𝑝
2

2𝜔
 

(18) 

 

 In this region, metals are mainly absorbing, with the absorption coefficient being  

 𝛼 = √
2𝜔𝑝

2𝜏𝜔

𝑐2
 

(19) 

 

- At optical frequencies (γ ≤ ω ≤ ωp), ε2 << ε1, the permittivity ε is predominantly real and 

negative, and the refractive index of metals is predominantly imaginary. This is a 

characteristic feature of metals, and in this region the metals are mainly reflective with a 

reflection coefficient R approximately equal to 1.  

- At frequencies ω ≥ ωp, ε is predominantly real and ε = 1 −
𝜔𝑝

2

𝜔2. Metals are transparent in 

this spectral region and behave as a dielectric. In particular at ω = ωp and ε = 0, the metals 

exhibit a volume plasmon resonance and have a maximum transmission coefficient 

approximately equal to 1. Inserting ε into equation (15.a), we can obtain the dispersion 

relation of the free electron gas of metal61: 

 

 
𝜔2 = 𝜔𝑝

2 + 𝑘2𝑐2 (20) 
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According to equation (17), ε = 0 means that 

ωp corresponds to the collective longitudinal 

oscillation of the free electron gas. The 

plasma frequency ωp is therefore recognized 

as the natural frequency of the free 

oscillation of the electron gas. The quanta of 

this oscillation of free electron gas (plasma) 

is called plasmon, or volume plasmon (bulk 

plasmon) to distinguish from surface 

plasmon. 

I.3.2. Surface plasmon polariton 

A plasmon is the quanta of the oscillation of the free electron gas. A surface plasmon is the 

plasmon existing at the interface between a dielectric and a metal. A surface plasmon polariton 

(SPP) is the evanescently confined electromagnetic wave propagating along the interface, 

arising from the coupling of the surface plasmon with external electromagnetic fields. 

Polaritons are defined as quasiparticles resulting from strong coupling of electromagnetic 

waves with an electric or magnetic dipole-carrying excitation. There exist in fact polaritons of 

various origins, for instance, exciton polaritons resulting from the coupling of photons with 

electron-hole pairs, phonon polaritons from transverse optical phonons in polar lattice, ionic 

polaritons from ionic charges, Cooper-pair polaritons from Cooper-pair of superconductors, and 

finally surface plasmon polaritons. 

Figure 9. Dispersion relation of volume plasmon. 

Electromagnetic propagation is only allowed for ω > ωp.61 
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Figure 10. Surface plasmon polariton62 

To examine the propagating properties of SPP, we need to first solve its wave equation. By 

calculating the curl of the curl equation from Maxwell’s equations in (1.c), and assuming that 

there is no external free charge (ρext = 0) nor current (j = 0), it is easy to obtain the homogeneous 

wave equation for a non-magnetic (μ = 1) medium in free space: 

 
𝛻2𝑬 −

𝜀

𝑐2

𝜕2𝑬

𝜕𝑡2
= 0 

(21.a) 

 

Similarly, 

 
𝛻2𝑯 −

𝜀

𝑐2

𝜕2𝑯

𝜕𝑡2
= 0 (21.b) 

The solutions to equation (21) for electromagnetic plane waves in free space are thus: 

 
𝑬(𝒓, 𝑡) = 𝑬𝟎𝑒−𝑖𝜔𝑡+𝑖𝒌𝒓 (22.a) 

 

 
𝑯(𝒓, 𝑡) = 𝑯𝟎𝑒−𝑖𝜔𝑡+𝑖𝒌𝒓 (22.b) 

Considering a SPP as a wave propagating at the interface along the x direction and decaying in 

the z direction, and assuming E and H to be independent on y, equations (22) can be rewritten 

as:  
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𝑬 = 𝑬𝟎(𝒛)𝑒−𝑖𝜔𝑡+𝑖𝑘𝑥𝑥 (23.a) 

 

 
𝑯 = 𝑯𝟎(𝒛)𝑒−𝑖𝜔𝑡+𝑖𝑘𝑥𝑥 (23.b) 

The problem here is to obtain the wave equations of SPP in explicit forms and its dispersion 

relations starting from Maxwell’s equations. By expanding (1.c) and (1.d) with 
𝜕

𝜕𝑡
= −𝑖𝜔 (for 

harmonic time dependence), we arrive at the following set of equations: 

 
𝜕𝐸𝑥

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑥
= −𝑖𝜇0ω𝐻𝑧 (24.a)  

𝜕𝐻𝑥

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑥
= 𝑖𝜀𝜀0ω𝐸𝑧 (24.d)  

 
𝜕𝐸𝑧

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑧
= −𝑖𝜇0ω𝐻𝑦 (24.b)  

𝜕𝐻𝑧

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑧
= 𝑖𝜀𝜀0ω𝐸𝑦 (24.e)  

 
𝜕𝐸𝑦

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑦
= −𝑖𝜇0ω𝐻𝑥 (24.c)  

𝜕𝐻𝑦

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑦
= 𝑖𝜀𝜀0ω𝐸𝑥 (24.f)  

For propagation along x-direction (
𝜕

𝜕𝑥
= 𝑖𝑘𝑥) and homogeneity in y-direction (

𝜕

𝜕𝑦
= 0), one is 

capable of obtaining the Helmholtz equations according to (21) and (24) for transverse magnetic 

(TM) polarization, where Ex, Ez and Hy are nonzero, 

 

𝜕2𝐻𝑦

𝜕𝑧2
− (𝑘𝑥

2 − 𝜀
𝜔2

𝑐2
) 𝐻𝑦 = 0 (25.a) 

 

 
𝐸𝑥 =

−𝑖

𝜀𝜀0𝜔

𝜕𝐻𝑦

𝜕𝑧
 (25.b) 

 
𝐸𝑧 =

−𝑘𝑥

𝜀𝜀0𝜔
𝐻𝑦 (25.c) 

and for transverse electric (TE) polarization, where Hx, Hz and Ey are nonzero: 

 

𝜕2𝐸𝑦

𝜕𝑧2
− (𝑘𝑥

2 − 𝜀
𝜔2

𝑐2
) 𝐸𝑦 = 0 (26.a) 

 

 
𝐻𝑥 =

𝑖

𝜇0𝜔

𝜕𝐸𝑦

𝜕𝑧
 (26.b) 

 
𝐻𝑧 =

𝑘𝑥

𝜇0𝜔
𝐸𝑦 (26.c) 

The general solution of Helmholtz equation in upper and in lower medium could be written in 

the following form for TM polarization: 
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Upper medium:   Lower medium: 
 

H𝑦2(𝑧) = 𝐻𝑦2,0𝑒𝑖𝑘𝑥𝑥𝑒−𝑘𝑧2𝑧 (27.a)  H𝑦1(𝑧) = 𝐻𝑦1,0𝑒𝑖𝑘𝑥𝑥𝑒𝑘𝑧1𝑧 
(27.d) 

𝐸𝑥2(𝑧) =
𝑖𝑘𝑧2

𝜀2𝜀0𝜔
𝐻𝑦2,0𝑒𝑖𝑘𝑥𝑥𝑒−𝑘𝑧2𝑧 (27.b) 

 𝐸𝑥1(𝑧) = −
𝑖𝑘𝑧1

𝜀1𝜀0𝜔
𝐻𝑦1,0𝑒𝑖𝑘𝑥𝑥𝑒𝑘𝑧1𝑧 (27.e) 

𝐸𝑧2(𝑧) =
−𝑘𝑥

𝜀2𝜀0𝜔
𝐻𝑦2,0𝑒𝑖𝑘𝑥𝑥𝑒−𝑘𝑧2𝑧 (27.c) 

 𝐸𝑧1(𝑧) = −
𝑘𝑥

𝜀1𝜀0𝜔
𝐻𝑦1,0𝑒𝑖𝑘𝑥𝑥𝑒𝑘𝑧1𝑧 (27.f) 

where x, y and z subscripts indicate the components in different directions, and 1 and 2 

subscripts indicate the upper and lower medium, respectively. 

Inserting (27.a) into (25.a), we have 

 
𝑘𝑧2

2 𝐻𝑦 − (𝑘𝑥
2 − 𝜀2

𝜔2

𝑐2
) 𝐻𝑦 = 0 (28) 

Thus, 

 
𝑘𝑧2

2 = 𝑘𝑥
2 − 𝜀2

𝜔2

𝑐2
 

(29.a) 

 

Similarly, 

 
𝑘𝑧1

2 = 𝑘𝑥
2 − 𝜀1

𝜔2

𝑐2
 

(29.b) 

 

The boundary conditions at the interface requires that: 

 
H𝑦1(0) = H𝑦2(0) (30.a) 

 

 
𝐸𝑥1(0) = 𝐸𝑥2(0) (30.b) 

Thus, 

 
H𝑦1,0 = H𝑦2,0 (31.a) 

 

 

𝑘𝑧1

𝜀1
+

𝑘𝑧2

𝜀2
= 0 (31.b) 

Since both kz1 and kz2 have positive signs for a wave evanescently confined and decaying in z-

direction, it tuns out to be indispensable that the two mediums have permittivity with real part 

of opposite signs (for example a dielectric and a metal) for the surface wave to exist at their 

interface. 
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Furthermore, by solving the system of equations (29.a), (29.b) and (31.b), we have: 

 
𝑘𝑥 =

𝜔

𝑐
√

𝜀1𝜀2

𝜀1 + 𝜀2
 (32) 

 

This is the dispersion relation of SPP for TM polarization. 

Similarly, for TE polarization, the field components in upper and lower medium can be 

expressed as: 

Upper medium: 
 

 Lower medium: 
 

𝐸𝑦2(𝑧) = 𝐸𝑦2,0𝑒𝑖𝑘𝑥𝑥𝑒−𝑘𝑧2𝑧 
(33.a) 

 𝐸𝑦1(𝑧) = 𝐸𝑦1,0𝑒𝑖𝑘𝑥𝑥𝑒𝑘𝑧1𝑧 
(33.d) 

𝐻𝑥2(𝑧) = −
𝑖𝑘𝑧2

𝜇0𝜔
𝐸𝑦2,0𝑒𝑖𝑘𝑥𝑥𝑒−𝑘𝑧2𝑧 (33.b) 

 𝐻𝑥1(𝑧) =
𝑖𝑘𝑧1

𝜇0𝜔
𝐸𝑦1,0𝑒𝑖𝑘𝑥𝑥𝑒𝑘𝑧1𝑧 (33.e) 

𝐻𝑧2(𝑧) =
𝑘𝑥

𝜇0𝜔
𝐸𝑦2,0𝑒𝑖𝑘𝑥𝑥𝑒−𝑘𝑧2𝑧 (33.c) 

 𝐻𝑧1(𝑧) =
𝑘𝑥

𝜇0𝜔
𝐸𝑦1,0𝑒𝑖𝑘𝑥𝑥𝑒𝑘𝑧1𝑧 (33.f) 

The boundary conditions at the interface requires that: 

 
H𝑥1(0) = H𝑥2(0) (34.a) 

 

 
𝐸𝑦1(0) = 𝐸𝑦2(0) (34.b) 

It turns out: 

 
𝐸𝑦1(0)(𝑘𝑧1 + 𝑘𝑧2) = 0 (35) 

 

Both kz1 and kz2 are positive, so 𝐸𝑦1(0) = 𝐸𝑥2(0) = 0, and thus no surface mode can exist for 

TE polarization. In other words, surface plasmon polariton only exists for TM polarization.  
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With the dispersion relation (32), we can now plot the dispersion curve of SPP (Figure 11)63. 

The dispersion curve of volume plasmon 

(radiative mode) and SPP (bound mode) 

divide the whole dispersion plane into 

three regions. In the region to the left of 

the upper branch (radiative mode), the 

electromagnetic waves are propagating in 

both dielectric and metal media – the 

metal acquires a dielectric characteristic. 

In the region between the upper branch and lower branch, the electromagnetic waves are 

propagating in the dielectric medium and decaying in the metal medium. In the region to the 

right of the lower region, the electromagnetic waves are decaying evanescently in both media 

– they are confined and propagating at the interface. 

As one can see in the dispersion curve of SPP, the SPP curve does not intersect with the light 

line. That is to say, a SPP mode has always a momentum mismatch with a photon in air when 

they are at a resonant frequency. In other words, it is not possible to excite SPPs with light in a 

direct manner. Several options can be taken to overcome this mismatch of momentum (Figure 

12), such as frustrated total internal reflection64,65, grating or notch on the metal surface66, near 

field of a tip or light source67, etc. 

Figure 11. Dispersion relation of SPP from Drude model 

without damping and a real metal model with damping.63 
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Figure 12. Schematic cartoons illustrating optical excitation schemes for SPPs.68 (A) Prism coupling schemes, with 

Kretschmann configuration on the left and Otto configuration on the right. (B) Grating coupling scheme. (C) Highly 

focused beam coupling scheme. (D) Near-field coupling scheme. (E) End-fire coupling scheme. (F) Step-gap 

leakage coupling scheme.   

I.3.3. Localized surface plasmon resonance 

SPPs are evanescently confined and dispersive electromagnetic waves propagating at the 

interface of a dielectric and a metal. Localized surface plasmons (LSPs) are non-propagating 

excitation modes of the conduction electrons of metal particles in sub-wavelength scale, due to 

the coupling with external 

electromagnetic fields. Generally 

speaking, it involves the charge 

density oscillations confined to 

metallic nanoparticles and 

metallic nanostructures (Figure 

13)69. Excitation of LSPs by an electric field (light) at an incident wavelength where resonance 

occurs results in strong light scattering, in the appearance of intense surface plasmon absorption 

bands, and an enhancement of the local electromagnetic fields. This is what we call localized 

surface plasmon resonance (LSPR). 

Figure 13. Plasma oscillation of a sphere.69 
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In order to analyze localized surface plasmon resonance, it is easier to start with the simplest 

geometry, a spherical particle in a quasi-static approximation of subwavelength size, i.e. that 

d ≤ λ. 

In the electrostatic approach, the problem turns to be the solution of the Laplace equation for 

the potential, 𝛻2𝛷 = 0.  

 

Figure 14. Sketch of a homogeneous sphere placed into an electrostatic field.70 

The solution of this problem was given by J. D. Jackson71: 

 
𝛷𝑖𝑛 = −

3𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0𝑟𝑐𝑜𝑠𝜃 (36.a) 

 

 
𝛷𝑜𝑢𝑡 = −𝐸0𝑟𝑐𝑜𝑠𝜃 +

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0𝑎3

𝑐𝑜𝑠𝜃

𝑟2
 (36.b) 

From a physical point of view, Φout can be regarded as a superposition of the external field E0 

and the field of a dipole due to the polarization of the particle. Thus, 

 
𝛷𝑜𝑢𝑡 = −𝐸0𝑟𝑐𝑜𝑠𝜃 +

𝒑 ∙ 𝒓

4𝜋𝜀0𝜀𝑚𝑟3
 (37.a) 

 

 
𝒑 = 4𝜋𝜀0𝜀𝑚𝑎3

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
𝑬𝟎 (37.b) 

We can see therefore that the dipole moment inside the particle is induced by the external field. 

One can introduce the polarizability α, defined by p = ε0εmαE0, which leads to 
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𝛼 = 4𝜋𝑎3

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
 (38) 

This is the polarizability of a small sphere of sub-wavelength size in the electrostatic 

approximation. Apparently, α shows a resonant enhancement, when |𝜀 + 2𝜀𝑚| is minimum. 

Inserting 𝜀 = −2𝜀𝑚 into the Drude model for a metal and neglecting the damping, we obtain 

the resonance frequency of the localized surface plasmon: 

 
𝜔𝐿𝑆𝑆𝑃 =

𝜔𝑝

√2𝜀𝑚 + 𝜀∞

 (39) 

If εm = ε∞ =1 (a Drude metal located in air), 𝜔𝐿𝑆𝑆𝑃 =
𝜔𝑝

√3
. 

From the viewpoint of optics, it is interesting to note that another consequence of the resonantly 

enhanced polarization α is a concomitant enhancement in the efficiency with which a metal 

nanoparticle scatters and absorbs light. The corresponding cross sections for scattering and 

absorption Csca and Cabs can be calculated via the Poynting-vector70: 

 
𝐶𝑠𝑐𝑎 =

𝑘4

6𝜋
|𝛼|2 =

8𝜋

3
𝑘4𝑎6 |

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
|

2

 
(40.a) 

 

 
𝐶𝑎𝑏𝑠 = 𝑘𝐼𝑚[𝛼] = 4𝜋𝑘𝑎3𝐼𝑚 [

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
] (40.b) 

Thus, the extinction cross section of a small sphere of sub-wavelength size in the 

electromagnetic approximation can be written as following: 

 
𝐶𝑒𝑥𝑡 = 𝐶𝑠𝑐𝑎 + 𝐶𝑎𝑏𝑠 = 9

𝜔

𝑐
𝜀𝑚

3/2
𝑉

𝜀2

[𝜀 + 2𝜀𝑚]2𝜀2
2 (41) 

 

where V is the volume of the sphere, and its dielectric function is ε = ε1 + iε2. 

For small particles with dimensions below 100 nm, the analysis in electrostatic approximation 

above is strictly valid, while for larger particles, the electrostatic approximation is no longer 

justified due to significant phase-changes of the driving field over the particle volume. Gustav 

Mie developed the so-called Mie theory in order to understand the electromagnetic scattering 

and absorption of a spherical particle. It was proven to be possible to calculate the polarizability 

α and the extinction cross section Cext of a sphere of larger diameter free of electrostatic 
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approximation. Furthermore, the geometry of the nanoparticle has seen also an expansion from 

sphere to ellipsoid, core shell structure and so on, with specific terms associated with different 

geometrical factors. In particular, as for anisotropic nanoparticles, multiple LSPR modes may 

appear at different wavelengths. Figure 15, for instance, shows that transverse and longitudinal 

modes of LSPR of Au NR manifest themselves by two separate absorption peaks at ~500nm 

and ~800nm, respectively. 

 

Figure 15. Transverse and longitudinal modes of LSPR of Au NR.72 

In addition, coupling of a dipolar nature between localized surface plasmons can occur when 

individual nanoparticles are in close proximity to each other, which leads to a shift in the 

resonance frequency. The details of these calculations are beyond the scope of this manuscript, 

while the essence to note here is that the resonance frequency (i.e. extinction wavelength and 

thus color) and intensity of the LSPR are characteristic of the type of material (typically, gold, 

silver, or platinum; Figure 16A), and are highly sensitive to the size (Figure 16B), the size 

distribution, the shape of the nanostructures (Figure 16C,E), the environments which surround 

them (Figure 16C)73, and as well as the coupling between the LSPR of individual nanoparticles. 
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Figure 16. Optical spectra of localized surface plasmon resonance for (A) nanoparticles of different nature.74 (B) 

Au NPs of different sizes.75 (C) Ag NP of different shape.69 (D) Au NP in different mediums.76 (E) Range of LSPR of 

Au NPs depending on their morphology.77  

Consequently, thanks to its unique ability to confine the incident light and thus enhance the 

optical responses of the plasmonic systems and allow for characteristic light-matter interactions, 

including the strong coupling, the plasmon based artificial chiral nanostructures are stepping 
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into the spotlight.20 Several examples of chiral plasmonic nanostructures were already 

illustrated in sections I.2.3 and I.2.4 (Figure 6, Figure 7), yet their applications are going to be 

addressed in the following section. 

I.4. Applications of chiral plasmonic nanostructures 

I.4.1. Biosensing 

The excellent ability of LSPR to generate strongly enhanced evanescent fields allows for new 

possibilities for enantio-recognition / resolution, especially for biosensing, namely probing 

biomolecules based on the chirality.78,79  

It has been demonstrated in section I.2.3 (Figure 6A,B), that not only the CD signals of a chiral 

molecule can be amplified when coupled to individual plasmonic nanoparticles, but also new 

CD peaks appear at the plasmonic resonances,80,81 due to the exciton-plasmon coupling. This 

phenomenon was therefore applied to probe chiral biomolecules (Figure 17A).82,83 “Hotspots” 

of plasmonic dimers (the nanoscale gap between them) can be another alternative to detect 

chiral biomolecules (Figure 17B).84,85 Finally, chiral plasmonic assemblies and nanostructure 

have been proven to be effective in tracing not only biomolecules such as markers for a specific 

disease86 (Figure 17C), but also the concentration of inorganics such as hydrogen87 (Figure 

17D). 

Molecular chirality (with the dissymmetry factor, g-factors < 10-3 in the visible range88) is 

usually much weaker than in plasmonic nanostructures, and in addition, the induced chirality 

by approaching achiral molecules to chiral ones is even weaker for about an order of magnitude. 

Therefore, probing molecular chirality by optical methods including CD spectroscopy suffers 

still from low sensitivity. The strong induced chirality of plasmonic nanostructures allows for a 

more efficient and sensitive sensing of chiral biomolecules, and quantitative analysis is thus 

also possible by using the intensity of the CD signal. Furthermore, the molecular transitions are 
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normally in the UV region, while plasmonic resonances can be found in UV and visible ranges. 

This leads to a wider use of plasmonic nanostructures in biosensing applications. However, the 

fabrication of the desired nanostructures can be expensive and time-consuming, and its 

recognition and / or bonding to biomolecules require also additional efforts. 

 
Figure 17. (A) Single-stranded DNA (ssDNA, balck-dotted frame) on a Ag nanocube was exchanged for double-

stranded DNA (dsDNA, red-dotted frame) by hybridization (top), and their CD spectra change from no signal 

(ssDNA, blue curve) to detectable CD signal (dsDNA, red curve).82 (B) The recognition reaction between an anti-

bisphenol A (anti-BPA) antibody attached on a 20 nm Au NP and an antigen coating (BPA-OVA) on a 10 nm Au NP 

leads to the formation of an asymmetric plasmonic dimer, giving rise to CD signals. The disturbance of this 

reaction and tailoring of CD intensity by BPA molecules in the medium allows for the detection of BPA 

concentration with a sensitivity of 0.02 ng/ml.85 (C) TEM image and Cryo-TEM tomography reconstruction image 

of Au NRs arranged on chiral α-synuclein fibrils and extinction and CD spectra of Au NRs monitored 30 min after 

the addition of 30 μL of purified brain homogenates from healthy (black traces) and Parkinson's disease patients 

(red traces).86 (D) Chiral Pd helix for hydrogen detection.87 
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I.4.2. Enantio-separation 

Given the importance of chirality stated in the previous sections, it has been a major task for 

chemists to separate and obtain pure enantiomers, especially for pharmacological use. The most 

commonly used enantio-separation and analysis technique at present is chromatography. 

However, this technique relies on trial-and-error tests for a given analyte, and thus is expensive 

and time-consuming when applied to new chiral compounds89. It is therefore attractive to 

develop novel effective and versatile techniques for enantio-separation and analysis.90 Chiral 

plasmonic nanostructures, in particular achiral nanoparticle cores protected by chiral molecules 

/ ligands (belonging to catalog I.2.3), have been proven to be an efficient tool to separate 

enantiomers.91 For instance, some functionalized metal nanoparticles were found to aggregate 

with the presence of one enantiomer of a racemate, but not with the other one. As metal 

nanoparticles have often characteristic colors, the aggregation process is usually accompanied 

with a color change, which allows for colorimetric recognition of enantiomers by naked eyes, 

and furthermore enantio-separation by centrifugation. UTP (uridine triphosphate) capped Ag 

NPs were reported to aggregate with the presence of L-cysteine but not D-cysteine92 (Figure 

18A). Chiral N-acetyl-L-cysteine capped Au NPs were used to separate D- and L-tyrosine93, 

while ZnTPPS (sulfonated-substituted zinc tetraphenylporphyrin) capped Ag NPs were used 

for the separation of chiral amino acids94. Selective adsorption of a plasmid DNA molecule 

(pcDNA3) on N-isobutyryl-l(d)-cysteine (NIBC) modified gold nanorods surfaces was also 

reported.95  

Interestingly, metal nanoparticles protected by achiral molecules were also found to be effective 

for enantio-separation. For example, CTAB capped Au NRs were reported to aggregate and 

precipitate in the presence of D-Gln (glutamine), but do not with L-Gln96 (Figure 18B). The 

effect was even reported for “unmodified” nanoparticles, while the authors assign it to the 

“inherent chirality” of “unmodified” (citrate capped) Au NPs97 (Figure 18C). This “inherent 

chirality” is assumed to be based on the “terrace-ledge-kink” model of the intrinsic chiral metal 



State of the art 

32 

 

surface98,99. This intrinsic chirality, arising from the asymmetrical arrangement of atoms on the 

surface of metal crystals, has also been used for enantio-selective applications100 (Figure 18E). 

However, metal crystals with symmetrical surfaces have also shown enantio-separation 

properties. A. Kuhnle et al. found that, on a (110) gold surface, L(D)–cysteine enantiomers 

tended to form homochiral dimers composed of two cysteine molecules of the same chirality, 

when a racemic mixture of them was deposited on the gold surface101 (Figure 18D).  

 
Figure 18. (A) UTP capped Ag NPs for separation of D- and L-Cysteine92.(B) Discolouration effect of CTAB capped 

Au NRs with L(D)-Gln.96  (C) Enantio-separation of D- and L-Tryptophan by Au NPs. The Au NPs were synthesized 

by the reaction between sodium citrate solution and HAuCl4 and were used for enantio-separation without 

further modification97. (D) Homochiral dimers of cysteine enantiomers formed on gold surface. a) Schematic 

drawing of a cysteine molecule; b) Ball model of the Au (110) surface; c) STM image of L-cysteine pairs; d) D-

cysteine pairs rotated anticlockwise (same size); e) Molecular pairs formed from DL-cysteine (same size).101 (E) 

Schematics of interactions of enantiomers with intrinsically chiral metal surfaces possessing “terrace-ledge-kink” 

structure.91 
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I.4.3. Chiral catalysis 

Noble metal nanoparticles are very often used for catalysis thanks to their high efficiency and 

versatility. In addition, metal nanoparticles are easy to immobilize on solid substrate, which 

makes them good candidate for recoverable and reusable heterogenous catalysts. On the other 

hand, asymmetric catalysis by conventional molecular catalysts remains a challenge due to their 

low efficiency. It is thus desirable to develop plasmonic nanostructures for chiral catalysis.  

Comparing to biosensing, chiral catalysis, using chiral plasmonic nanostructure to assist 

asymmetric and / or enantioselective reactions, is a relatively new and developing field, where 

the chiral surface ligands (see section I.2.3) play a primary role.102,103 In 1979, Orito and co-

workers (Figure 19A) reported the asymmetric hydrogenation of methyl pyruvate or methyl 

benzoylformate catalyzed by cinchonidine-modified Pt on carbon104, and Pd nanoparticle-

catalyzed asymmetric allylic alkylations (Figure 19A) were reported as first examples of chiral 

metal nanoparticle-catalyzed asymmetric C−C bond forming reactions in the early 2000s105,106. 

Functionalized chiral Au NPs107 have been frequently used in this aspect. Enantioselective 

catalysis was achieved by using chiral ligands modified Au NPs108 (Figure 19D). More recently, 

E. Gross et al. reported the catalysis of asymmetric cyclopropanation reactions by Au NPs 

embedded in chiral self-assembled monolayer (SAM) immobilized on mesoporous SiO2 

support (Figure 19B).109 Another recent example is the asymmetric catalysis using copper with 

a prolinol-phosphine chiral ligand (Figure 19C).110, Ir111, Pd112 and Fe3O4
113 nanoparticles were 

also found to be effective in asymmetric catalysis. 
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Figure 19. (A) Early example of chiral nanoparticle catalysis: a) Orito reaction: asymmetric catalysis by 

cinchonidine-modified Pt;104 b) Pd nanoparticle-catalyzed asymmetric allylic alkylations.105,106 (B) Catalysis of 

asymmetric cyclopropanation reactions by Au@SAM/MCF.109 (C) Asymmetric Synthesis of α-Alkylidene-β-

Lactams with prolinol-phosphine chiral ligand modified copper as catalyst.110 (D) Chiral modification of the surface 

of Au NP (left) and its enantioselective catalysis of alkylation of chalconol acetate 3 with dimethyl malonate (right), 

which has a selectivity better than a tradition polystyrene bound catalyst.108 

 

I.4.4. Chiroptical effects and light-matter interaction 

The electric field lines of a chiral electromagnetic field wrap around its propagation axis. This 

geometrical picture is embodied by the quantity optical chirality114: 

 
𝐶 ≡

𝜀0

2
𝑬 ∙ 𝛻 × 𝑬 +

1

2𝜇0
𝑩 ∙ ∇ × 𝑩  (42) 

 

The degree of chirality of matter is determined by its dissymmetry factor: 

 
𝑔 ≡

2(𝐴+ − 𝐴−)

(𝐴+ + 𝐴−)
=

∆𝐴

𝐴
  (43) 

 

where A+ and A- are absorbance for left circularly polarized (LCP) light and right circularly 

polarized (RCP) light. ΔA = A+ - A- is defined as the circular dichroism of the matter and A = 
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(A+ + A-)/2 is its absorbance for non-polarized light. One is therefore capable to calculate g-

factor of a sample from its CD spectroscopy and absorption spectroscopy. 

In addition, the dissymmetry factor is associated with the electric polarizability 𝛼 = 𝛼′ + 𝑖𝛼′′, 

the isotropic mixed electric-magnetic dipole polarizability 𝐺 = 𝛼𝐺′ + 𝑖𝐺′′  and the optical 

chirality C by115: 

 
𝑔 = − (

𝐺′′

𝛼′′
) (

2𝐶

𝜔𝑈𝑒
) (44) 

 

Generally, we talk about the g-factor for circularly polarized light, for which 𝐶 = ±2𝑈𝑒
𝜔

𝑐
, and 

therefore 𝑔 = −
4𝐺′′

𝑐𝛼′′. Thus, the conventional dissymmetry factor g of a material appears to be 

an intrinsic property of this material. 

The dissymmetry factor of chiral plasmonic nanostructures can be several orders of magnitude 

higher than that of molecules. This is because of the localized chiral field enhancement by 

plasmonic nanostructures, known as the “superchiral” field. Hence, the interaction of chiral 

plasmonic nanostructures and electromagnetic fields lead to remarkable chiroptical effects116, 

especially circular birefringence (CB) and circular dichroism (CD). CB is defined as the 

different phase delay for LCP and RCP, which is related to the difference in the real part of the 

refractive index. This phase delay causes a rotation of the polarization plane, also known as 

optical rotation (OR) or optical rotatory dispersion (ORD) when conducted as a function of 

wavelength. CD is defined as the differential absorption for LCP and RCP, corresponding to the 

difference in the imaginary part of the refractive index. CD maximum could be found generally 

at λmax of absorption. Besides CD and CB, asymmetric transmission117 and / or reflection118 is 

another chiroptical effect, which is found in chiral plasmonic nanostructures.  

For a chiral compound that has no chromophore in the considered spectral range, its ORD 

spectrum is a plain curve increasing or decreasing with wavelength (normal ORD curve, Figure 

20A). However, for a chiral compound with a chromophore, its ORD spectrum displays a 

bisignate shape (anomalous ORD curve, Figure 20A) which changes sign at the absorption 
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wavelength (λmax). This is the so-called Cotton effect, which is divided into positive and 

negative one depending on the signs of ORD on both sides of λmax. In such cases, the CD 

spectrum shows a single peak at λmax (Figure 20B).119 For compounds containing two or more 

similar highly absorbing chromophores, the Cotton effect occurs in the CD spectra and the 

exciton coupling theory120 may be applied to explain this phenomenon. Upon looking through 

the center of the two dipoles of a molecule containing two chromophores, a negative Cotton 

effect in CD is obtained when an anticlockwise rotation by an acute angle brings the dipole in 

the front onto that in the back, and a positive Cotton effect when the rotation is clockwise 

(Figure 20C).121 ORD spectra are dispersive whereas CD spectra are absorptive. CD is 

measured in or near the absorption bands, while ORD can be measured far from these bands. 

CD is apparent in the data analysis. Structural elements are more clearly distinguished since 

their recorded bands do not overlap extensively at particular wavelengths as they do in ORD. 

Therefore, CD spectra are more commonly used than ORD spectra in analysis of chiral media, 

although these two measurements can be interconverted through Kramers–Kronig transform122. 

CD spectra of chiral plasmonic nanostructures have typically bisignate shapes. Different 

theoretical models, including Born-Kuhn model123, have been developed for interpretation of 

the spectra, regarding plasmonic modes as coupled oscillators. 



State of the art 

37 

 

 

Figure 20. (A) An anomalous ORD curve (ANORD) and positive / negative ORD plain curves.124 (B) Absorption (a), 

CD spectra and ORD curves of positive Cotton effect (b) and negative Cotton effect (c).124 (C) Splitting of excited 

states (a) of a chiral compound generated by exciton coupling of its two chromophores (b). 2V12 is called Davydov 

splitting. The rotation of the dipoles is anticlockwise (b) and the CD spectrum shows thus a negative cotton effect 

(d), that is, negative CD in longer wavelength, positive CD in lower wavelength, and change sign around 

absorption (c) wavelength. Component spectra are red / blue lines and resultant spectra are in violet.121 

The fascinating chiroptical effects of chiral plasmonic nanostructures lead to various optical 

application125, such as broadband circular polarizer (Figure 21A), manipulation of chiral optical 

forces (Figure 21D), chirality switching devices (Figure 21C), chiral mirrors (Figure 21D) etc.  
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Figure 21. (A) (a) Chiral gold helix arrays. See fabrication process in section I.5.1. (b) Experimental (left panel) and 

simulated (right panel) transmittance of the chiral gold helix for LCP (red lines) and RCP (blue lines).126 (B) (a) 

Metallic mirror with asymmetric split-ring resonators (ASRRs), and (b) chiral absorption and (c) reflection of the 

chiral mirror.127 (C) CD of the chirality switching device (inset) with (red line) and without (black line) 

photoexcitation. The CD is reversed in the range between 0.9 and 1.14 THz without any structural 

reconfiguration.128 (D) Nanoparticle moves towards different directions when illuminated by LCP and RCP.129 

Polarized illumination of a nanoparticle over a surface supporting guided modes results in unidirectional 

excitation of guided modes and a corresponding polarization-dependent recoil force on the particle.   

Not only chiral plasmonic nanostructures can interact with electromagnetic fields, but also 

light-matter interaction occurs when an active molecule is brought close to the superchiral field 

of the plasmonic nanostructures. More specifically, surface plasmon polaritons, as presented 
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section I.3.2, are evanescently confined electromagnetic wave propagating at the interface of a 

dielectric and a metal, resulting from the coupling (with an external stimulus) of the incident 

electromagnetic waves with the surface plasmons of the metal. This confined electromagnetic 

field can apparently interact with active molecules and materials in its vicinity. On the other 

hand, localized surface plasmon resonance, resonant modes of the plasma oscillation of metallic 

nanoparticles in response to incident electromagnetic waves, leads to localized enhancement of 

the electromagnetic fields. The LSPR can thus also interact with active molecules and materials 

in its proximity. 

In physics, light-matter interaction can be divided into either weak or strong coupling 

regimes130,131. Take exciton-photon coupling as an example: in the weak coupling regime, the 

spontaneous emission rate can be modified but exciton dynamics (emission frequency) are 

barely altered, while in the strong coupling regime, strongly modified exciton dynamics leads 

to formation of novel hybrid energy states,132–134 separated by the Rabi splitting energy (Figure 

22A,B). Since the observation of strong coupling of light and molecules by D. G. Lidzey et 

al.132, optical cavities with organic molecules have been extensively studied131,135 as a classical 

model for exciton-photon strong coupling. If the light-matter coupling were to be explained 

using the paradigm model of two coupled harmonic oscillators136, as it usually is, the extension 

to exciton-plasmon coupling137–139, with exciton and plasmon acting as the two oscillators, is 

straightforward. In fact, thanks to nano-fabrication technologies and physical understanding of 

their light interacting properties, the exciton-plasmon coupling has attracted wide attention 

recently and is loosely referred to the term “strong coupling” by some while others call the 

formed quasiparticle a plexciton140–142.  
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Figure 22. (A) Strong coupling of a molecular transition to the resonant light wave confined in an optical cavity 

composed of two Ag mirrors, giving rise to Rabi splitting in extinction spectrum of the molecule.131 (B) 

Representation of strong coupling in terms of energy.131 (C) Strong coupling of TDBC with surface plasmon 

polariton.143 (D) LSPR enhanced CD.144 

Whatsoever, the optical phenomena and theories associated with the coupling between LSPR 

modes and excitons of all kinds, especially the J-aggregates of dye molecules and quantum dots 

have been considerably studied. In particular, the surface plasmon enhanced spectroscopy145,146, 

including surface enhanced absorption147,148 scattering149 and fluorescence150 as well as the 

surface plasmon enhanced chirality of chiral molecules144 have been widely known. Many 

works have also shown the modification of the optical properties of plasmonic nanostructures 
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by approaching molecules. However, the modification of the chiroptical properties of an achiral 

molecule by a chiral plasmonic environment seems to be less studied. One of the objectives of 

this manuscript is to discuss the coupling of LSPR of chiral plasmonic superstructures with 

excitons of J-aggregates of cyanine dyes, and in particular, the precise tuning of induced 

chiroptical performance of the hybrid systems, including modified circular dichroism effects 

and eventually polarized emissions. 

I.5. Methods to build chiral plasmonic nanostructures 

The fabrication strategies for chiral plasmonic nanostructures can be divided into top-down 

methods, bottom-up methods (including self-assembly methods). Self-assembly approaches 

belong to the bottom-up category, yet its importance and abundance are worth an independent 

section.    

I.5.1. Top-down methods 

The top-down approach involves the elimination of local materials from a larger object or film 

in order to obtain the desired shape, order and properties, using technologies such as direct laser 

writing, focused ion beam etching and lithography. Nanofabrication of chiral plasmonic helices, 

typically gold and silver, is one classical example for this. J. K. Gansel et al.126 developed gold 

helix arrays fabricated by direct laser writing (DLW), which show selective transmittance for 

left circularly polarized (LCP) light and right circularly polarized (RCP) light in mid-infrared 

regime (Figure 23.A). They spin-coated first a positive photoresist on a glass substrate covered 

by an indium-tin oxide (ITO) film. The regions sufficiently exposed to light were then removed 

and pores with a helical shape were formed after 3D DLW and development. The structure was 

afterwards put into an electrochemical cell, where gold infiltration was monitored by the current 

density and growth time. Finally, the polymer template was removed by plasma etching. 

Another example of direct laser writing is combining with electroless silver plating. A. Radke 

and coworkers151 fabricated “bichiral” silvered crystals (bichiral refers to crystals composed of 
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helices of two kinds of handedness, aligned in two kinds of arrangement, namely again left and 

right, with regard to the helix axes152). The direct laser writing process is similar to conventional 

ones as presented above in Ref126. (Figure 23.B).  

 
Figure 23. (A) a) Laser writing process. b) Oblique view of an array of left-handed helices. c) Experimental and 

theoretical transmittance spectra of right-handed helices for LCP and RCP.126 (B) a) Laser writing combined with 

electroless silver plating. b) Oblique view of a bichiral crystal with right-handed corners and right-handed helices. 

c) Transmittance spectra of a bichiral crystal with left-handed corners and left-handed helices for LCP and RCP at 

different incident angles.151 

Lithography is another widely used top-down approach, which includes various techniques 

such as electron beam lithography (EBL)153,154, photolithography155, and focused ion beam 

lithography156, to name a few. Recently, Dietrich et al.157 fabricated chiral nanomaterial arrays 

by on-edge electron beam lithography (Figure 24A). A film of electron beam resist was spin-
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coated on a pre-structured template with periodic nanoscale arrays. The resist was exposed by 

electron beam in such a way that the shaped enclosures are placed above the edge of the arrays 

on the template, before a layer of gold was finally evaporated through the mask. The 

transmittance of LCP and RCP were then characterized for these structures, which reveals its 

strong handedness. DNA origami has been recently reported as lithography mask to fabricate 

chiral plasmonic nanostructures158 (Figure 24B). The advantages of using DNA origami as the 

mask compared to conventional lithography techniques are its structural versatility and its high 

productivity, giving rise to improved effectiveness of nanofabrication on large area.  

Twisted optical metamaterials composed of multilayer of gold nanorods were developed 

recently by Y. Zhao and coworkers56 as already mentioned in above sections using lithography 

(Figure 24C). A 100 nm thick film of silicon dioxide was deposited on a glass substrate, and 

then 55-nm-deep trenches were pre-structured via reactive ion etching, with the help of the e-

beam resist mask. An e-beam resist pattern with gold alignment marks was written using a e-

beam aligner and transferred to the silicon dioxide film. A 5 nm titanium adhesion layer and 50 

nm gold were sequentially deposited onto the sample using an e-beam evaporator. Lift-off 

process was afterwards realized to complete the first layer structure. The process can be 

repeated for multilayer structures. Impressive are the reproducibility and robustness of the 

optical properties of the obtained multilayer structure and its rich possibility to tune the 

structural parameters and thus the optical responses. Another newly emerging nanofabrication 

technique is colloidal lithography159,160 (Figure 25A), where self-assembled colloidal crystals, 

such as polystyrene and SiO2 nanospheres, serve as lithographic masks. Z. Wu et al.161 reported 

recently chiral nanostructures with multilayered gold plates as building blocks, realized by 

colloidal lithography and photolithography (Figure 25B). 
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Figure 24. (A) a) Lithography process, see details in text above. b) SEM images of fabricated chiral nanomaterial 

array. c) Simulated transmittance spectra of a 3D-L particle array for RCP and LCP and their intensity difference.157 

(B) a) Lithography process with DNA origami. b) SEM images of a sample containing 50:50 distribution of S- and 

Z-shaped (top) and ~99% S-configuration chiral nanoparticles (bottom). c) Measured CD spectra from the samples 

shown in b) and simulated CD response for a symmetric (dashed) and slightly asymmetric (dash-dotted) S-shaped 

chiral nanoparticles.158 (C) a) Lithographic fabrication of multilayered chiral nanostructure. b) SEM images of a 

four-layer device. d) Transmittance spectra of a two-layer and a four-layer devices for LCP and RCP.56 
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Figure 25. (A) Typical nanofabrication routes of colloidal lithography. Route A shows the simplest colloidal 

lithography of nanodots by depositing metal through a colloidal mask. Route B and C illustrate the colloidal 

lithography deposited at a tilted angle and the masks are modified via reactive ion etching and annealing of the 

colloids. Route D is photocurable colloids as hierarchical patterns. Route E demonstrates a templating of organic 

and inorganic materials with a hexagonally packed structure. Route F shows the formation of nanorings. Route G 

shows the formation of regular holes in colloidal lithography. 159 (B) a) Top panels: Schematic illustration of 

process 1, including nanosphere lithography for Au nanohole arrays and subsequent release and transfer of the 

Au layer onto a sacrificing polymer layer. Bottom panels: Schematic illustration of process 2 for stacking two layers 

of Au nanohole array on a glass substrate to form moiré chiral metamaterials (MCMs), with the assistance of the 

sacrificial polymer layer. b) Gray-scale optical images at the boundary of two enantiomers (indicated by 4 and 5) 

with opposite structural handedness (i.e., θ = -15° vs 15°, respectively) under LCP and RCP illuminations. c) CD 

spectra of two enantiomers of the MCMs) with θ of-15° (blue curves) and 15° (red curves). The solid and dashed 

curves are obtained before and after the adsorption of canacalin A (ConA). 

I.5.2. Bottom-up methods  

The bottom-up methods, as opposed to top-down methods, attempt to arrange small 

components into more sophisticated structures with desired properties, e.g. chirality as 

concerned herein, using techniques such as chemical synthesis, glancing-angle deposition, 

focused ion beam, electron beam induced deposition (FIBID / FEBID) and self-assembly. The 

top-down methods are accurate and effective in fabricating certain nanostructures such as arrays 

and layered plates, but non-scalable for size above 100 nm, time-consuming and normally costly, 

whereas bottom-up methods are often faster, less expensive and more adaptable for arbitrary 

structural geometries in a larger range of scales.162    
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Focused ion beam and electron beam induced deposition (FIBID /FEBID) represent a pair of 

classical example of bottom-up methods.163,164 The FIBID / FEBID consist in depositing 

materials contained in a vaporized precursor molecule decomposed by an ion- / electron beam 

(Figure 26A). M Esposito et al.165 realized chiral platinum nanohelices which exhibit 

chiroptical effects in the optical regime, employing and comparing both FIBID and FEBID 

(Figure 26A). Vacuum evaporation can be an alternative approach for top-down fabrication of 

chiral nanostructures. B. Yeom and coworkers fabricated chiral gold shells by depositing gold 

on ZnO nanopillars with a tilted angle of 45° (Figure 26B).166 By rotating the sample for the 

second layer deposition in a direction different from the direction of first deposition, left- and 

right-handed chiral plasmonic nanostructures were obtained. Another similar approach to 

fabricate chiral (helical) nanostructures is known as the glancing angle deposition167,168 (Figure 

26C,D). The idea is to deposit and grow materials onto the seeds (e.g. Au nanodots) pre-located 

on the substrate by vapor spraying at a grazing angle and / or rotating the substrate.  
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Figure 26. (A) a) Schematic of FIBID / FEBID.169 b) Arrays of chiral platinum nanohelices with different pitches 

fabricated by FIBID (left) and right and c) their experimental CD spectra.165 (B) a) Fabrication schematics of chiral 

plasmonic nanoshells by vaccum evaporation. b) SEM images of left- and right-handed nanostructures in different 

angles, Au layers were colored for clarity, and c) their CD spectra.166 (C) a) Schematics of glancing angle deposition 

(GLAD). b) SEM imgaes of Au nanohelices fabricated by GLAD. c) CD spectra of obtained helices.168 (D) a) Chiral 

plasmonic nanostructures fabricated by GLAD on polystyrene spheres and their SEM image. b) CD spectra.167 
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I.5.3. Self-assembly 

Self-assembly170,171 of nanoobjects into functional superstructures including those with 

chiroptical effects has been a dynamic field of research in recent years. Many examples of 

structures that can be obtained were already given in I.2, while we focus here on their 

fabrication process. Self-assembly of nanoparticles can take place in colloidal dispersions or at 

interfaces. An efficient way to assemble plasmonic units, such as nanospheres and nanorods, 

into chiral superstructures is the use of (chiral) templates. Conventional templates include 

polymers172, nanofibers51, DNA41,49,57,173,174 and other biomolecules40,175. In some cases, the 

chirality originates from the plasmon-molecule interaction between the plasmonic building 

blocks and the chiral templates40,41 (see section I.2.3), while more frequently the chiral 

configuration generates the chirality of the assembly via the plasmon-plasmon interaction49,51 

(see section I.2.4).  

Figure 27A illustrates the case of chiral exciton-plasmon interaction.144 Non-chiral 

chromophores were hybridized with double stranded DNA, which induced bisignated CD 

signals at the absorbance band of the chromophore. Interestingly, when coupled to a plasmonic 

resonance mode of Au nanorods, the CD signals were reversed, and the magnitude enhanced 

by a factor of 10. Isotropic nanoparticles such as plasmonic nanospheres can be assembled into 

chiral configurations like helices. C. Song et al.176 prepared enantiomeric gold nanoparticles 

double helices by using peptides, while W. Ma et al.177 assembled Au nanorods in a twisted 

conformations by polymerase chain reaction. Chiral self-assemblies of suspensions of 

plasmonic nanorods were also achieved by using chiral nanofibers51 and cellulose as 

templates175.  
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Figure 27. (A) Non chiral chromophore K21 displayed collective chiral excitons when self-assembled with DNA 

template. This chirality was reversed and enhanced by a magnitude of 10 by binding DNA to plasmonic An 

nanorods.144 (B) By mixing the pre-designed synthetized peptide conjugate molecules (C12-D-PEPAu and C12-L-

PEPAu) and gold precursor solution, the Au NPs self-assembled into double helix with left or right handedness, 

which was revealed by the SEM images and the CD spectra.176 (C) Chiral assembly of Au nanorods was realized 

using the polymerase chain reaction (PCR), which allows for the controlled assembly of nanorods connected by 

DNA in small oligomers with a tunable number and complexity. By end-site modifications with regard to the PCR 

primers, the end-to-end or side-by-side growth modes of nanorods were favored or suppressed. Attributing to 

twisted conformation of side-by-side assemblies, CD signals appeared with its intensity highly depending on the 
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number of nanorods connected. The preference for one enantiomer as opposed to another is related to 

symmetry breaking of the parallel NR due to twisting of the connected DNA bridges and the general preference 

of non-parallel orientation of charged nanoscale rods as the conformation with minimal energy.177 (D) NRs 

adsorbed onto a scaffold of supramolecular fibers with chiral morphology through specific non-covalent 

interactions.51 a) SEM images of twisted fibers with right- (P) and left-handedness (M) with / without absorbed 

nanorods. b) Schematic of the nanocomposite system. c) Two CD peaks are present corresponding to the chirality 

of the nanofiber (~450 nm) and the LSPR of Au nanorods (~780 nm). (E) Upon slow evaporation of water in the 

mixture of aqueous suspension of cellulose nanocrystals (CNCs) and gold nanorods, the CNCs formed a left-

handed liquid crystalline cholesteric phase, and Au nanorods loaded in the cholesteric solid film align with the 

cellulose orientation. The CD responses varied depending on the nanorods concentration in the films (see c)).175  

An increasingly popular template for chiral plasmonic self-assembly is DNA origami178,179, 

which involves the folding of long DNA into 2D and 3D nanostructures by hybridizing with so 

called staple oligonucleotides. The staple oligonucleotides are connected with DNA through 

Watson–Crick base pairing, and their positions are predetermined. Therefore, the DNA origami 

structures can be designed. The DNA origami, when used as template for self-assembly of chiral 

plasmonic nanostructures162, fulfills a dual purpose, first as scaffold arranging the nanoparticles 

and second as an origin of chirality. For example, DNA origami with 24 bundles which offers 

nine attachment sites for single-stranded DNA coated AuNPs were made from hybridization of 

long DNA with hundreds of designed staple oligonucleotides. Left-handed and right-handed 

self-assembled gold helices were thus obtained (Figure 28A). L. M. Kneer et al. prepared a 

two-layer sheet (2LS) DNA-origami, supporting single-stranded DNA coated gold nanospheres 

or nanorods. Chirality transfer occurred from the DNA origami located in the hotspots to the 

nanoparticles, leading to enhanced CD signals at the plasmonic resonances (Figure 28B). In 

addition, thanks to the reversable binding of the DNA strand, actively tunable chiral plasmonic 

nanostructures are feasible using DNA origami templates. For instance, A. Kuzyk et al. prepared 

gold nanorod dimers supported and attached by two DNA bundles. By adding specific DNA 

strands connecting or disconnecting the four arms of the two DNA bundles, it is possible to tune 

the relative angle between the gold nanorods dimers, and thus the handedness of the structure 

(Figure 28C). C. Zhou et al. have shown that the CD of nanorod dimer could be altered through 

directional, progressive and reverse nanoscale “walking” of a nanorod on the two-layer sheet 

DNA origami (Figure 28D).  
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Figure 28. (A) Left-handed and right-handed gold helices assembled on DNA bundles and their CD spectra.174 (B) 

Gold nanospheres and nanorods supported by two-layer sheet DNA origami with tailored CD.180 (C) Gold nanorod 

dimer attached on two DNA bundles with tunable angle. The CD of the structure is tunable by adding specific 

DNA strands and changing the angle between the two nanorods.181 (D) Directional, progressive and reverse 

nanoscale “walking” of nanorod on the DNA sheet leads to change in CD of the nanorod dimer.182 
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I.6. Introduction to Grazing Incidence Spraying and Layer-by-

Layer assembly 

To date, most fabrication strategies targeting chiral plasmonic nanostructures, including but not 

limited to those introduced above, are often expensive and time-consuming. Especially when it 

concerns the assembly of a large array of nano-elements, instead of individual nanoparticles, 

and / or over large surfaces, it turns out to be challenging in terms of efficiency and hierarchical 

organization of the nanoscale building blocks. In this context, conceiving new methods to 

assemble one-dimensional nanomaterials into two- or three-dimensional structures with well-

controlled location, orientation, and spacing across multiple length scales has attracted interest 

in the nanoscience community, and our group has recently introduced the preparation of chiral 

plasmonic nanostructures by Grazing Incidence Spraying (GIS) and Layer-by-Layer (LbL) 

assembly. 

I.6.1. Grazing Incidence Spraying 

As previously described, one approach to fabricate 3D chiral plasmonic nanostructures is to 

arrange in-plane aligned 1D nanoobjects into asymmetric hierarchical organization (Figure 

24C for example). Besides lithography used in this example, there exist many other methods 

for in-plane alignment of 1D nanoobjects183. These alignment methods rely on different forces 

such as external electronic / magnetic field, mechanical force, chemical interactions, etc. Some 

of these methods are only suitable for monolayer deposition of aligned nanoobjects, while the 

others are effective to realize multilayered architectures. The latter is indispensable for 

implantation of 3D chiral nanostructures.  
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Figure 29. (A) Schematic representation of Langmuir–Blodgett technique191 (a), and SEM image of silicon 

nanowires aligned by this technique192 (b). (B) Schematic representation of evaporation induced assembly (a), 

and SEM image of a squaraine dye (2,4-bis[4-(N,Ndimethylamino)phenyl]squaraine) nanowires aligned by this 

technique (b).193 (C) Schematic representation of dip-coating induced alignment194 (a), and AFM image and the 

corresponding FFT image (inset) of aligned thin film of a combination of V2O5·nH2O nanowires and CNCs (cellulose 

nanocrystals) nanorods by this technique195 (b). 

Langmuir–Blodgett technique184 (Figure 29A) is one of the most classical methods among 

them. This technique was initially used to make monolayer of molecules and has been extended 

to assemble nanoobjects in recent years. The nanoobjects, for instance silver nanowires 

(AgNWs), are dispersed in a volatile organic solvent and then spread onto a subphase (usually 

water). As the organic solvent is evaporated, a barrier compresses the AgNWs floating at the 

air-water interface at a given speed and with a controlled surface pressure. The AgNWs are thus 

close-packed and aligned along their longitudinal axis perpendicular to the compression 

direction. The aligned monolayer of Langmuir–Blodgett film can be transferred to a solid 

substrate. 1D nanoobjects can also be aligned by evaporation induced assembly185 (Figure 29B). 
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A droplet of nanoobject suspension is spread on a substrate or a liquid / liquid interface. During 

the evaporation of the solvent, the 1D nanoobjects tend to pack along the longitudinal axis and 

the thus are aligned. The physical mechanism of the method is rather complicated, but it has 

been proven to be effective for alignment of a variety of 1D nanoobjects. Another simple 

alignment method at the solid–liquid interface is dip-coating186 (Figure 29C). The 1D 

nanoobjects are aligned by directly pulling out the substrate from the nanoobject suspension. 

Many other methods which allow for in plane alignment of 1D nanoobjects and meanwhile the 

development into multilayered architectures can be listed, such as bubble blowing extrusion187, 

contact printing188, assembly at liquid–liquid interfaces189, and electrospinning190, to name a 

few.  

However, all these methods have drawbacks of one kind or another. They require either 

expensive equipment and / or precise control of experimental parameters. Some methods are 

suitable for certain nanoobjects but not others, and most of these methods are time-consuming. 

In this context, a versatile and efficient alignment method is desirable.   

Our group developed 

several years ago a novel 

alignment method for 1D 

nanoobjects, the Grazing 

Incidence Spraying (GIS). 

It is a spray-assisted 

shear-induced assembly 

method that relies on the 

low-angle (10° - 15°) 

spraying of a nanorod / 

nanowire suspension on a substrate. Using this approach, monolayer thin films of metallic 

nanorods or nanowires (namely AgNWs in this manuscript) in which all the nanowires are 

pointing in the same in-plane direction over >cm2 areas are obtained196. The anisotropic optical 

Figure 30. Schematic representation of the GIS method. The nozzle is connected 

to a fluid inlet and an air inlet, whose flow rates are regulated by a valve and a 

pump, respectively. During a GIS process, a suspension of AgNWs is sprayed on 

the substrate by air flow and the AgNWs are aligned by the shear force of the 

flowing liquid, and adsorbed on the substrate by electrostatic interactions. The 

distance d and angle θ between the sample and the nozzle can be easily 

adjusted. 
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and conductive properties of the oriented monolayer thin films were investigated197, and 

multilayer films with oriented cellulose were also reported198. It was also shown that multilayer 

thin films containing AgNWs as building blocks can be built by combining GIS with the Layer-

by-Layer (LbL) assembly.  

 
Figure 31. SEM images of one layer of oriented (A) AgNWs196 and (B) gold nanorods197; and (C) AFM image of one 

layer of oriented nanofibrils198. All three samples were prepared by GIS. 

The GIS technique is very easy to implement and a monolayer of oriented nanoobjects can be 

obtained in a few minutes. Meanwhile, the GIS requires no costly equipment nor complicated 

sample preparation, compared to other alignment techniques.  

I.6.2. Layer-by-layer assembly 

While the GIS allows for the in-plane orientation of AgNWs, the LbL-assembly199 leads to 

multilayer structures. It involves the alternated deposition of oppositely charged materials, in 

particular polyelectrolytes, by dipping, spraying or spin coating, on a charged substrate. The 

stratified arrangement of the multilayer structure of LbL-films can give rise to novel materials 

with fascinating properties drastically different from the individual constituents, and the 

versatility of the technique allows to functionalize all kinds of charged surfaces with a reduced 

roughness and a well-defined thickness which depends on the number of polyelectrolyte layers. 

The first report on LbL-assembly dates from 1966 by R. K. Iler200 with colloidal particles. 

However, the technique has long been unrecognized thereafter, while the field of thin organic 

films was overwhelmingly dominated by the Langmuir-Blodgett technique201–203 and self-

assembled monolayers204,205 at that time. The concept of “Layer-by-Layer” was re-introduced 
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in the early 1990s when G. Decher206 and coworkers extended its applicability to a wide range 

of polyelectrolytes starting with bola-shaped amphiphiles207,208.  

 

Figure 32. (A) Principle of LbL-assembly and (B) dipping method206 (C) spray-assisted method and (C) spin-assisted 

method. 

Since then, the technique has seen a vigorous development with various kinds of building 

blocks, from functional macromolecules including proteins or DNA209,210, to biological 

nanoparticles211 and inorganic nanoparticles212,213, including magnetic214 and gold215 

nanoparticles. The layers can be constructed by dipping the substrate in the solution, enabling 

the process to functionalize surfaces regardless of their size and topology. In fact, the takeoff of 

the field has been so rapid that already in late 1990s and early 2000s, polyelectrolyte multilayers 

functionalized macro-216 / nano-particles217,218 were reported, which led to objects with 

interesting surface properties219,220. On the other hand, the driving force for the multilayer build-

up was not limited to the conventional electrostatic interaction, but has been proven to have 

many choices221, including covalent bonds222,223, hydrogen bonds224–226, halogen bonds227, van 

der Waals force228,229, metal coordination interaction230,231 and other specific recognitions.  
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Figure 33. (A) AFM images ( 2 μm × 2 μm) of PEM films containing 6 (a), 20 (b), 60 (c), 110 (d) layer pairs of 

PSP/PAH (poly(sodium phosphate) and poly(allylamine hydrochloride)). The roughness of the film increases with 

the number of layer pairs.247 (B) Cross-sectional SEM image of a (PAA-DAR/DAR-PSS)20 coating, PAA-DAR being 

the complexes of poly(acrylic acid) and diazoresin, and DAR-PSS being the complexes of diazoresin and 

poly(sodium 4-styrenesulfonate).248 (C) SEM image of an edge of a multilayer film containing 100 layer pairs of 

PDDA (poly(diallydimethylammonium) chloride) and montmorillonite clay platelets.249 (D) TEM images of 

individual gold colloids stabilized by sodium citrate only (upper left corner) and PEM films composed of 

alternating PSS and PAH with increasing layer number of polyelectrolyte (up to 19 layers for lower right corner). 

The bar in the lower right corner corresponds to 10 nm.250 (E) Cross-sectional TEM image of an 11-stack reflector 

made of alternating layers of TiO2 (dark gray) and SiO2 (light gray) nanoparticles assembled via spray-assisted 

LbL.251 

Furthermore, more preparation methods for LbL-assembly are nowadays available221. Whereas 

the primary dipping method remains a frequently used technique, J. B. Schlenoff et al. 

established the spray-assisted method in 2000232, which is much more time-saving. Only one 

year later, the spin-assisted method233 was reported by P. A. Chiarelli et al., who prepared LbL-

assembled PEM (polyelectrolyte multilayer) films using a spin-coater. The authors proved that 
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the average thickness of each layer pair of the PEM film was thicker than conventional dipping 

method yet its roughness was reduced234. Other unconventional methods also came forth in 

recent years, such as electrodepositing235, magnetic assembly236 and fluidics237, to name a few. 

To date, the LbL-assembly exhibits many applications in various fields, namely surface 

modifications238,239, photonics240, optics241,242, electronics243, solar cells244, field effect 

transistors245, and especially biomedicine246.  

In this manuscript, LbL-assembled PEM films will be used as a spacer in the hierarchical chiral 

plasmonic superstructures, separating the layers of AgNWs aligned in different direction. We 

use here one major interest of LbL, namely that the PEM thickness can be precisely controlled 

by the number of layer pairs of polyelectrolytes while the roughness is maintained at an 

extremely low level. 
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I I .  Materials and methods 

II.1. Materials 

Poly(ethyleneimine) (PEI, Mw = 750,000; Lupasol PS, 33 wt% PEI in water) was purchased 

from BASF (Germany). Poly(sodium 4-styrene sulfonate) (PSS, Mw = 70,000; ref number: 

243051), poly(allylamine hydrochloride) (PAH, Mw = 15,000; ref number: 283215), 

poly(diallyldimethylammonium chloride) (PDDA, Mw = 400,000-500,000; ref number: 409030, 

20wt% in water), poly(methyl methacrylate) (PMMA, Mw = 120,000; ref number: 182230) and 

sodium chloride (NaCl) were purchased from Sigma-Aldrich (Germany). Silver nanowires (ref 

number: NWAG03E1) were purchased from ACS Material (USA). The organic dyes, including 

5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-

ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide, inner salt, sodium salt (TDBC; ref number: 

S 0046), 2-[3-[3,3-Dimethyl-1-(4-sulfobutyl)-1,3-dihydro-indol-2-ylidene]-propenyl]-3,3-

dimethyl-1-(4-sulfobutyl)-3H-indolium hydroxide, inner salt, sodium salt (ref number: S 2165), 

5-Chloro-2-[2-[5-chloro-3-(4-sulfobutyl)-3H-benzothiazol-2-ylidenemethyl]-but-1-enyl]-3-(4-

sulfobutyl)-benzothiazol-3-ium hydroxide, inner salt, triethylammonium salt (ref number: S 

2284) and 5-Chloro-2-[2-[5-chloro-3-(4-sulfobutyl)-3H-benzothiazol-2-ylidenemethyl]-but-1-

enyl]-3-(4-sulfobutyl)-benzothiazol-3-ium hydroxide, inner salt, triethylammonium salt (ref 

number: S 2275) were purchased from Few Chemicals (Germany). Absolute ethanol was 

purchased from Fisher Scientific (USA), toluene was purchased from Sigma-Aldrich (USA) 

and chloroform was purchased from Carlo Erba (Italy). Hellmanex III solution used for rinsing 

the substrates was purchased from Hellma GmbH & Co. KG (Germany). All the chemicals were 

used without further purification, unless otherwise specified.  

Silicon wafers were purchased from WaferNet Inc. (USA) and glass slides from Thermo Fisher 

Scientific (USA). Ultrapure water with a resistivity of 18.2 MΩ∙cm was obtained from the Milli-

Q Direct Water Purification System (Millipore, France) and was used directly after production. 
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The 1/4J SS air atomizing nozzles and accessories used for spraying AgNWs were purchased 

from Spraying Synstems Co. (USA), alternative nozzles Mod.970/0 were purchased from 

Schlick (Germany). The A480L nozzles used for the automated spraying robot for 

polyelectrolytes were purchased from Aztek (USA). 

II.2. Experimental 

II.2.1. Preparation of solutions 

PEI solutions were prepared by dissolution of 2.5 mg/mL of the polymer in milli-Q water. PSS 

solutions were prepared in NaCl solution (0.5 M) at concentration of 0.616 mg/mL. PAH 

solutions were prepared in NaCl solution (0.5 M) at concentration of 0.0765 mg/mL. PDDA 

solutions were prepared in milli-Q water at concentration of 0.05 mg/ml. PMMA solutions were 

prepared in a mixed solvent chloroforme / toluene (1 / 1) at a mass fraction of 10%.  

AgNWs solutions were prepared at a concentration of 0.2 mg/ml by diluting 50 times the 

commercial solution (originally in ethanol at 10 mg/ml) in milli-Q water. Solutions of TDBC 

and other cyanine dyes were freshly prepared by dissolution in milli-Q water at a concentration 

of 0.1 mg/ml. 

II.2.2. Preparation of substrates  

The silicon wafers and glass (or quartz) slides were immersed in absolute ethanol and then in a 

Hellmanex solution for several minutes under ultrasound, rinsed with milli-Q water and dried 

with compressed air.  

The rinsed substrates were then treated by a plasma cleaner from Harrick Plasma (model PDC-

002, USA). Plasma cleaning leads to the removal of impurities and contaminants from surfaces 

through the use of an energetic plasma or dielectric barrier discharge (DBD) plasma created 

from gaseous species. The surface cleaning is a multi-step process consisting of the generation 
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of the active (cleaning) species, their transport to the surface, the “reaction(s)” on the surface, 

and the ultimate removal of the reaction products from the surface. In the case of plasma 

cleaning, electrons, ions and radicals are generated in plasma. Their interaction with the solid 

surface causes mainly three basic phenomena that lead to surface cleaning: heating, sputtering 

and etching. Through the plasma cleaning treatment, the hydrophilicity and wettability of the 

substrate are also improved. In addition, as a result of the interaction with the electrons, ions 

and radicals, the surface of the substrate is negatively charged, which favors the deposition and 

adhesion of the first layer of PEI and the following LbL-assembly of PEM.  

II.2.3. Grazing Incidence Spraying 

The aligned deposition of AgNWs was realized by GIS. A suspension of commercial AgNWs 

was fed to a liquid handling Pump (M50 Syringe-Free Liquid Handling Pump model CP-CM1-

P, Valco Instruments Co.) by a tube in fluorinated ethylene propylene (FEP, Interchim), which 

allows to precisely control the liquid flow (1 mL/min) of the AgNWs suspension. The pump 

was connected to a spraying nozzle (Spraying Systems), which is also connected to a gas flow 

controller fed by compressed air. The compressed air flow (30 L/min) was monitored by a 

flowmeter (Vögtlin Instruments GmbH, model GSP-C5SA-BB12), which allows to precisely 

control the flow by a valve. A polyelectrolyte multilayer PEI/PSS/PAH/PSS/PEI is deposited 

on a substrate treated as described in section II.2.2 by either dipping or spray-assisted LbL (see 

II.2.4). The substrate was then main by vacuum suction to the a motorized xy-theta sample 

holder perpendicular to the spraying direction of AgNWs, with a small angle α = 10° - 15° and 

distance d = 1 cm between the nozzle and the substrate. The suspension of AgNWs was sprayed 

through the nozzle by starting simultaneously the fluid and air flow during a given time (200 

seconds unless otherwise specified), followed by a rinsing step for 10 seconds by spraying milli-

Q water to the surface with a “air-boy” spraying bottle. The substrate was then dried with 

compressed air. The sample holder is motorized and can thus be precisely rotated to a certain 

angle, which allows depositing a second AgNW layer in a different direction. The setting of the 

spraying parameters, including the fluid flow, the air flow and the spraying time were controlled 
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by a home-made Labview software, while the movements (translation and rotation) of the 

sample holder were controlled by the software. 

II.2.4. Layer-by-Layer assembly 

II.2.3.1) Dipping-assisted LbL-assembly 

The LbL-assembly of the PEM can be realized by dipping the substrate in the polymer solutions. 

The negatively charged substrate (silicon wafer, glass or quartz) was immersed in a PEI solution 

for 15 min, followed by rinsing 3 times by immersing it in milli-Q water for 3 minutes. The 

rinsing steps were necessary to remove weakly adsorbed polyelectrolyte. The substrate was 

then dried with compressed air. By repeating the same procedure for the other polyelectrolytes, 

alternating layer pairs of polyanion / polycation (mainly PSS/PAH in this manuscript) were 

deposited, which led to PEM films with the desired thickness.  

The LbL-assembly of TDBC and other cyanine dyes involved in this manuscript was also 

realized by the dipping method, while the dipping time has been increased to 1 hour due to the 

different adsorption kinetics of the J-aggregates of the dyes compared to the polyelectrolyte 

chains (see details in section III.2.2).   

The whole dipping process can be realized by an automated dipping robot in the lab in which 

the sequence of beakers and dipping time in each solution can be chosen. Such a robot has been 

used in this thesis for the thicker films when more than 200 layer pairs had to be deposited.  

II.2.3.2) Spray-assisted LbL-assembly 

The deposition of PEM can also be carried out by spray-assisted assembly. Instead of immersing 

the substrate in the polyelectrolyte solutions as in the case of the dipping approach, the spray-

assisted method consists in spraying the polyelectrolyte solutions to the charged substrate for 6 

seconds and then rinsing it for 10 seconds by spraying milli-Q water to the surface. For this 
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purpose, pneumatic spray cans (the so-called “air-boy” spray bottle, Carl Roth GmbH, Germany) 

have been used, which produce a cloud of low-velocity droplets. The advantage of spraying is 

that the time necessary to build a monolayer is drastically reduced compared to dipping.  

The alternated spraying of polyanion / polycation can also be realized by an automated spraying 

robot in the lab. The same setup as for Grazing Incidence Spraying has been used, with different 

nozzles (Aztek), a lower gas flow (10 L/min) and a higher liquid flow (25 mL/min). The spray 

nozzles were placed orthogonally and at a larger distance from the substrate in order to wet the 

surface without applying the high shear force characteristic of GIS. The spraying robot was 

used used in this thesis when more than 15 layer pairs had to be deposited.  

II.2.3.3) Spin-assisted LbL-assembly 

The PMMA layers, with a typical thickness up to microns, were deposited by spin-coating, 

using a spin-coater from Laurell Technologies Corporation (USA, model WS-650HZ-8NPP). 

100 μL of a PMMA solution was dropped on a PEI-coated substrate, placed in the spin coater, 

which then spun during 60 seconds at a maximum rotation speed of 8000 rpm and an 

acceleration of 200 rpm/s. A layer of PMMA of about 1 μm was deposited, followed by another 

layer of PEI by dipping or spraying.  

II.3. Characterization techniques 

II.3.1. Ellipsometry 

Ellipsometry is a polarimetry technique for thin films and interfaces, which is based on the 

measurement of the change of polarization state of polarized light after reflection from a flat 

surface. This change of polarization is dependent on the refractive index and thickness of the 

thin film, and thus it is knowing the refractive index of a film it is possible to trace back to its 

thickness and vice versa. It is a non-destructive technique that allows to rapidly characterize the 

thickness of a thin film and its homogeneity over a flat reflective surface. 
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The thickness of the PEM films deposited on a silicon wafer can be measured using an 

ellipsometer purchased from PLASMOS (model SD 2300), operating at a single wavelength 

(632.8 nm) and at a constant angle of 70° with respect to the normal of the film, noted “Φ” in 

Figure 34. 

 

 

Figure 34. Schematic representation of a single-wavelength ellipsometer with rotating analyzer. 

A light beam is emitted from the light source and is linearly polarized by a polarizer fixed at an 

azimuth of 45°. The linearly polarized light then passes through a quarter-wave plate, the 

compensator, to get a circularly polarized light. This light reaches the sample at a defined 

incidence angle at 70°. The polarization state of the light is changed after the reflection from 

the sample. The light passes through then a continuously rotating linear polarizer which results 

in sinusoidal signals. The signals are sent to the system computer by the photodetector where 

the thickness or the refraction index of the sample is calculated.  

In this manuscript, the thickness of the PEM films deposited on silicon wafers were followed 

by ellipsometry, for which a constant refractive index was used (n = 1.465, value of the silicon 

oxide layer which is close to the refractive indices of the polymers). Despite this approximation, 

this technique enabled the quick characterization of the thickness of the PEM films, and its 
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accuracy was confirmed to be fairly good by the electron microscopy of the cross-section of the 

PEM films. (see section III.3.5)  

For each sample, 9 points chosen at a random position all over the surface were measured, from 

which we considered the average thickness and the standard deviation.  

II.3.2. Ultraviolet-Visible spectroscopy 

The ultraviolet-visible-near infrared spectroscopy in this manuscript was measured with the 

Carry 5000 spectrometer from Agilent, which allowed to characterize the extinction of solutions 

and films in a spectral range from 180 nm to 3300 nm. In the process of a measurement, a beam 

is emitted from the light source, which passes through a monochromator and is then separated 

into two beams by a beam splitter. One goes to the sample to be characterized, and the other to 

the reference. The samples were fixed on a sample holder with a circular opening of 5 mm in 

diameter, and an identical sample holder was placed on the light path of the reference beam. 

The detector collects alternatively the light intensity from the refence I0 and that from the 

sample I. The absorbance of the sample is thus given by: 

 
𝐴 =  −𝑙𝑜𝑔

𝐼

𝐼0
 (45) 

Since the source beam of the Carry 5000 was slightly polarized due to the monochromator and 

that samples based on aligned AgNWs are very sensitive to the polarization, it was necessary 

to use a depolarizer when characterizing the extinction of the AgNW films. For this, a Hanle 

wedge depolarizer (B. Halle) was placed in front of the sample.  

It is also possible to measure the extinction of the films with linearly polarized light at different 

angles using a motorized Glan-Taylor linear polarizer.  



Materials and methods 

66 

 

II.3.3. Circular dichroism spectroscopy 

Circular dichroism spectroscopy is measured by alternately irradiating the sample with left and 

right circularly polarized light and measuring the difference in absorption between the two 

polarization states. Unpolarized light is passed through a linear polarizer and then a photoelastic 

modulator which allows to generate alternatively left circularly polarized (LCP) light and right 

circularly polarized (RCP) light. After light is passed through the sample, its intensity is 

measured by a photomultiplier tube (180-800 nm) or an InGaAs detector (800-1600 nm and 

1600-2500 nm). This leads to the difference in absorbance between LCP and RCP, which is the 

circular dichroism of the sample. 

 

Figure 35. Schematic representation of a CD spectrometer.252 

 
𝛥𝐴 =  𝐴𝐿𝐶𝑃 −  𝐴𝑅𝐶𝑃 (46) 

where ALCP and ARCP correspond 

respectively to the absorbance of left and 

right circularly polarized light. From ΔA, it 

is possible to deduce the ellipticity θ given 

by: 

 tan θ =  
𝐸𝑙 −  𝐸𝑟

𝐸𝑙 +  𝐸𝑟
 (47) 

Thus, we have: 

 

Figure 36. Elliptically polarized 

light (purple) is the 

superposition of LCP (red) and 

RCP (blue) light. θ is the angle 

between the magnitude of the 

electric field vector at its 

maximum and its minimum. 
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θ (radian) =  

𝑙𝑛10

4
 𝛥𝐴 (48) 

The CD of a real sample has normally small ΔA values and θ is therefore usually expressed in 

millidegree (mdeg) unit. 

 
θ (mdeg) =  

𝑙𝑛10 ∗ 180 ∗ 1000

4𝜋
 𝛥𝐴 (49) 

The CD in this manuscript was measured by a spectrometer from Jasco (model J-1700). The 

sample holder had a circular opening of 5 mm in diameter, allowing the characterization of the 

central area of the sample. It must be noted that the linear birefringence and the linear dichroism 

may have a strong influence on the CD measured on a commercial J1700 spectrometer, and 

thus the CD spectra measured by the Jasco spectrometer were regularly compared with those 

measured by the Mueller Matrix Polarimetry for the same samples. 

II.3.4. Mueller matrix polarimetry 

The state of polarization of light can be described by its Stokes vector S,  

 
𝑺 = [𝑆0 𝑆1 𝑆2 𝑆3]𝑡 (50) 

where the parameters are defined as follows: 

 
𝑆0 =  〈𝐼𝑥〉  +  〈𝐼𝑦〉 =  〈𝐼𝑥′〉  +  〈𝐼𝑦′〉 =  〈𝐼𝐿𝐶〉 + 〈𝐼𝑅𝐶〉 (51.a) 

 
𝑆1 =  〈𝐼𝑥〉 −  〈𝐼𝑦〉 (51.b) 

 
𝑆2 =  〈𝐼𝑥′〉 −  〈𝐼𝑦′〉 (51.c) 

 
𝑆3 =  〈𝐼𝐿𝐶〉 −  〈𝐼𝑅𝐶〉 (51.d) 

S0 is thus related to the total intensity of the light beam, while the other 3 coordinates are related 

to the polarization degree of the light propagating along the z axis perpendicular to the (xy) 

plane. Ix and Iy are the linear polarizations with respect to the Cartesian coordinate system along 
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x and y axis; Ix’ and Iy’ are the linear polarizations referring to the Cartesian coordinate system 

rotated by 45° with respect to x and y, and ILC and IRC are left-handed circularly polarization 

(LC) and right-handed circularly polarization (RC).    

The stokes vector S can also be reduced to a three-dimensional vector by normalizing to the 

total intensity S0: 

 
𝒔 = [𝑠1 𝑠2 𝑠3 ] =  [𝑆1 𝑆0⁄  𝑆2 𝑆0⁄  𝑆3 𝑆0⁄ ] (52) 

We obtain thus the degree of polarization of the light: 

 
𝑃 = |𝒔| =  √𝑠1

2+ 𝑠2
2 + 𝑠2

2 (53) 

with 0 ≤ P ≤ 1. In the s1, s2, s3 space, the unit sphere P = 1, named the Poincaré sphere, represents 

the states of perfectly polarized light, while its center P = 0 (s1 = s2 = s3 = 0) represents 

unpolarized light. Inside the sphere, where 0 < P < 1, there are all the partially polarized states, 

which can be regarded as a superposition of a totally polarized state and a unpolarized 

component.  

When interacting with an optical element (transmission, reflection or scattering), the state of 

polarization of the incident light can be modified. This process can be mathematically expressed 

as the transformation of the original Stokes vector S into a new vector S’, by multiplying to the 

Mueller matrix M. This 4×4 matrix named after Hans Mueller represents the effect of the 

sample on the polarization and is a function of the frequency of light. In the absence of 

depolarization from the sample, its Mueller matrix can be written in the following form, which 

consists of seven elements, including the circular dichroism (CD), the circular birefringence 

(CB), the linear dichroism (LD) and the linear birefringence (LB). 

 
M = exp (

𝐴 −𝐿𝐷
−𝐿𝐷 𝐴

−𝐿𝐷′ 𝐶𝐷
𝐶𝐵 𝐿𝐵′

−𝐿𝐷′ −𝐶𝐵
𝐶𝐷 −𝐿𝐵′

𝐴 −𝐿𝐵
𝐿𝐵 𝐴

) (54) 

where LD and LB correspond to linear dichroism and the linear birefringence at 0°, and LD’ 

and LB’ correspond to those at 45°. 
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Mueller matrix polarimetry makes it possible to measure the different elements of the Mueller 

matrix. The polarimetry involves passing depolarized light through a polarization state 

generator (PSG), which consist of a linear polarizer and a rotating quarter wave plate (retarder). 

It will produce light with defined and time varying states of polarization. The light then passes 

through (or is reflected from) the sample, which may change the polarization states of the light 

beam. The light then passes through a polarization state analyzer (PSA), which also consist of 

a quarter wave plate and linear polarizer. This analyzer measures the various defined 

polarization states which vary over time. As the generator and the analyzer vary their 

polarization states at different frequencies, it is possible to retrieve each transmitted polarization 

state for each incident polarization state. The parameters of the Mueller matrix can thus be 

calculated and are normalized according to the parameter M11.  

 
Figure 37. Schematic representation of a dual-rotating compensator polarimeter. 

The normalized values of the elements of the Mueller matrix are comprised between -1 and 1. 

To compare the results of circular dichroism measured in the Mueller matrix polarimetry 

(CDMMP) and the results of circular dichroism measured by circular dichroism spectrometer 

(CDS), it is necessary to convert the values obtained by the normalized Mueller matrices to 

millidegrees through the following equation. 

 
𝐶𝐷𝑠 =  

180000 ∗ 𝑙𝑛10 ∗ 𝐶𝐷𝑀𝑀𝑃

4𝜋
 (55) 

The Mueller Matrix of this manuscript were measured by Yann Battie at the University of 

Lorraine. Two kinds of polarimeter were used, one is the dual-rotating compensator polarimeter 

described above, which allows for the measurement of all the elements of the Mueller Matrix; 

the other is a polarimeter without the rotating retarder in the polarization state generator, which 
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allows for the measurements of the first three rows of the Mueller Matrix. Considering the 

symmetry of the Mueller Matrix, both polarimeters can provide full scale information of the 

Mueller Matrix. 

II.3.5. Fluorescence spectroscopy 

Fluorescence is the emission of a photon by an excited molecule, 

atom or nanostructure, through its relaxation to a lower energy 

state (possibly the ground state). It may have been excited from 

the ground state by absorption of a photon. The excited state 

undergoes rapid thermal energy loss to the environment through 

vibrations, and then a photon is emitted from the lowest-lying 

singlet excited state (Figure 38). The emitted photon has 

normally lower energy than the absorbed photon, and thus has a 

longer wavelength. 

Fluorescence spectroscopy is the spectroscopy that analyze the 

fluorescence of a sample. There are two types of fluorescence spectroscopy, the emission 

spectrum and the excitation spectrum. An emission spectrum is the fluorescence emission 

intensity as a function of emission wavelength when the excitation wavelength is fixed. An 

excitation spectrum is when the emission wavelength is fixed and the excitation 

monochromator wavelength is scanned. The excitation spectrum gives information about the 

wavelengths at which a sample will absorb so as to emit at the chosen emission wavelength.  

Figure 38. Jablonski diagram 

that illustrates the electronic 

states of a molecule and the 

transitions between them. 
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The instrument allowing for the fluorescence spectroscopy is 

a fluorometer (Figure 39). Light is emitted from the light 

source and then filtered by the excitation monochromator. The 

sample is excited by the filtered light with a selected narrow 

band of wavelengths and emits afterwards a fluorescence 

photon. The emission light is filtered by the emission 

monochromator and then analyzed by the detector. 

The fluorescence of the films containing TDBC was measured by a Fluoromax-4 spectrometer 

from Horiba (Japon).  

 

II.3.6. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a technique that produces images of the surface of a 

sample by probing it with a focused electron beam. A Scanning electron microscope consists of 

an electron optical column, several electron detectors, a vacuum system, electronics and 

software. The primary electrons emitted by the electron gun of the microscope can interact with 

atoms of the sample, as the electron beam penetrates the surface of the sample into a certain 

volume called the "interaction pear". The producing signals that can be detected and that contain 

information about the sample’s surface morphology and composition include secondary 

electrons, reflected or back-scattered electrons, characteristic X-rays and transmitted electrons. 

Figure 39. Schematic representation 

of a fluorometer. 
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Figure 40. (A) Schematic representation of a SEM.255 (B) Interaction pear showing the different interactions 

between the electrons and the sample.256 

The most widely used detector is the secondary electron detector. As the primary electrons 

encounter the atoms of the sample and lose some of their energy during the collision, secondary 

electrons are emitted, which are collected and analyzed by the detector. Due to their low energy 

on the order of 50 eV, the secondary electrons tend to be emitted from a highly localized volume 

at the point of impact of the primary electron beam, making it possible to collect images of the 

sample surface with a resolution below 1 nm. 

The primary electrons can also collide with the sample in an elastic way with a weak loss in 

energy, in this case we speak of back-scattered electrons, for which the detector is placed close 

to the axis of the primary electron beam. Atoms with a high atomic number have a nucleus with 

a higher positive charge than lighter elements and generate more back-scattered electrons. 

Therefore, a significant contrast will be observed between the zones of atoms with high and 

low atomic numbers. Image acquisition using the back-scattered electron detector thus provides 

compositional contrast between, for example, metallic and organic components.  

Characteristic X-rays are emitted when the electron beam removes an inner shell electron from 

the sample, causing a higher-energy electron to fill the shell and release energy. The energy or 

wavelength of these characteristic X-rays can be measured by Energy-dispersive X-ray 
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spectroscopy and be used to identify and measure the abundance of elements in the sample and 

map their distribution. 

The scanning electron microscope used in this manuscript is an SU8010 electron microscope 

from Hitachi (Japan) using the secondary electron detector. AgNWs thin films are highly 

conductive and thus convenient for SEM imaging. It was possible to take micrographs of the 

samples with the microscope, not only from the top view, but also from their cross section. In 

order to do so, the samples were firstly cut in two parts at a given region of interest, the cross 

section was then milled with a focused Ar+ ion beam, using an ion milling system from Hitachi 

(Japan, model IM4000plus). 

II.3.7. Atomic force microscopy 

Atomic force microscopy (AFM) is a scanning 

probe microscopy (SPM) with nanoscale 

resolution. Unlike electron microscopy, AFM 

collects information of a surface by “touching” 

it with a mechanical probe. Therefore, AFM is 

rather a topographic imaging technique, which 

allows to analyze the topography of the surface 

and to calculate its roughness. The interaction 

of the probe and the surface also reveals 

information on the surface mechanical 

properties.  

As illustrated in Figure 41, the sample surface is scanned by a sharp tip placed on a cantilever. 

When the distance between the tip and the surface is reduced, the cantilever is deflected, which 

is detected by the movement of the reflection spot of a laser reflected by the cantilever to a 

Laser

Photodiode

 antiliever 
  tip

P   

Sa ple surface

Detector and 
feedback
electronics

Figure 41. Schematic representation of an Atomic 

Force Microscope.  
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photodiode. A feedback electronic circuit follows these changes and leads to the formation of 

height profiles of the sample.  

There exist two scanning modes of AFM: the contact mode and the tapping mode. In the contact 

mode, the tip is always in contact with the sample during the surface scanning. In the tapping 

mode, the tip oscillates very closely to the surface instead of contacting the surface. The Van 

der Waals force between the tip and the surface modifies the resonance frequency of the tip and 

therefore the cantilever. The tapping mode is usually used for fragile samples or when high 

resolution images are required.  

The Atomic Force Microscope used in this manuscript is AFM multimode 8 (Bruker, USA) in 

tapping mode. 

II.4. Simulation of the optical properties 

The numerical simulations of the Mueller Matrix of our samples were carried out by Y. Battie 

from the Université de Lorraine using the Berreman formalism253. It is a 4x4-matrix method 

that describes the electromagnetic wave propagation in multilayer media, including multiple 

birefringent layers, crystals, chiral coatings and other complex optical configurations with many 

birefringent layers of arbitrary optical axis orientation. 

Each sample is considered as a stack of layers. The refraction index of the glass substrate is 

taken from the literature254. The refraction index of the polymer, TDBC and the AgNW layer 

are measured by ellipsometry. Each layer of nanowires is considered as a uniaxial linearly 

birefringent and linearly dichroic medium, and thus 2 complex indices are necessary. The so-

called ordinary and extraordinary indices measured on a typical AgNW oriented layer were 

considered for the simulation. The simulations are carried out at normal incidence, in 

transmission at azimuth 0 with respect to the bottom layer of nanowires. 
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The propagation of light in the structure is modeled using the Berreman formalism. This matrix 

formalism links the amplitudes of the incident field A to those of the reflected field B and of 

the field transmitted C by the structure. 

 
(

𝐴𝑠

𝐵𝑠

𝐴𝑝

𝐵𝑝

) = 𝑇 (

𝐶𝑠

0
𝐶𝑝

0

) (56) 

The indices p and s denote a polarization of p (TM polarization) and s (TE polarization) type. 

T is a (4×4) transfer matrix which represents the sample. It is obtained by calculating the product 

of the transfer matrices of each layer. 

 𝑇 = 𝐿𝑎
−1 ∏ 𝑇𝑖(−𝑑𝑖)

𝑁

𝑖=1

𝐿𝑡 (57) 

The transfer matrix Ti(di) of the layer i of thickness di is given by: 

 𝑇𝑖(𝑑𝑖)  = 𝑒−𝑗𝑘∆𝑖𝑑𝑖 (58) 

where 𝑘 =
2𝜋

𝜆
 and ∆𝑖= (

0 0
0 0

0 1
−1 0

−𝜀21,𝑖 −𝜀22,𝑖

𝜀11,𝑖 𝜀12,𝑖

0 0
0 0

). This matrix is simplified because we are 

interested in the transmittance at normal incidence and in the case of a uniaxial medium. 

The input matrix is defined by 

 𝐿𝑎
−1 = 0.5 (

0 1
0 1

−1 0
1 0

1 0
−1 0

0 1
0 1

) (59) 

The output matrix is defined by 

 𝐿𝑡 = (

0 0
1 0

1 0
0 0

−𝑛𝑠 0
0 0

0 0
𝑛𝑠 0

) (60) 

With ns the refractive index of the substrate (glass slide). 

The Fresnel coefficients of the sample are then calculated from the matrix T. 

 𝑡𝑠𝑠 =
𝑇33

𝑇11𝑇33 − 𝑇13𝑇31
 (61.a) 
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 𝑡𝑠𝑝 =
−𝑇31

𝑇11𝑇33 − 𝑇13𝑇31
 (61.b) 

 𝑡𝑝𝑝 =
𝑇11

𝑇11𝑇33 − 𝑇13𝑇31
 (61.c) 

 𝑡𝑝𝑠 =
−𝑇13

𝑇11𝑇33 − 𝑇13𝑇31
 (61.d) 

We can then build the Jones matrix in transmission: 

 𝐽 = (
𝑡𝑝𝑝 𝑡𝑝𝑠

𝑡𝑠𝑝 𝑡𝑠𝑠
) (62) 

The Mueller matrix is thus: 𝑀 = 𝐴(𝐽⨂𝐽∗)𝐴−1 with 𝐴 = (

1 0
0 0

0 1
0 −1

0 1
0 𝑖

1 0
−𝑖 0

). 
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I I I .  Plasmonic assemblies: from a single layer 

to chiral superstructures 

Many efforts have been devoted to the fabrication of chiral plasmonic nanostructures, using 

various techniques (I.5). In this chapter, we will introduce the fabrication of chiral plasmonic 

superstructures with oriented AgNWs as building blocks, using Grazing Incidence Spraying 

(GIS) and Layer-by-Layer (LbL) assembly. Structures containing a single layer of aligned 

AgNWs (achiral structure), two layers and three or more layers of AgNWs (both left- and right-

handed structures) will be presented. Their optical properties will be discussed, including CD 

spectroscopy, extinction spectroscopy and Mueller matrix polarimetry. The optical properties 

will also be compared to numerical simulations. In particular, the influence of different 

structural parameters on the chiroptical properties of the two-layer structures will be discussed. 

This chapter is divided in the following sections:  

III.1. Single layer of aligned AgNWs 

III.2. Layer-by-layer assembly of polyelectrolytes 

III.3. Chiral superstructures containing two layers of AgNWs 

III.4. Chiral superstructures containing three and more layers of AgNWs 

III.5. Conclusion 

III.1. Single layer of aligned AgNWs 

The key prerequisite to fabricate a 3D multilayer chiral nanostructure is first of all the controlled 

alignment of AgNWs on a substrate. By using the GIS method described in the previous chapter, 

we obtain a dense film of AgNWs with the nanowires well-oriented along the spraying direction. 

In this section, the orientation distribution in a single layer of aligned AgNWs will be analyzed, 

and its optical properties (linearly polarized extinction spectroscopy and Mueller Matrix 

Polarimetry) will be studied. 
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III.1.1. Orientation distribution 

Grazing Incidence Spraying (GIS) is a method allowing for the orientation of 1D anisotropic 

nanoobjects by spraying a suspension of the 1D nanoobjects on a pre-treated substrate at a small 

incidence angle. The nanoobjects are oriented along the flow direction during their adsorption 

due to the shear force of the flowing liquid. Figure 42A shows a sketch and an optical 

photograph of the AgNW film deposited on a glass slide by GIS. Figure 42B is the extinction 

spectrum of a monolayer of aligned AgNWs, illuminated by non-polarized light.  

 
Figure 42. (A) Sketch of a layer of AgNWs aligned on a glass substrate deposited by GIS (inset: optical photograph 

of a sample). The area in which the spectroscopic measurements and microscopy imaging are carried out is a 

circle with a diameter of 5 mm in the center of the sample. The substrate is 25 mm × 25 mm. (B) Typical extinction 

spectrum of a layer of aligned AgNWs under non-polarized light. The double peak at 350 and 380 nm (inset) 

corresponds to the transverse modes of the LSPR of the AgNWs, while the broad band starting from 600 nm 

corresponds to the longitudinal modes of the LSPR.  

Unlike isotropic plasmonic nanoparticles, such as gold nanospheres, which have a single LSPR 

mode depending on criteria discussed in section I.3.3 (Figure 16), anisotropic plasmonic 

nanoobjects display several LSPR modes. For example, in Figure 42B, we see a double peak 

in the UV-Vis range corresponding to the transverse modes (TMs) of the LSPR of our AgNWs 

with a pentagonal cross-section. When the section of a nanowire / nanorod has a round shape, 

a single peak is often observed for the transverse mode. We also notice a broad band extending 

in the NIR, corresponding to the longitudinal modes of the LSPR. This broad extinction band 

is due to the superposition of several longitudinal modes that arise at different wavelength due 
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to the large length distribution of the AgNWs. Indeed, the exact shape and intensity of the 

extinction spectra of the AgNW films depend strongly on the AgNW aspect ratio, orientation 

distribution, density of the film etc, and thus may have slight differences from sample to sample. 

However, the main features are always present, which allows to compare the spectra obtained 

under different experimental conditions.  

The alignment of the AgNWs was confirmed both from a microscopic and a spectroscopic point 

of view. As we can see in the SEM image (Figure 43), the AgNWs are well aligned.  

 

Figure 43. (A) SEM image of a non-oriented AgNWs film by dip coating. The diameter of the AgNWs is around 60 

nm, and their length is several microns. (B) SEM image of a monolayer thin film of AgNWs aligned by GIS. (C) 

same image as in B) colored depending on its absolute orientation using OrientationJ, a plugin for Image-J. The 

inset shows the color scale (D) Orientation distribution of the AgNWs with respect to the main orientation. 

The orientation analysis was realized with OrientationJ, a plugin for ImageJ, which computes 

the local orientation for each pixel in the image by comparing the gray level of one pixel to the 
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neighboring pixels. The distribution of orientation can be built, counting the numbers of pixels 

with identical deviation with respect to the main direction defined as θ = 0°. The nematic order 

parameter S2D can thus be calculated and can be used to quantify the degree of alignment as 

function of the angular deviation θ with respect to the main orientation. This parameter is equal 

to zero when the orientation of the AgNWs is totally random and is equal to 1 when all the 

AgNWs have the same orientation angle. 

 
𝑆2𝐷 = < 2𝑐𝑜𝑠2θ − 1 > (63) 

We obtain an order parameter S2D = 0.85, which means 80% of the AgNWs are aligned within 

±20°.  

Considering that the AgNWs display a LSPR with orientation-dependent modes (TM and LM), 

one can expect that the extinction spectrum of a film of oriented AgNWs will depend on the 

direction of polarization if the spectra are measured with linearly polarized lights. The LMs of 

the LSPR should be excited when the incident light is polarized at 0° (the electric field of the 

light is parallel to the orientation of the AgNWs), while TMs should be excited when the 

incident light is polarized at 90° (the electric field of the light is perpendicular to the orientation 

of the AgNWs). Light polarized at an angle α between 0° and 90° would lead to a spectrum 

intermediate between those measured at 0° and 90°. In order to confirm this, we varied α from 

0° to 90° with a step of 10° (Figure 44A). The extinction between 600 nm and 2000 nm 

(corresponding to the LM) increases with α while the extinction between 320 nm and 450 nm 

decreases with α (Figure 44B). One can observe that the extinction is highly polarization-

dependent, as the extinction at 2000 nm varies from 0.75 (α = 0°) to 0.1 (α = 90°). This confirms 

the excellent alignment of the AgNWs and that the optical properties are highly anisotropic at 

the macroscopic scale. 
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Figure 44. (A) Schematic illustration of extinction spectroscopy with light linearly polarized at angle α with respect 

to the direction of orientation of the AgNWs. (B) Polarized extinction spectra of a monolayer of aligned AgNWs 

measured with linearly polarized light. The angle α was varied from 0° - 90° with 10° steps. The dashed line is the 

extinction spectrum measured with a depolarizer. The features around 900 nm are an artefact of the spectrometer. 

Furthermore, the extinction of a layer of aligned AgNWs at two 

fixed wavelengths (380 nm and 1500 nm, corresponding to the 

transverse and longitudinal modes respectively) can be 

measured as function of the angle of the linearly polarized light 

(every 10° from 0° to 360°). The experimental results and 

modeling are given in the polar plot (Figure 45). We observed 

an extinction maximum for the transverse mode at 90° and an 

extinction maximum for the longitudinal mode at 0°, which 

shows the anisotropic response of the oriented thin film to 

linearly polarized light. 

The variation of the extinction with the polarization can be fitted by a cosine square (or sine 

square) variation between a maximum and minimum value: 

Figure 45. Polar plot of the 

measured (circles) and simulated 

(lines) extinction at 380 nm (blue) 

and 1500 nm (red) of a layer of 

aligned AgNWs as a function of 

polarization angle α. 
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𝐴𝑙𝑜𝑛𝑔 = (𝐴𝑙𝑜𝑛𝑔 𝑚𝑎𝑥 − 𝐴𝑙𝑜𝑛𝑔 𝑚𝑖𝑛)𝑐𝑜𝑠2(𝛼) +  𝐴𝑙𝑜𝑛𝑔 𝑚𝑖𝑛 (64.a) 

 
𝐴𝑡𝑟𝑎𝑛𝑠 = (𝐴𝑡𝑟𝑎𝑛𝑠 𝑚𝑎𝑥 − 𝐴𝑡𝑟𝑎𝑛𝑠 𝑚𝑖𝑛)𝑠𝑖𝑛2(𝛼) +  𝐴𝑡𝑟𝑎𝑛𝑠 𝑚𝑖𝑛 (64.b) 

where Atrans and Along correspond respectively to the extinctions at 380 nm and 1500 nm, Amax 

and Amin represent maximum and minimum extinctions at corresponding wavelengths, and α 

the polarization angle.  

III.1.2. Influence of spraying time on the AgNW density 

One major advantage of GIS is that the density of the deposited AgNW thin film can easily be 

tuned by varying the spraying time of the AgNW suspension. We varied the spraying time from 

30 s to 800 s, and measured the extinction spectrum for each sample (Figure 46A).  

 

Figure 46. (A) UV-Vis-NIR extinction spectra of a layer of AgNWs deposited by GIS at different spraying time. (B) 

Extinctions at 350 nm and 1500 nm as a function of the spraying time. (C) SEM images of one layer of AgNWs 

with a spraying time of 30 s, 100 s, 200 s, 400 s and 800 s (form left to right). 
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We extracted the values of the extinction at 350 nm (TM) and 1500 nm (LM) and plotted them 

as a function of the spraying time (Figure 46B). The extinction increases with the spraying time 

until reaching its maximum for 200 s, which means that a saturated AgNW monolayer has been 

formed on the surface. Interestingly, the extinction decreases when increasing the spraying time 

from 400 s to 800 s, probably because weakly adsorbed AgNWs are desorbed from the substrate 

by the continuous shear force applied during spraying for a long time. Therefore, in order to 

obtain dense films of AgNWs and maximize the optical anisotropy, the optimal spraying time 

of 200 s will be used for the rest of this thesis unless otherwise specified. 

III.1.3. Mueller Matrix Polarimetry 

The Mueller Matrix Polarimetry (MMP) of a layer of aligned AgNWs was measured by Yann 

Battie from the Université de Lorraine. MMP provides a comprehensive description of the 

polarization properties of the sample, and can be compared to the results from other optical 

characterization methods. It is indeed well-known that the LD/LB of thin films with strong 

linear anisotropies can induce large artifacts on the CD measured with a commercial CD 

spectrometer, whereas all the contribution to the polarimetry (LD, LB, CD and CB) can be 

measured accurately with MMP. The linear properties are the difference between the x 

component and the y component, while x corresponds to the longitudinal direction of the 

AgNWs, and y corresponds to the transversal direction of the AgNWs. The circular properties 

are the difference between the left circularly polarized (LCP) light and right circularly polarized 

(RCP) light. 
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Figure 47. Mueller Matrix of a layer of aligned AgNWs as function of the azimuth angle (Φ) and wavelength (λ), 

measured by MMP. The radial coordinate is the wavelength (λ), the angular coordinate is the azimuth angle (Φ) 

and the color-code represent the amplitude of the different elements of the Mueller Matrix. 

The measurements were performed in a spectral range from 382 nm to 842 nm, for different 

azimuth angle Φ, i.e. for different orientations of the AgNW thin films with respect to the 

polarization of the incident light. Φ = 0° when the incident light is polarized in the longitudinal 

direction of the AgNWs, and Φ = 90° when the incident light is polarized in the transverse 

direction of the AgNWs. The spectra have then been extrapolated to plot the polar graphs shown 

in Figure 47, in which the wavelength is along the radius and the angle correspond to the 

azimuth of the sample, while the value of each element of the Mueller Matrix is color-coded. 

With the Mueller Matrix of the sample, which can be written in the following form (65), one is 

able to extract the important optical properties of the sample, including the circular dichroism 
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(CD), circular birefringence (CB), linear dichroism (LD) and linear birefringence (LB), given 

that the depolarization is negligible.  

 
M = exp (

𝐴 −𝐿𝐷
−𝐿𝐷 𝐴

−𝐿𝐷′ 𝐶𝐷
𝐶𝐵 𝐿𝐵′

−𝐿𝐷′ −𝐶𝐵
𝐶𝐷 −𝐿𝐵′

𝐴 −𝐿𝐵
𝐿𝐵 𝐴

) (65) 

The depolarization dp of a medium is given by the following equation: 

 
𝑑𝑝 =  √((𝑡𝑟(𝑴𝑡 ∗ 𝑴)) − 1) /3 (66) 

where M represents the Mueller Matrix and Mt represents the transposed matrix of the Mueller 

Matrix. When dp = 0 the medium is considered as an ideal depolarizer and when dp = 1, the 

medium is considered as non-depolarizing.  

The depolarization of a layer 

of aligned AgNWs was 

calculated from its Mueller 

Matrix and the result is given 

in Figure 48. This 

measurement allows to 

demonstrate that for all azimuth angles and over the entire measured spectral range, the dp is 

close to 1 and thus the AgNWs can be considered as a non-depolarizing medium. LB, CB, LD 

and CD of the sample can thus be extracted from its Mueller Matrix (Figure 49).  

Figure 48. Depolarization 

values (color) as a function of 

the wavelength (radius) and 

the azimuth (angle) of the 

sample with respect to the 

polarization of the incident 

light. 
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Figure 49. LB, LD, CB and CD of the single layer of aligned AgNWs as a function of the azimuthal angle (Φ) and 

wavelength (λ), extracted from the Mueller Matrix. 

Simulations of the Mueller Matrix of the single layer of aligned AgNWs were also carried out, 

using the method described in section II.4. The simulated LB, LD, CB and CD are illustrated 

in Figure 50, while the complete Mueller Matrix can be found in the appendix. 

 
Figure 50. Simulated LB, LD, CB and CD of the single layer of aligned AgNWs as a function of the azimuthal angle 

(Φ) and wavelength (λ). 
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In both the measured (Figure 49) and simulated (Figure 50) MMP, we can see that the circular 

components (CD and CB) of a single layer of aligned AgNWs are independent of the azimuth 

angle. In particular the CD (both measured and simulated) of a layer of aligned AgNWs is close 

to 0 in the entire spectral range, which in other words means that the sample is non-chiral. The 

CB also has very small values compared to the linear components (LB and LD). On the other 

hand, the LB and LD have much higher values compared to the CB and CD, and are highly 

dependent on the azimuthal angle and the wavelength (for LD). Indeed, the symmetry of the 

MMP fits well what can be expected for a uniaxial medium such as an aligned monolayer of 

nanowires, i.e. high linear polarization properties (dependent on the azimuth angle), but no 

circular polarization properties. This is consistent with the (polarized) UV-Vis extinction 

spectra of the one-layer sample discussed in the previous sections. Despite the important 

dependence of LB and LD on the azimuth angle, the central interest of this manuscript is the 

chiroptical properties (CD) of the plasmonic nanostructures, which are actually independent of 

the azimuth angle. Measuring at different azimuth also increases a lot the measurement time 

and data treatment complexity. Thus, most of the measurements and simulations will be realized 

at only one azimuth (Φ = 0°, that is, the orientation of the first layer of AgNWs is parallel to the 

polarization direction of the incident light) in the following sections. 

III.2. Layer-by-layer assembly of polyelectrolytes 

Now that we have shown that well-aligned AgNW thin films with highly anisotropic properties 

can be prepared by GIS, it is desirable to fabricate 3D superstructures containing several 

AgNWs layers, which are eventually chiral as long as the orientation of each layer of AgNWs 

is chosen to be different from each other. Both left- and right-handed superstructures were 

prepared, depending on the rotation direction of the AgNWs orientations. The interlayer spacer 

separating adjacent layers of AgNWs is a LbL-assembled polyelectrolyte multilayer film, 

consisting of alternated polyanion and polycation layers. In our case poly(sodium styrene 
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sulfonate) (PSS) has been used as the polyanion and poly(ethylene imine) (PEI) and 

poly(allylamine hydrochloride) (PAH) as the polycations.  

 

Figure 51. Chemical structure of the polyelectrolytes. 

As a result, the structure of our 

chiral plasmonic superstructure 

containing two layers of AgNWs 

can be described as following: 

PEI/PSS/PAH/PSS/PEI/Ag@0°/PEI/ 

(PSS/PAH)n/PSS/PEI/Ag@α 

(Figure 52).  

An oligolayer assembly of 

(PEI/PSS/PAH/PSS/PEI) was deposited on the substrate, following its activation by plasma. 

Afterwards the first layer of AgNWs was spray-oriented by GIS on the polymer coated substrate. 

Before the spray-deposition of the second layer of AgNWs, a polyelectrolyte multilayer film 

acting as the interlayer spacing was deposited. It consisted of the classical polyelectrolyte 

sequence PEI/(PSS/PAH)n/PSS/PEI, which has been established since two decades and has 

been widely used until now. It starts and ends with a layer of PEI, which has a very strong 

stickiness towards the substrate and the AgNWs. The repeating (PSS/PAH)n layer pairs lead to 

smooth and robust thin films with determined and tunable thickness by varying the layer pair 

number n, thanks to their high charge densities and their long chain structures compared to the 

dendritically branched structure of PEI. This section aims to introduce the two frequently used 

LbL-assembly methods (dipping and spray-assisted methods), and their precise control of the 

thickness of the polyelectrolyte multilayer films up to very large number of layers. 

Figure 52. Schematic of a chiral superstructure consisting of two 

layers of AgNWs, the relative angle between the two directions of 

orientation is defined as α. The two AgNWs layers are separated by 

a multilayer polyelectrolyte thin film deposited by LbL-assembly. 
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There are typically three LbL-assembly strategies: dipping, spray-assisted and spin-assisted 

LbL-assemblies. This manuscript includes mainly the dipping and spray-assisted methods. We 

prepared several LbL films of PEI/(PSS/PAH)5 by the dipping methods, with different dipping 

time per layer varying from 0.2 to 30 min.  

 

Figure 53. (A) Thickness of a PEI/(PSS/PAH)5 film obtained by the dipping method with different dipping time from 

0.2 – 30 min per layer. (B) Thickness of a PEI/(PSS/PAH)n measured by ellipsometry as a function of n, the number 

of (PSS/PAH) layer pairs. The thickness at n = 0 of about 2.5 nm is that of the PEI layer and the oxidized layer of 

the substrate resulting from plasma cleaning. 

As we plot the total thicknesses as function to the dipping time per layer, we observe that the 

thickness increases with the dipping time and reaches a maximum at 15 min (Figure 53A), 

which is the saturation of the deposition, while this saturation is reached after a few seconds via 

the spray-assisted method. 

We produced a multilayer polyelectrolyte film with a structure of PEI/(PSS/PAH)n (0 < n < 5) 

via the dipping and spray-assisted methods, and its thickness was followed by ellipsometric 

measurements for each n, i.e. after the deposition of PEI and each layer pair of PSS/PAH. As 

demonstrated in Figure 53B, the thickness of a LbL-assembled polyelectrolyte film increases 

linearly as the number of layer pairs of PSS/PAH is growing. LbL films obtained by the dipping 

method have a slightly larger thickness in our experimental conditions. Dipping is more time-

consuming than spraying as the dipping time is typically several minutes vs. several seconds 

for spraying. It is also more economical in terms of chemical products, as the same beaker can 

be re-used for the dipping of a large number of layers.  
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In order to reach higher interlayer spacings 

of several tens or hundreds of nanometers, a 

large number of polyelectrolyte layers have 

to be deposited (we used samples with up to 

100 layer pairs of PSS/PAH in this thesis). 

Luckily, we could use a dipping robot and a 

spraying robot, which allow for the 

automated fabrication of LbL films, and the 

linear growth of the multilayer with the 

number of layers was maintained (Figure 

54). 

The thicknesses in Figure 53 and Figure 54 were measured by ellipsometry, and the samples 

thus had to be prepared on silicon wafers instead of glass slides because a reflective substrate 

is required. We measured for each sample nine different spots and calculated the average 

thickness. Error bars, which represent the standard deviation of the thickness over the different 

measurement points, were smaller than the data points in Figure 54, which reveals the excellent 

homogeneity of the film. The reliability of the ellipsometric thickness measurement and the 

reproducibility of identical LbL films on silicon wafers and glass slides were confirmed later 

by SEM imaging of cross sections of samples on glass slides (see section III.3.4). 

Figure 54. Thickness of LbL polyeletrolyte multilayer thin 

films with up to 100 PSS/PAH layer pairs prepared by an 

automated dipping robot or spraying robot. 
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Figure 55. (A) AFM image of a PEM (PEI/(PSS/PAH)100) thin films consisting of 100 layer pairs of PSS/PAH and the 

line profile analysis across the surface. The surface is relatively smooth with some islands distributed over the 

surface (for example z (x = 2 μm) = 80 nm in the line profile analysis). (B) AFM image of a single layer of aligned 

AgNWs and the line profile analysis. z = 60 nm is the approximate height of an AgNW monolayer (corresponding 

to the diameter of the AgNWs) and z = 120 nm corresponds to the crossing of two AgNWs.  

Figure 55A is an AFM image and a line profile on a polyelectrolyte multilayer (PEM) thin film 

consisting of 100 layer pairs.Small islands can be observed on the surface (bright spots in the 

AFM image) over the surface, while its overall roughness remains at a very low level. The root 

mean squared roughness Rq = 6.9 nm, which is small compared to the total thickness (d ≈ 

200 nm). Figure 55B is an AFM image of a single layer of aligned AgNWs and its line profile. 

We can see in the line profile analysis the diameter of the AgNWs (z ≈ 60 nm) and its double 

(z ≈ 120 nm) when two AgNWs are crossing each other. 
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Figure 56. AFM images of films consisting of a single layer of aligned AgNWs coated by PEM films of increasing 

thickness. The structure of the films is denoted as (PEI/AgNWs/PEI/(PSS/PAH)n) . 

Figure 56 shows AFM images of films consisting of a single layer of aligned AgNWs coated 

by PEM films of increasing thickness. We observe that the roughness of the film remains at a 

relatively low level independent of the number of layers in the PEM. The AgNWs layer has a 

certain roughness due to the fact that it consists of a sub-monolayer of nano-objects with a 

diameter of 60 nm. The PEM film can reduce the roughness of the AgNWs layer by filling the 

“valleys” between the AgNWs, which makes that the topography of the AgNWs is less obvious 

on the images of the films with 60 and 100 layer pairs. On the other hand, the PEM films may 

lead to an additional roughness due to the small islands evidenced in Figure 55A and which are 

also visible in the films with the thicker PEM. Consequently, the root mean squared roughness 

of the surfaces with different number of layers deposited on a single layer of AgNWs are in the 

same range (Rq =21 – 35 nm). 
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In conclusion, we have shown that the Layer-by-Layer assembly allows building homogeneous 

polyelectrolyte films on top of AgNWs with a relatively low roughness, and whose thickness 

can be easily and finely tuned at the nm level by changing the number of deposited polymer 

layers.  

III.3. Chiral superstructures containing two layers of AgNWs 

By combining the orientation of AgNWs by GIS and the LbL-assembly of polyelectrolytes 

described above, multilayer superstructures containing several layers of AgNWs can be 

fabricated by the repeated deposition of PEM films and AgNWs (Figure 57).  

 
Figure 57. Schematic representation of the fabrication process of chiral plasmonic superstructures containing 

several layers of AgNWs oriented in different directions, combining the GIS and LbL-assembly: 1. A glass slide is 

functionalized by a polyelectrolyte multilayer film (PEI/PSS/PAH/PSS/PEI) with a thickness of approximately 5 nm. 

2. The first layer of AgNWs oriented at 0° is deposited by GIS. 3. A polyelectrolyte multilayer film 

(PEI/(PSS/PAH)n/PSS/PEI) of variable thickness is deposited by LbL. 4. The sample is rotated to deposit by GIS the 

second layer of AgNWs oriented at an angle α . This gives a chiral structure (left- or right-handed, depending on 

α > 0 or α < 0). 5. By repeating the process, chiral superstructures with a controlled architecture containing 

multiple layers of AgNWs can be obtained. 

We focus in this manuscript on two- and three-layered superstructures, considering the fact that 

the spectroscopic studies turn to be technically difficult for samples with more than 3 AgNW 

layers as the extinction of the thin films is getting too large to allow a reliable measurement of 

the optical properties. This section aims to present the optical properties of the chiral 

superstructures containing two layers of AgNWs, both left- and right-handed, and to study the 
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structural parameters which influence the optical properties of the sample, namely the angle 

between the two layers AgNWs and the interlayer spacing between them. 

Figure 58 shows top-view and cross-section SEM images of left- and right-handed 2-layer thin 

films of oriented AgNWs.  

 

Figure 58. SEM images of left-handed and right-handed structures containing two layers of AgNWs from top view 

and from the cross section. 

The two layers of AgNWs can be easily identified in the top-view SEM images (Figure 58), 

and the angle between the AgNW layers is well defined (±60° for left- and right-handed 

structures). The samples were cut and prepared according to the procedure described in the 

section II.3.6, and the samples were tilted by 8° for the SEM imaging of the cross-section so 

that the orientation of the upper layer can be seen. The distance between the two layers of 

AgNWs were measured to be 13 nm, which is consistent with the ellipsometric measurements.  

III.3.1. Chiral optical properties of the two-layer superstructures 

CD and extinction spectra as well as the g-factor spectra of a one-layer sample of oriented 

AgNWs and left- and right-handed two-layer superstructures are given in Figure 59.  
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Figure 59. Left panel: CD, extinction and g-factor spectra of samples composed of a single layer (dashed lines) of 

aligned AgNWs (non-chiral), and 2 layers (solid lines) of AgNWs with both left (red) and right (blue) handedness. 

Right panel: Schematics of left- and right-handed superstructures containing 2 layers of AgNWs and the layer-by-

layer composition of a two-layer structure (from top to bottom). The angle between two adjacent layers of AgNWs 

was 60°, the PEM between them was PEI/(PSS/PAH)5/PSS/PEI (~13 nm). The difference of extinction between the 

left- and right- handed structures in the near infrared is probably due to the depolarizer which only partially 

depolarizes the incoming beam of the spectrometer. 

The one-layer structure is by definition not chiral, and hence it has a CD and g-factor close to 

0, which indicates that the linear dichroism doesn’t affect too much our CD measurements. The 

two-layer superstructures show a strikingly high CD (up to ±4000 mdeg) and g-factors (up to 

±0.3), which was not yet reported for similar self-assembled chiral plasmonic superstructures. 

Furthermore, the CD and g-factors of the left- and right-handed structures are perfectly 

symmetric. These chiral superstructures displayed chiral optical properties over a broad spectral 

range from UV to near infrared, which is promising for various optical applications. In addition, 
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the efficiency and ease of operation of the fabrication process over large surfaces by combining 

GIS and LbL-assembly is also promising towards the possibility to scale up the process towards 

the production of large-scale functional devices.  

We also measured the extinction spectra for the two-layer superstructures with linearly 

polarized light at different angles (every 10° from 0° to 360°) at two selected wavelengths, 380 

nm and 1500 nm corresponding to the transversal modes and longitudinal modes of the LSPR 

of the AgNWs (Figure 60).  

Compared to the one-layer structure, we observe that the extinction of the transverse mode is 

maximum at 70°, and that the extinction of the longitudinal mode is maximum around 160°, 

while the maximum is expected at 60° and 150°. This small difference may be due to the 

misalignment of the sample with respect to the polarizer or a lower density for the second layer. 

The difference between the maximum and the minimum of the extinction at both wavelength 

decreases. The simulation of the extinction as the sum of two cosine-square (or sine-square) 

shifted by 60° (67.a) matches the measured variation with a reasonably good agreement.  

𝐴𝑙𝑜𝑛𝑔 = (𝐴𝑙𝑜𝑛𝑔 𝑚𝑎𝑥 − 𝐴𝑙𝑜𝑛𝑔 𝑚𝑖𝑛)(𝑐𝑜𝑠2(𝛼) + 𝑐𝑜𝑠2(𝛼 − 60°)) +  𝐴𝑙𝑜𝑛𝑔 𝑚𝑖𝑛 (67.a) 

𝐴𝑡𝑟𝑎𝑛𝑠 = (𝐴𝑡𝑟𝑎𝑛𝑠 𝑚𝑎𝑥 − 𝐴𝑡𝑟𝑎𝑛𝑠 𝑚𝑖𝑛)(𝑠𝑖𝑛2(𝛼) + 𝑠𝑖𝑛2(𝛼 + 60°)) +  𝐴𝑡𝑟𝑎𝑛𝑠 𝑚𝑖𝑛 (68.b) 

where Atrans and Along correspond respectively to the extinction at 380 nm and 1500 nm, Amax 

and Amin represent maximum and minimum extinctions at corresponding wavelengths, and α 

the polarization angle. 

Figure 60. Polar plots of the 

extinction at 380 nm (blue) and 

1500 nm (red) of one and two 

layers of AgNWs with an angle α = 

60° as a function of the polarization 

angle of the incident light. Dots are 

experimental results, and solid lines 

are simulations. 
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III.3.2. Mueller Matrix Polarimetry and simulations 

The Mueller Matrix of the same samples were measured using MMP and simulated by Yann 

Battie from the Université de Lorraine. We remind here the physical meaning of the different 

elements of Mueller Matrix (68). The Mueller Matrix gives us a complete understanding of the 

linear and circular polarization properties of the sample, from which we can extract the LD, LB, 

CD and CB of the sample.  

 
M = exp (

𝐴 −𝐿𝐷
−𝐿𝐷 𝐴

−𝐿𝐷′ 𝐶𝐷
𝐶𝐵 𝐿𝐵′

−𝐿𝐷′ −𝐶𝐵
𝐶𝐷 −𝐿𝐵′

𝐴 −𝐿𝐵
𝐿𝐵 𝐴

) (68) 

Figure 61 and Figure 62 show the measured and simulated LD, LB, CD and CB, respectively.  

 

Figure 61. LD, LB, CD and CB measured by Mueller Matrix Polarimetry for left- (red) and right-handed (blue) two-

layer structures. 
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Figure 62. Simulated LD, LB, CD and CB for left- (red) and right-handed (blue) two-layer structures. 

 

We can see in Figure 61 (MMP measurements) and Figure 62 (simulations) that the linear 

terms are similar for LH and RH samples, which is expected for 2 enantiomorphs which are 

linearly symmetric for an azimuth of 0°. The circular terms are mirror-symmetric, which is also 

expected for two enantiomorphs.  

We have strong linear polarization (LD and LB) for the two-layer structures, which may 

influence the measurements of CD by commercial CD spectroscopy (Figure 59). However, the 

MMP allows measuring the CD of the sample without artifacts. The MMP measurements and 

the simulations show that we have effectively important CD for the two-layer structures, which 

has opposite signs over the spectral range. These results proved the chirality of the structures. 

Figure 63 thus compares the CD of the left and right-handed structures made of two layers of 

AgNWs measured by Jasco CD spectrometer, MMP and simulations. The results of the MMP 

and simulations were converted in millidegree using equation (55).  
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Figure 63. Comparison of CD measured on a Jasco CD spectrometer (solid lines), MMP (dashed lines) and from 

simulations (dotted lines) for left-handed (red) and right-handed (blue) two-layer structures. The CD scale is 

different for the measured spectra (left scale) and for the simulated spectra (right scale).  

The CD measured by CD spectroscopy and by MMP are relatively similar. The simulated CD 

is larger than the measured CD (it has been plotted with a different scale two times larger than 

for the measured spectra in Figure 63), and the simulated spectra are red-shifted in wavelength 

compared to measured ones. This may be because 1. ideal structures were considered in 

simulations; 2. possible coupling between the LSPR of the two layers of AgNWs were not taken 

into account in the simulations. However, the main features of the simulated spectra are similar 

to the measured ones, and the symmetry for left- and right-handed structures is well-reproduced. 

Thus, the simple model used for the simulation is effective to explain the CD effects of the 

films. These results thus confirmed not only the circular dichroism effects and handedness of 

the samples, but also the reliability of the CD spectroscopy.  

III.3.3. Influence of the angle between two layers of AgNWs 

In the model of the simulations, the layers of AgNWs are considered as independent “slabs” 

interacting with the electromagnetic fields. The transmission through the multilayer structure 

can be explained by stacking several independent monolayers twisted at a certain angle and 

with a certain spacing. The coupling between the LSPR of the two layers of AgNWs may also 

influence the CD effects of the films. This coupling occurs in the evanescent field of the LSPR, 
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leading to the enhancement of the local electromagnetic fields. The coupling strength and the 

induced chiroptical properties are therefore related to the angle between the orientation 

direction of the two layers of AgNWs and the distance between them. In both cases, the 

chiroptical properties of the two-layer structures are sensitive to the angle and distance between 

the two layers of AgNWs. 

In order to investigate the influence of the angle α, we varied it from 0° to 90° (one sample 

every 15°; and a sample with α = -45° to make a comparison right-handed / left-handed with α 

= ±45°), while keeping the spacing between the two layers of AgNWs fixed at 13 nm by 

maintaining the PEI/(PSS/PAH)5/PSS/PEI interlayer PEM structure.  

We measured the CD and extinction spectra (Figure 64) for each sample and calculated their 

g-factor (Figure 65).  

 

Figure 64. CD and extinction spectra of samples composed of two layers of AgNWs with angles between them 

varying from 0° to 90°. The distance between the AgNW layers was fixed at 13 nm. The extinction spectra were 

measured with a depolarizer. The differences of the extinction in the NIR range was probably due to the 

depolarizer which only partially depolarizes the incoming beam of the spectrometer. 
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Figure 65. g-factors for each sample with a different angle α between the two layers of AgNWs and corresponding 

SEM images. 

Samples with α = 0° or 90° have a CD and g-factor close to 0, which is consistent with the fact 

that they are actually achiral structures. On the other hand, the CD and g-factors increase with 

α between α = 0° and 45° and reaches a maximum at α = 45°, which is the most chiral 

superstructure, and decreases from α = 45° to 90° (Figure 66). α = 45° has thus been used for 

most of the samples in the rest of this manuscript. 

 

Figure 66. g-factor spectra of samples with a different angle α between the two AgNW layers and g-factors at 380 

nm and 1500 nm plotted as a function of α. 
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Another series of samples, varying the angle between the two layers of AgNWs, were carried 

out with a larger interlayer spacing of 1 μm obtained by spin coating a layer of PMMA in place 

of the PEM multilayer between the two AgNW layers. Due to the oscillations of the CD, which 

is going to be discussed in details in the following section III.3.2, it is hard to do a quantitative 

comparison of the variation of CD with the angle α, but the evolution of the amplitude of CD 

at 380 nm is similar to that of the samples with a 13 nm spacing (Figure 67).  

 

Figure 67. CD, extinction and g-factor spectra of samples composed of two layers of AgNWs with a different angle 

α between the two layers of AgNWs varied from 0° to 90°. The distance between the AgNW layers was fixed at 1 

μm. 

Simulations for two-layer structures with a different angle α were performed for two different 

interlayer spacings (13 nm and 130 nm) by Yann Battie from University of Lorraine (Figure 68 

and Figure 69).   
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Figure 68. Simulated LB, LD, CB and CD for two-layer structures with a different angle α between the AgNW layers 

with the interlayer spacing fixed at 13 nm, as a function of the photon energy (E). The radius corresponds to the 

photon energy (in eV), the color to the intensity of the different elements, and the angular coordinate to the 

angle α between the two AgNW layers. 

 

Figure 69. Simulated LB, LD, CB and CD for two-layer structures with a different angle α between the AgNW layers 

with the interlayer spacing fixed at 130 nm, as a function of the photon energy (E). The radius corresponds to the 

photon energy (in eV), the color to the intensity of the different elements, and the angular coordinate to the 

angle α between the two AgNW layers. 
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These simulations were carried out with one single azimuth angle (Φ = 0) by keeping the 

orientation of the lower layer of AgNWs parallel to that of the polarization of the incident light. 

The radius corresponds to the photon energy (in eV), the color to the intensity of the different 

elements, while the angular coordinate corresponds to the angle α between the two AgNW 

layers. 

We have again a high LB and LD for the two-layer structures, which are highly dependent on 

the angle α. When α = 0° (the two layers of the AgNWs are aligned in the same direction), the 

LB and LD tend to be the highest. When α = 90° (the two layers of the AgNWs are perpendicular 

to each other), the LB and LD have the lowest values. Regarding the chiroptical properties, the 

samples with α = 0° and 90° have a CD and CB close to 0, and the intensity of CD and CB are 

maximum at α = 45° and -45° with opposite signs (different handedness). This confirms our 

results above measured by commercial CD spectroscopy. All the four polar color-maps are 

centrosymmetric, because angle α and angle α+180° are actually identical. The spectra with a 

spacing between the AgNW layers equal to 13 nm or 130 nm have the same symmetry and share 

the same trends, although the spectra have maxima and minima at a different wavelength 

(energy), as it will be discussed in the following section.  

III.3.4. Influence of the spacing between two layers of AgNWs 

Another parameter which has an influence on the chiroptical properties of the two-layer chiral 

superstructure is the interlayer spacing. The LbL-assembly approach allows us to tune the PEM 

thickness between two layers of AgNWs with a nanoscale precision. We thus varied the number 

of polyelectrolyte layers pairs between two layers of AgNWs from n = 5 up to n = 100 in order 

to tune the interlayer spacing (from d = 13 nm to 213 nm), while keeping the angle between the 

orientation of the two AgNW layers constant at 60° and 45°. 
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We first prepared a series of samples 

composed of two layers of AgNWs, with an 

angle α fixed at 60°, while the interlayer 

spacing varied from 13 nm to 213 nm by 

changing the number of layer pairs of 

(PSS/PAH), n, from 5 to 100. We cut the 

samples in the central area where the 

spectroscopic measurements are done and the 

cross-section was polished with a low-energy 

Ar+ ion beam. The sample were subsequently 

images by SEM through their cross-section, 

which allows measuring the LbL PEM. The thickness of the PEM multilayer measured by SEM 

could thus be compared with the thickness determined by ellipsometry. We measured the 

distance between the two layers of AgNWs at 10–20 different positions in the SEM of the cross-

section and plotted the average as function of the interlayer spacing, and compared with the 

thicknesses obtained by ellipsometry (Figure 70). It turns out that the thickness determined by 

the two methods are very close. Furthermore, the low standard deviation indicates that the PEM 

roughness is low and that the thickness is homogeneous over large areas, even on a substrate 

with pre-deposited AgNWs.  

The CD and extinction were measured (Figure 71) and the g-factors were calculated (Figure 

72) for the samples with different interlayer spacing. 
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Figure 70. Thicknesses of the LbL-assembled PEM 

measured by ellipsometry and microscopy. The samples 

measured by ellipsometry were prepared on silicon 

wafers without AgNWs, while the sample by microscopy 

were prepared on silicon wafers with the presence of 

two layers of AgNWs. 
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Figure 71. CD and extinction spectra of samples composed of two layers of AgNWs with the interlayer spacing 

varying from 13 nm to 213 nm, while the angle between the AgNW orientation direction is fixed at 60°. 

 

Figure 72. g-factors of samples with different interlayer spacing d and an angle between the AgNW orientation 

direction fixed at 60° and corresponding cross-section SEM images. 
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The tremendous impact of the interlayer 

spacing on the chiroptical properties of 

the two-layer chiral plasmonic 

superstructures is evidenced by plotting 

the g-factor of the samples with different 

interlayer spacings on the same graph 

(Figure 73A). 

We observed that the shape and intensity 

of the g-factor spectra are extremely 

dependent on the interlayer spacing: the 

spectra are red-shifted as the interlayer 

spacing increases. If we extract the wavelengths of the maximum, minimum and intercept on 

x-axis for each g-factor spectrum and plot them as a function of the corresponding interlayer 

spacing, we have a somewhat linear tendency (Figure 74).  

Furthermore, for interlayer spacings above 

124 nm, we observed oscillations in the g-

factor spectra that resemble the oscillations 

that are observed in the transmittance of 

Fabry-Perot cavities arising from the 

interferences of light between the two 

interfaces of the cavity. As the Fabry-Perot 

oscillations happen with a period that scales 

with the energy of the light beam, we plotted 

the g-factors as a function of energy (Figure 73B) instead of the wavelength, the oscillation of 

the curves shows that they appear with a more or less regular period. The number of oscillations 

is however too small to draw a definite conclusion on this point.  
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Figure 74. The wavelengths of maximum, minimum and 

x-intercept of g-factor curves plotted as a function of the 

interlayer spacing. 

Figure 73. g-factors of two-layer chiral superstructure with 

different interlayer spacing as a function of wavelength (A) 

and energy (B). 
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We prepared another series of two-layer samples with an angle α = 45° (left-handed structures). 

As the exact thickness of the PEM between two layers of AgNWs were confirmed by 

ellipsometry and microscopy, for this series we did not choose round numbers for the number 

n of PSS/PAH layer pairs in the PEM multilayer, but rather round number for the interlayer 

spacing (30 nm, 60 nm, 100 nm, 150 nm and 200 nm, corresponding to n = 15, 28, 48, 72 and 

96 layer pairs respectively). A sample with an angle α = -45° (right-handed structure) and 

interlayer spacing d = 30 nm, and a sample with an angle α = 45° and interlayer spacing d = 

1μm were also prepared for comparison (Figure 75). The 1 μm thick interlayer spacing was 

obtained by spin coating a PMMA layer on the first AgNW layer. This thickness was measured 

by FIB-SEM by a former PhD student of the group, Vincent Lemaire.257  

 
Figure 75. CD, extinction and g-factors of samples composed of two layers of AgNWs with the interlayer spacing 

varied from 30 nm to 200 nm, while the angle between the AgNW orientation of each layer is fixed at 45°. 
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Similar trends as for the samples with an angle α fixed at 60° were observed. The g-factor 

spectra observed for the sample with a 1 μm thick interlayer spacing showed oscillations with 

a much shorter period than the samples obtained with a PEM spacing, in accordance with the 

larger spacing between the AgNW layers. In particular, we obtained a g-factor up to 1.6 for the 

structure with d = 200nm. This is the highest g-factor reported to date for similar nanostructures 

to the best of our knowledge.  

The Mueller Matrix of the samples were measured using MMP and simulated by Yann Battie 

from the Université de Lorraine, from which we obtained the measured (Figure 76) and 

simulated (Figure 77) LD LB, CD and CB of the samples. 

 

Figure 76. Measured LD, LB, CD and CB of the samples containing two layers of AgNWs, with the angle α fixed at 

45° and the interlayer spacing varying from 13 nm to 195 nm.  
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Figure 77. Simulated LD, LB, CD and CB of the samples containing two layers of AgNWs, with the angle α fixed at 

45° and the interlayer spacing varying from 13 nm to 195 nm. The x-axis corresponds to the spectral range, the 

y-axis corresponds to the interlayer spacing and the colors represents the intensity of the different elements. 

The drastic influence of the spacing on the optical properties is clear. In particular, the trend 

observed on the measured CD (Figure 75) is confirmed, in which the oscillations of the CD for 

the larger interlayer spacings are well-reproduced. The measured and simulated results also 

reveal that the interlayer spacing has influence on not only the circular polarization properties 

(CB and CD) of the sample but also the linear ones (LB and LD). Similar oscillations as in the 

CD can be observed in the other terms with the increase of the interlayer spacing. In addition, 

we confirmed in the measurements once again, that corresponding structures with opposite 

handedness have comparable linear polarization properties and symmetrical circular 

polarization properties.  
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The CD measured by CD spectroscopy (solid lines) and MMP (dashed lines) are compared with 

the simulations (short dashed lines) in Figure 78. The spectra are arranged along the Y axis 

depending on the interlayer spacing, while the scale for each spectrum is identical.  

 

Figure 78. CD measured by CD spectroscopy (solid lines), MMP (dashed lines) and by simulations (short dashed 

lines), for two-layer structures with the angle α fixed at 45°, and the interlayer spacing varying from 30 nm to 200 

nm.  

The CD measured by CD spectroscopy and MMP are consistent, both in terms of position of 

the peaks and CD scale. However, the simulated results are slightly different from the 

measurements. The main trends are reproduced (handedness of the structure, positive or 

negative sign of the bands, appearance of the oscillations for the largest spacings), but the exact 

wavelength at which the peaks appear and the amplitude vary between the simulations and 

measurements. The possible reasons are the following: 1. ideal structures were considered in 
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simulations; 2. possible coupling between the LSPR of the two layers of AgNWs were not taken 

into account in simulations; 3. the simulations have taken theoretical thicknesses for the 

interlayer spacing, while the actual thicknesses in measured sample could be slightly different. 

Although this error is believed to be very small thanks to the precision of the LbL-assembly as 

demonstrated in section III.2, the CD of a sample is extremely sensitive to the spacing between 

the AgNW layers, and only a small difference of a few % in the PEM thickness can alter 

significantly the wavelength of the main features of the CD curve. Whatsoever, the trend of the 

simulated CD was also comparable to the results by CD spectroscopy as shown in Figure 78. 

The red-shifting and increasing oscillations in the CD spectra with the increase of the interlayer 

spacing are obvious, which matches well the conclusion drawn from the measurements. 

Moreover, one could eventually increase the interlayer spacing to macroscopic scales (~ mm) 

by playing with two layers of AgNWs sprayed on two separate glass slide and sticking them 

together for CD measurements. As the thickness of a glass slide is 1 mm, the interlayer spacing 

can be chosen to be close to 0 mm (by sticking the sides with AgNWs face to face), 1 mm and 

2 mm. Surprisingly, two layers of AgNWs deposited on two separate glass slides can generate 

equally very important CD, when the glass slides are placed such as the distance between the 

AgNW layers is on the mm scale. Oscillations of the CD spectra were observed and their 

frequencies and amplitudes were highly dependent on the distance (Figure 79A). High CD was 

observed for an angle α = 45° but not for 0° nor 90° (Figure 79B).  
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Figure 79. CD spectra of samples consisting of 2 layers of AgNWs sprayed on two separate 1 mm-thick glass slides 

placed in different configurations: (A) the distance between the two layers of AgNWs was varied from 0 mm, 1 

mm to 2 mm, by sticking the AgNWs sides face to face, face to back or back to back, respectively, while the angle 

between the AgNW layers was fixed at 45°. The results are compared with a sample composed of 2 layers of 

AgNWs on a single glass slide with a PEM interlayer of 13 nm. (B) The distance between the two layers of AgNWs 

was fixed at 1 mm by sticking the AgNWs monolayer samples face to back, while the angle between them was 

varied from 0°, 45° to 90°. 

There is certainly no coupling between the two layers of AgNWs as the distance between them 

goes beyond mm. These results reveal that coupling between the LSPR of the two layers of 

AgNWs is not a prerequisite to generate high CD, as it is often claimed in the literature. Indeed, 

we show here that placing two linear dichroic and birefringent layers in line with a certain angle 

is enough to generate CD. However, coupling between the plasmon modes is surely present, 

when the two layers of AgNWs are close enough to each other (for example 13 nm), and this 

coupling may have an influence on the CD. For example, a possible reason for the difference 
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of the CD intensity around 400 nm and beyond 1000 nm between the sample “0 mm” and “13 

nm” in Figure 79A could be an effect of the coupling. Modeling approaches, which consider 

the coupling between the plasmon modes, such as FDTD, would be necessary to distinguish 

between the CD that arises from coupling and the CD that is due to the transmission between 

two twisted birefringent and dichroic layers.  

III.4. Chiral superstructures containing three and more layers 

of AgNWs 

By repeating the LbL-assembly of PEM and GIS of AgNWs on a two-layer superstructure, 

three-layer superstructures can be obtained as illustrated in Figure 57. The three layers of 

AgNWs aligned in different directions can be evidently observed in the SEM images (Figure 

80) of the left- and right-handed structures from the top-view and from the cross section. The 

interlayer spacing between adjacent layers is 13 nm. The diameter of the AgNWs is around 

60nm. Thus, the AgNWs layers are actually tightly stacked. 

 
Figure 80. Top view and cross section SEM images of left-handed and right-handed structures containing three 

layers of AgNWs. 
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The extinction spectra of the three-layer structures have a similar shape but with an increased 

intensity. The left- and right-handed structures show again impressive symmetry in CD and g-

factor (Figure 81).  

 
Figure 81. Left panel: CD, extinction and g-factor spectra of samples composed of one layer (dotted lines) of 

aligned AgNWs (non chiral), 2 layers (dashed lines) and 3 layers (solid lines) of AgNWs with left (red) and right 

(blue) handedness. Right panel: Schematics of left- and right-handed superstructures containing 3 layers of 

AgNWs and the layer-by-layer composition of a two-layer structure (from top to bottom). The angle between two 

adjacent layers of AgNWs is 60°, and the PEM between them is PEI/(PSS/PAH)5/PSS/PEI (~13 nm). 

It could have been expected that the three-layer structures have a stronger CD than the two-

layer structures, but actually the CD is slightly weaker by comparing the maxima and minima 

of the CD. Given their much stronger extinction, the g-factors of the three-layer structures turn 

out to be smaller than for the two-layer structures. In addition, the shape of the CD spectra of 

the three-layer superstructures are significantly different from those of the two-layer 
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superstructures. Additional positive and negative peaks are observed, and the CD changes more 

often its signs, similarly to the so-called Cotton effect. The CD and g-factor peak around 380 

nm is reduced, while another smaller peak around 320 nm can be observed. The latter was 

actually already present in two-layer structure but at a very small intensity. At around 800 nm, 

the CD and g-factor curves cross the x-axis, which was not the case for two-layer structure.  

We measured again the extinction spectra for the three-layer superstructures with linearly 

polarized light at different angles (every 10° from 0° to 360°) and plotted the polar plots at two 

selected wavelengths, 380 nm and 1500 nm corresponding to the transversal modes and 

longitudinal modes of the LSPR of the AgNWs (Figure 82). 

 

Figure 82. Polar plots of the extinction at 380 nm (blue) and 1500 nm (red) of samples consisting of one, two and 

three layers of AgNWs with an angle α = 60° as a function of the polarization angle of the incident light. Dots are 

experimental results, and solid lines are simulations. 

Comparing to the one-layer and two-layer structures, we observed that the transverse mode and 

the longitudinal mode varied only slightly with respect to the polarization angle, as expected 

by summing 3 cosine-square or sine-square functions twisted by an angle of 60° each. The 3-

layer superstructure with 3 layers oriented at an angle of 60° thus have a negligible linear 

dichroism but a high circular dichroism. 

The Mueller Matrix of the three-layer structures were simulated and measured by Yann Battie 

from the University of Lorraine, from which we obtained the measured (Figure 83) and the 

simulated (Figure 84) LD, LB, CD and CB. 
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Figure 83. LD, LB, CD and CB measured by MMP on samples consisting of three layers of AgNWs oriented at 60° 

from each other with a 13 nm interlayer spacing. 

 

Figure 84. LD, LB, CD and CB calculated from the simulated MMP on structures consisting of three layers of AgNWs 

oriented at 60° from each other with a 13 nm interlayer spacing. 
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It is clear that the three-layer structures still have linear polarization (LD and LB), and in both 

simulations and measurements, the LB and LD of left- and right-handed structures are 

comparable. However, the measured values are much higher than simulated ones. In fact, a 

three-layer structure, left- or right-handed, has a linear symmetry, thus should have relatively 

small LB and LD as shown in the simulations. The high LD and LB in the measurements arise 

from the imperfection of the samples, especially the fact that the density of AgNWs in each 

layer is not constant.  

The simulated and measured CD were compared with the CD measured by the commercial CD 

spectrometer (Figure 85).  

 
Figure 85. Comparison of CD by Jasco CD spectrometer (solid lines, left scale), MMP (dashed lines, right scale) 

and simulations (dotted lines, right scale) for left-handed (red) and right-handed (blue) two-layer structures. 

The measured CD are quite similar to the simulated ones. The main features are well reproduced, 

although the simulated spectra are red-shifted compared to the experimental spectra, as it was 

already observed for the 2-layer structures. The CD and CB for left- and right-handed structures 

are perfectly symmetric in both simulations and measurements. The measurements by MMP 

and the simulations have two times higher values than the measurements by the commercial 

spectrometer. However, the shape of CD spectrum is similar and the symmetry of the left- and 

right-handed structures is preserved. 
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We prepared furthermore multilayer chiral superstructures with different angles. The CD of the 

sample was measured after the deposition of each AgNW layer (Figure 86).  

 

Figure 86. CD of left-handed plasmonic superstructures containing 4 or 6 layers of AgNWs with the angle α 

between two adjacent layers of AgNWs equal to 15°, 45° and 30°. The noise above 1600 nm increases for the 

samples with more than 4 AgNW layers due to the high extinction of those samples and the limited sensitivity of 

the detector.  
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We observe that the CD increases with the number of AgNW layers 

(n) for each angle α, except for the samples for which n × α = 180°. 

The shape of all spectra is more or less similar, except for the 

samples for which n × α = 180°, for which CD crosses the x-axis in 

the NIR, similarly to what was observed for the three-layer structure 

with α = 60° (3 × 60° = 180°) (Figure 81). 

 

III.5. Conclusion 

We have shown that it is possible to obtain well aligned AgNWs on a substrate using grazing 

incidence spraying, and to obtain multilayer chiral plasmonic superstructures with very high 

CD and g-factors by combining GIS with the LbL-assembly. The hierarchical parameters of the 

superstructures can be precisely controlled and the influence of the structural parameters on the 

chiroptical properties have been investigated. The helix-like multilayer superstructures present 

strong linear polarization properties (LB and LD), and more importantly strong chiroptical 

properties (CD and CB).  

There are three effects which we believe are responsible for the chiroptical properties:  

1. The light beam interact independently and successively with each layer of AgNWs. Each 

AgNW layer acts as a linearly polarizing filter (exhibiting both linear dichroism and 

birefringence), and the combination of those layers induces circular birefringence and 

dichroism. This is exactly what is included in the proposed model, which nicely reproduces the 

trend observed, including the effect of the distance and angle between the two layers of AgNWs. 

This model also explains why CD is observed for distances between the two layers of AgNWs 

much larger than optical wavelength (from micrometers up to several millimeters), going thus 

well beyond the typical length required for coupling of plasmon modes.  

2. When the two layers of AgNWs are close enough to each other (below 100 nm), a coupling 

may occur between their LSPR, which may also contribute to the CD and CB of the film and 

Figure 87. n = 4 and α = 45°. A 

“full turn” is obtained for 

n × α = 180°.  
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could be the cause of the observed difference of the shape of the CD curve for interlayer spacing 

smaller and larger than 100 nm. Furthermore, as for multilayer chiral superstructures containing 

more than three layers of AgNWs, the chiroptical properties increase with the number of AgNW 

layers. In addition, the CD curve crosses the x-axis in NIR when n × α = 180° (n is the layer 

number of AgNWs, α is the angle between two adjacent layers of AgNWs), i.e. when the 

projection of the n layers of AgNWs form a symmetric structure. 

3. For interlayer spacing larger than 100 nm, another effect may get involved and may be 

responsible for the oscillations observed in the CD spectra, that is the interference of light 

between the semi-reflective AgNWs layers. This could be the reason why the “frequency” of 

the oscillations is highly dependent on the distance between the layers of AgNWs and why the 

oscillations were not observed for small interlayer spacing (below 60 nm).  

Based on these three effects, the structural parameters, namely the number of AgNW layers, the 

angle and the spacing between two layers of AgNWs, are studied and have been proven to have 

a critical influence on the chiroptical properties of the structure. For superstructures containing 

two layers of AgNWs at a fixed interlayer spacing, the most chiral structure is obtained when 

the angle α between the orientation of the two layers of AgNWs is 45°, while α = 0° or 90° are 

achiral structures. For a fixed angle α (α ≠ 0° or 90°), the interlayer spacing modifies 

significantly the chiroptical properties of the film. The peaks of CD spectra red-shift with the 

increase of the interlayer spacing and oscillations of the curves have been observed for large 

interlayer spacing (> 100 nm). 

The simulations performed are based on a model which considers a stack of non-interacting 

layers, and the optical properties are simulated thanks to the Berreman formalism (transmission 

matrix through a sequence of layers) taking into account the measured effective optical 

properties of an oriented layer of AgNWs. The main features of the spectra are reproduced, and 

the effect of the structure are well reproduced (effect of number of layers, spacing and angle 

between the AgNW layers). Some differences between the measurement and simulations exist, 

which may be due to small differences in the interlayer spacing, to the non-ideal character of 
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the samples compared to simulations and to the fact that no coupling of the plasmon modes is 

considered in the simulations.  

In conclusion, we have introduced in this chapiter an easy way to make chiral nanostructures 

from non-chiral commercially available products, and using simple equipment and a simple 

concept. The same strategy can be used with other nano-objects such as AuNRs or cellulose 

nanofibers for other properties (mechanical, magnetic, electronic, etc.). This new approach 

allows fabricating nanostructures that are (almost) as powerful as structures made by 

lithography, but on much larger surfaces and at much lower cost. Furthermore, the chiral 

superstructures have a huge broadband CD that can be easily tuned over the entire UV, Visible 

and NIR range with simple geometric parameters, which is not the case for most self-assembly 

approaches which rely on a template whose structure cannot be modified at will. The proposed 

approach also allows making more complex nanostructures in which a functional molecule can 

be placed at a well-controlled position within the assembly, which is what will be presented in 

the following chapter.  
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I V .  Coupling of achiral dyes to chiral 

superstructures 

The LSPR in metallic nanoobjects gives rise to the enhancement of the electromagnetic field in 

the vicinity of the nanoobject. This enhanced electromagnetic field thus modifies the local 

environment and may couple to molecules and materials placed close to the nanoobject. In 

particular, plasmon-exciton coupling in both weak coupling and strong coupling regimes have 

recently raised interest. Most researches up to date focus on the effect of the plasmon-exciton 

coupling on the absorption and / or scattering, such as surface plasmon enhanced absorption 

and scattering, and to the Rabi splitting appearing in the absorption band in the strong coupling 

regime. The interaction of exciton modes to a LSPR with a chiral geometry is however less 

studied. We will show here that it is possible to modify the optical properties of an achiral 

organic dye by putting it within a chiral plasmonic nanostructure made from aligned AgNWs. 

The organic dye we used here is TDBC, which is a frequently used molecule to study plasmon-

exciton coupling because it spontaneously forms a J-aggregate in aqueous solution which gives 

rise to a narrow and intense absorbance peak in the visible range. In addition, it is a charged 

molecule which makes it easy to integrate within the polyelectrolyte multilayer by LbL-

assembly. This chapter aims to study the modification of the chiroptical properties of TDBC 

and other materials when embedded in the chiral plasmonic superstructures, and to study how 

the optical properties can be tuned by the geometrical parameters of the superstructure.  

IV.1. Layer-by-Layer assembly of TDBC 

TDBC is an organic dye molecule which forms spontaneously J-aggregates in aqueous solution. 

Although a sheet-like structure was once observed using cryo-TEM258, the exact conformation 

of the J-aggregates is not yet clear. In any case, the formation of J-aggregates gives rise to a 

strong transition dipole moment and an intense narrow absorption peak in the visible range (589 

nm) (Figure 88). Furthermore, the high charge density of the J-aggregates favors the adsorption 
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to oppositely charged 

surfaces and 

understandably the LbL-

assembly. This is actually 

the reason why it has been 

the most frequently 

chosen molecule in the 

studies of photon-exciton and exciton-plasmon couplings. In this manuscript, the integration of 

TDBC into the chiral plasmonic superstructure was realized by LbL-assembly via the dipping 

method. This section aims to determine the optimal experimental conditions for TDBC 

deposition. 

First, we simply replaced one PSS layer in a 

PEI/(PSS/PAH)n/PSS/PEI structure with 

TDBC, since the latter is negatively charged 

as the PSS polyanion. Hence, on a glass slide, 

we prepared the following LbL structure: 

PEI/(PSS/PAH)5/TDBC/PAH/PSS. The 

polyelectrolyte layers were deposited by 

spray-assisted method using polyelectrolyte 

solutions prepared as described in section 

II.2.4. The TDBC layer was deposited by dipping the sample in a 0.1 mg/ml TDBC aqueous 

solution during 15 min. We found out that, 1. the extinction of the TDBC layer is rather low 

(~ 0.18); 2. the TDBC layer is not stable in this structure since more than half of it (~ 55%) was 

desorbed from the film after the deposition of the following PAH/PSS layer pair (Figure 89).  

It was reported that the composition of the polyelectrolyte solutions (pH, concentration of salt, 

dispersity of the polymers), especially the PSS solution, was critical for the attachment of 

TDBC on the LbL film259. Therefore, we repeated the same experiments with pre-treated 

Figure 88. Chemical structure of TDBC and the extinction spectrum of its 

solution in water at a concentration of 0.1 mg/ml. 

Figure 89. Extinction spectra of the LbL film 

PEI/(PSS/PAH)5/TDBC/PAH/PSS, after the deposition of 

the TDBC layer (black), the PAH layer (blue) and the PSS 

layer (red) following TDBC. 
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solutions of PSS and PAH. The solutions were 

first dialyzed using a membrane with a 

molecular weight cut-off of 5000 Da in order 

to remove the short polymer chains, we did 

not add any NaCl to the polymer solution (the 

NaCl concentration was 0.5 mol/L in the 

previous polyelectrolyte solutions) and the 

pH was adjusted to 8.5 with 0.1 M NaOH. 

With the pre-treated polyelectrolyte solutions, we prepared a LbL film containing two layers of 

TDBC: PEI/(PSS/PAH)5/TDBC/(PAH/PSS)5/PAH/TDBC/PAH/(PSS/PAH)5. The same 

structure is written as PEM 0/TDBC 1/PEM 1/TDBC 2/PEM 2, for which an extinction 

spectrum was measured after the deposition of each “TDBC”, “PEM 1” and “PEM 2” (Figure 

90). By comparing the extinction spectra, we conclude that, 1. the amount of TDBC included 

in the multilayer was significantly increased, as the extinction increases from 0.18 to 0.6 for 

one layer of TDBC; 2.the stability of TDBC in the multilayer was improved but not perfect (~ 

10% of the TDBC layer was desorbed by the following PAH/PSS layer pair); 3. the extinction 

of two layers of TDBC deposited was not exactly twice that of the one-layer sample. In addition, 

the necessity to modify the polyelectrolyte solutions for each deposition is tedious (in particular 

the dialysis which takes a few days).  

We thus tested other LbL multilayer structures keeping non-treated polyelectrolyte solutions 

with 0.5 M NaCl. We tried to replace PAH with PDDA (PEI/(PSS/PDDA)5/TDBC), which 

turned to be inefficient since the adsorption of TDBC on PDDA was extremely weak. We tried 

also the [PEI/(PSS/PEI)5/TDBC]3 structure, which worked relatively well, in the sense that the 

loss of TDBC during the adsorption of the following polyelectrolyte layers was avoided and 

the density of the first layer of TDBC reached a comparatively high level (Abs ≈ 0.6). However, 

the deposition of the 2nd and 3rd layers of TDBC was not as effective as for the first layer.  

Figure 90. Extinction spectra of the LbL film TDBC 1/PEM 

1/TDBC 2/PEM 2, after the deposition of corresponding 

layers. 
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Finally, the multilayer structure PEI/(PSS/PAH)4/PSS/PEI/[TDBC/PEI/PSS/(PAH/PSS)4/PEI]3 

in which TDBC is sandwiched between 2 layers of PEI is the most effective one. The same 

structure is written as PEM 0/TDBC 1/PEM 1/TDBC 2/PEM 2/ TDBC 3/PEM 3, for which an 

extinction spectrum was measured after the deposition of each “TDBC”, “PEM 1”, “PEM 2” 

and “PEM 3” (Figure 91A). This structure leads to extremely homogeneous TDBC film (the 

standard deviation of the absorbance obtained by measuring 9 spots dispersed on the entire 

glass slide is around 2% for 3 layers of TDBC), negligible desorption of TDBC due to the 

following polyelectrolyte deposition, and linear increase of the extinction by adding more layers 

of TDBC. Furthermore, we found out that for all the LbL structures studied above, the J-

aggregates are preferentially adsorbed into the LbL films than the monomers (Figure 91B). 

 

Figure 91. (A) Extinction spectra of the LbL film TDBC 1/PEM 1/TDBC 2/PEM 2/ TDBC 3/PEM 3, after the 

deposition of corresponding layers. The inset is the maximum extinction as a function of the layer number of 

TDBC. (B) Extinction spectra of TDBC solution and film. 

The adsorption kinetics of TDBC on PEI might be different from the kinetics for PSS or PAH, 

which we studied in the previous section (the adsorption by dipping reached a plateau after 15 

min). We thus did similar experiments for TDBC and we show that the dipping time required 

for a saturated deposition of a TDBC layer on the PEI/(PSS/PAH)4/PSS/PEI multilayer is 1 hour 

(Figure 92).  
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Figure 92. (A) Extinction spectra of the LbL films with one layer of TDBC for different dipping times of TDBC from 

1 min to 240 min. (B) Extinction at 589 nm as function of the dipping time, which saturates at 60 min. 

Furthermore, TDBC may adsorb differently 

to a polyelectrolyte multilayer compared to 

PAH and PSS. In particular, it may be 

possible that the TDBC J-aggregates can 

diffuse into the underlying polyelectrolyte 

multilayer and not only adsorb on top of the 

outmost layer. In order to investigate this, we 

prepared several samples with a structure of 

PEI/(PSS/PAH)n/PSS/PEI/TDBC (n = 2, 7, 

14, 29, 49) in which the TDBC is adsorbed on polyelectrolyte multilayer films with increasing 

thickness. The fact that the extinction spectra are identical confirmed that the amount of TDBC 

which is adsorbed doesn't depend on the thickness of the PEM film and thus that it probably 

doesn’t diffuse into the polymer film (Figure 93).  

In conclusion, we have presented the fabrication of PEM films by LbL-assembly with precisely 

controlled thickness and well understood the LbL deposition of TDBC in a PEM film. It is 

difficult to determine the thickness of the TDBC layer by ellipsometry since it is intensely 

colored and highly absorbing at the wavelength of the laser. We will thus compare the thickness 

measured by electron microscopy on PEM films with and without TDBC. This will be done in 

section IV.5.  

Figure 93. Absorption of LbL films with one layer of TDBC 

deposited on different numbers of layer pairs PSS/PAH. 

Dashed lines are corresponding absorptions of LbL films 

before the deposition of TDBC. 
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IV.2. Optical properties of a TDBC monolayer film 

The TDBC and its aggregate are known to be achiral in solution. The TDBC film exhibits no 

polarization properties either, which was confirmed by the measurement of the Mueller Matrix 

of a single layer of TDBC LbL-assembled in a PEM film (Figure 94).  

 

Figure 94. Mueller Matrix of a layer of TDBC deposited on a PEM film measured by MMP. 

The Mueller Matrix of a single layer of TDBC is an identity matrix, in which the diagonal 

elements are equal to 1 and the off-diagonal elements equal to 0. This reveals that the TDBC 

film has neither linear nor circular polarization properties and the film is isotropic. 
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Figure 95. Real part (n) and imaginary part (κ) of the refractive index of the TDBC film measured by ellipsometry. 

The complex refractive index of the TDBC film, ñ(ω) = n(ω) + iκ(ω), was measured using 

ellipsometry by Yann Battie (Figure 95). The dielectric function of the film, ε(ω) = ñ(ω)2, 

was then used in the following simulations. 

IV.3. Chiroptical properties of hybrid TDBC-AgNW chiral 

nanostructures 

Thanks to the versatility of the LbL-assembly and the high charge density of the J-aggregates 

of the cyanine dye, we are able to fabricate hybrid nanostructures containing TDBC placed at a 

precise position within the chiral plasmonic nanostructure to study the optical properties of the 

hybrid film.  

We developed chiral plasmonic superstructures containing two layers of AgNWs with one layer 

of TDBC between them. The fabrication process of the chiral plasmonic superstructures using 

GIS and LbL-assembly was presented in the previous chapter. The introduction of the TDBC 

layer was realized by using LbL-assembly under the optimized conditions presented in section 

IV.1. The structure can be described as 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/PSS/PAH/PSS/PEI/TDBC/PEI/PSS/PAH/PSS/PEI/Ag. An 
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achiral structure was prepared for comparison, consisting of one single layer of aligned AgNWs 

and one layer of (PEI/PSS/PAH/PSS/PEI/Ag/PEI/PSS/PAH/PSS/PEI/TDBC).  

 

Figure 96. Left panel: CD, extinction and g-factor spectra of samples consisting of two layers of AgNWs with one 

layer of TDBC between them (solid lines) and a control sample (achiral) consisting of one layer of AgNWs with 

one layer of TDBC. The corresponding structures without TDBC (dashed lines) are those with identical interlayer 

spacing and angle. Both left- (red) and right-handed (blue) structures are presented. The inset shows ΔCD, which 

is the difference between the CD of the structures with and without TDBC. Right panel: schematic of the 

superstructures (top) and its composition (bottom).  

The chiroptical response (CD, UV and g-factors) are similar to the properties of the chiral 

AgNW superstructures discussed in the previous section with an additional feature: a sharp dip 

in the CD spectrum appears at the absorption wavelength of the TDBC J-aggregates, and the 

dip remains symmetrical for the left- and right-handed structures. The chirality transfer from 

chiral molecules to achiral nanostructures is a phenomenon widely studied (see section I.2.3). 

However, the modification of the chiroptical properties of an achiral molecule by chiral 
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plasmonic nanostructures is relatively rare. Here, we realize this modification with a remarkable 

change in the CD spectrum in a tunable and reproducible way. By plotting ΔCD, the difference 

between the CD of the structures with and without TDBC, we highlight the modification of the 

CD due to the TDBC layer as a function of wavelength (inset of Figure 96). The ΔCD related 

to the TDBC layer has a bisignate shape as the CD spectrum of many chiral molecules, while 

TDBC itself is achiral. This bisignate ΔCD exhibits negative / positive Cotton effect around the 

absorption wavelength of TDBC for left- / right-handed structures respectively. In addition, the 

ΔCD has extremely high values (up to a few thousands millidegrees) compared to classical 

chiral molecules, which have typically a CD of dozens of millidegrees. The extinction of the 

film turns out to be the addition of the extinction spectra of the AgNWs layers and the TDBC 

layers, while the extinction intensity of the TDBC J-aggregates is significantly enhanced. The 

achiral structure (one layer of AgNWs + TDBC) displays no CD and of course no modification 

of CD, but the enhancement of the TDBC absorption is also observed.  

The Mueller Matrix of the one- and two-layer structures with one layer of TDBC was simulated 

and measured by Yann Battie from University of Lorraine. The measured and simulated LD, 

LB, CD and CB are shown in Figure 97 and Figure 98 respectively.  
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Figure 97. LD, LB, CD and CB of the one- and two-layer structures (left and right-handed) with TDBC measured. 

by MMP. 

 

Figure 98. Simulated LD, LB, CD and CB of the one-layer and two-layer structures (left and right-handed) with 

TDBC. 
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Modifications of CD as well as CB similar to the CD measured by commercial spectrometer 

discussed above (Figure 96) are observed in the MMP measurements and the simulations. 

Interestingly, the linear polarization properties (LB and LD) of the structures (both achiral and 

chiral ones) have also seen a modification due to the TDBC layer: a peak near the maximum 

absorption wavelength of TDBC J-aggregates is shown in the LB and LD, in both MMP 

measurements and simulations. However, the linear modifications seem to be independent of 

the handedness and the number of layers of AgNWs.  

The CD measured by the Jasco CD spectrometer and by MMP are compared with the 

simulations in Figure 99.  

 

Figure 99. CD spectra measured by the Jasco CD spectrometer (solid lines, left scale), MMP (dashed lines, right 

scale) and simulations (short dashed lines, right scale) for left-handed (red) and right-handed (blue) two-layer 

structures with one layer of TDBC. 

The spectra measured by CD spectroscopy and MMP are close to each other in the visible range, 

in particular close to the TDBC absorption wavelength, while they are quite different in the UV 

range. The simulations are not fully consistent with the measurements. However, the 

modification of CD is quite well reproduced in the simulations, although the “dip” in the CD 

spectrum due to TDBC is red-shifted in the measured spectra compared to the simulations, in 

which the “dip” appears very close to the absorption wavelength of TDBC. This means that the 

simple model considering the LbL-assembled superstructures as independent layers stacked 

together is able to partly reproduce the change in CD induced by the TDBC. However, the 

details of the modification are not well simulated, and thusit may be possible that coupling 
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between the LSPR of the AgNWs and the TDBC layer also contributes to the CD modification, 

wich was not taken into account in the simulations. 

IV.4. Surface plasmon enhanced absorption and emission 

As mentioned above, the absorption of the TDBC J-aggregates is enhanced when the TDBC 

layer is in vicinity of the AgNWs layer(s). The enhanced absorption can reach the double or 

even the triple of its typical absorption (0.6 – 0.7) in a PEM film without AgNWs. This 

phenomenon is known as the surface plasmon enhanced absorption. 

In order to study this phenomenon and its dependence on the distance between the TDBC layer 

and the AgNWs layer(s), we prepared a series of samples with one layer of TDBC deposited on 

a layer of aligned AgNWs, separated by a LbL-assembled PEM film (Figure 100A).  

 
Figure 100. (A) Sketch of the structure: a layer of TDBC deposited on a layer of aligned AgNWs, separated by a 

PEM film of a certain thickness d. (B) The extinction spectra were measured in the central area of the samples 

and at the edge, where TDBC is present but no AgNWs are deposited. (C) Extinction spectra of the central area 

for different d. (D) Extinction spectra at the edge for different d. (E) Difference between the maximum extinction 

and the extinction at 800 nm Amax – A800 nm as a function of d. The horizonal dashed red line is the extinction of 

TDBC without AgNWs. 
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The structure can be written as following: 

PEI/PSS/PAH/PSS/PEI/AgNWs/PEI/(PSS/PAH)n/PSS/PEI/TDBC (-1 ≤ n ≤ 20 corresponding 

to 1 nm ≤ n ≤ 44 nm; n = -1 for only one layer of PEI between TDBC and AgNWs). We 

measured the extinction spectra of the sample in its central area, where TDBC, polymers and 

the AgNW layer are present; and on its edge, where only the TDBC layer and the polymer layers 

with the same structure are present without AgNWs (Figure 100B). The extinction spectrum of 

one layer of AgNWs and the extinction spectrum of one layer of TDBC were measured for 

comparison. The single layer of AgNWs and that of TDBC were both deposited on 

PEI/PSS/PAH/PSS/PEI The difference of the maximum extinction and the extinction at 800 nm 

(Amax – A800 nm) was calculated and was considered as the (enhanced) extinction of TDBC 

(Figure 100E). We observed that, in the central area, the absorption of the TDBC J-aggregates 

(589 nm) was significantly enhanced. This enhancement increases from d = 1 nm to d = 9 nm, 

reaching a maximum at d = 9 nm, and then decreases from d = 9 nm to d = 23 nm. Starting from 

d = 23 nm, we observed no more the enhancement phenomenon. This enhancement of the 

absorption of organic dyes adjacent to the localized surface plasmon is called surface plasmon 

enhanced absorption. This phenomenon has been extensively studied and has many applications. 

Surprisingly, we also observed an enhancement of the absorption of TDBC on the edge of the 

sample (Figure 100E). This enhancement is much weaker than that in the center yet noticeable. 

As the homogeneity and reproducibility of the LbL-deposition of TDBC was confirmed in the 

previous section, we believe that this weak enhancement is due to the very small amount of 

AgNWs residing on the edge. This is inevitable by doing the GIS of AgNWs. The surface 

plasmon enhanced absorption is an evidence of the plasmon-exciton interaction between the 

AgNWs and the TDBC J-aggregates.  

We studied furthermore the surface enhanced absorption of the TDBC layer placed in the 

middle of the gap between two AgNW layers oriented at 45° (left-handed). The structure can 

be written as 

PEI/PSS/PAH/PSS/PEI/AgNWs/PEI/(PSS/PAH)m/PSS/PEI/TDBC/PEI/(PSS/PAH)mPSS/PEI/
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AgNWs, with m varied from 0 to 15 corresponding to d from 3 nm to 34 nm. The extinction 

spectra were measured on the same sample after the deposition of the TDBC layer and the 

deposition of the second layer of AgNWs (Figure 101B). A two-layer film without TDBC was 

also prepared for comparison (Figure 101A).  

 
Figure 101. (A) Sketch of the structure without TDBC. (B) Sketch of the structure with TDBC: a layer of TDBC placed 

in the middle of two layers of AgNWs, the distance between the TDBC layer and each layer of AgNWs is d. (C) The 

extinction spectra were measured in the central area of the samples and on their edge. (D) Extinction spectra 

were measured after the deposition of the TDBC layer (black) and after the deposition of the second layer of 

AgNWs (red) in the central area (solid lines) and on the edge (dashed lines). From left to right: extinction spectra 

for structure without TDBC and those with TDBC with increasing d. 

 
Figure 102. Amax – A800 nm as a function of d in the center (A) and on the edge (B). The horizonal dashed red line is 

TDBC extinction without AgNWs. 
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Similar conclusion can be made by plotting Amax – A800 nm as a function of d (Figure 102) for 

the two-AgNW-layer structure as for the structure containing only one layer of AgNW 

discussed above. The enhancement increases with d from d = 3 nm to d = 7 nm and decreases 

for d > 7 nm. The enhancement was negligible for d = 34 nm (Figure 102). In addition, the 

change occurred also in transversal mode of the LSPR of AgNWs at around 380 nm for the 

two-layer structures, but this is more likely due to the change of the interlayer spacing between 

the two layers of AgNWs as demonstrated in section III.3.4, since it was not the case for the 

one-layer structures (extinction spectra after the deposition of TDBC layer). Again, the 

enhancement was observed in both the center (Figure 102A) and edge (Figure 102B) of the 

samples, although it is much more important in the central area. 

In order to reduce the influence of the change of interlayer spacing, we prepared a series of 

samples in which the TDBC layer is deposited at a varying distance above 2 layers of AgNWs 

oriented at 45° and separated by a constant spacing of 13 nm. The structure can be described 

as: 

PEI/PSS/PAH/PSS/PEI/AgNWs/PEI/(PSS/PAH)5/PSS/PEI/AgNWs/PEI/(PSS/PAH)n/PSS/PEI

/ TDBC ( 1 ≤ n ≤ 47, corresponding to 5 nm ≤ d ≤ 100 nm, Figure 103A). The effect of the 

distance on the enhancement of the absorption of TDBC is very clear in this case (Figure 103E): 

when the TDBC layer is very close to the two layers of AgNWs (≤ 10nm), its absorption is 

enhanced by a factor of almost 3. Above a spacing of 20 nm, we observed almost no 

enhancement, the absorption of the TDBC layer being similar to that of a TDBC layer in a PEM 

film without AgNWs. The transverse mode of LSPR of AgNWs at 380 nm was not much 

influenced here, compared to two layers of AgNWs without TDBC. Only a small change can 

be observed which could arise from the change of refractive index of the surrounding due to 

increasing number of PEM layer.  
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Figure 103. (A) Sketch of the structure: a layer of TDBC deposited on top of two layers of aligned AgNWs, 

separated by a PEM film of a thickness of d. (B) The extinction spectra were measured in the central area of the 

samples and on their edge. (C) Extinction spectra measured in the central area for different spacing d. (D) 

Extinction spectra of the edge for different spacing d. (E) Amax – A800 nm (intensity of TDBC extinction) as a function 

of d. The horizonal dashed red line is TDBC extinction without AgNWs. 

Furthermore, we measured fluorescence spectra for this series of samples. 

 

Figure 104． (A) Fluorescence emission spectra of a layer of TDBC deposited on two layers of AgNWs, the distance 

between the TDBC layer and the AgNWs changed from 5 nm to 100 nm. (B) Maximum emission intensity as a 

function of distance d. The excitation wavelength is 520 nm. 

As we can see in Figure 104, the emission intensity of the TDBC layer depends on the distance 

between TDBC and the two layers of AgNWs. Contrary to the surface plasmon enhanced 
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absorption, the emission for very close distance (d = 5 nm and 10 nm) is not enhanced. It is 

well-known that the fluorescence can be quenched close to plasmonic particles. The emission 

is only enhanced above d = 20 nm and the enhancement then decreases with d as the absorption 

was shown to decrease with increasing d.219  

Not only the intensity of the fluorescence of 

TDBC is modified by the AgNWs, 

preliminary experiments indicate that the 

polarization of the emitted light can also be 

modified by the chiral plasmonic 

superstructures. When excited by non-

polarized light, the fluorescence light emitted 

by a layer of TDBC embedded in a PEM film 

is non-polarized, while the fluorescence light 

emitted by a layer of TDBC placed between 

two layers of AgNWs with a chiral 

superstructure (left-handed) is circularly polarized (Eleft – Eright ≈ 10 mdeg) (Figure 105). 

This is the so called circularly polarized luminescence (CPL). The CPL was measured by the 

group of Prof. Reiko Oda from University of Bordeaux. This is a preliminary result and more 

experiments should be done. 

IV.5. Influence of the spacing between two layers of AgNWs 

As it has been shown previously that the interlayer spacing has a major influence on the 

chiroptical properties of a two-layer superstructure without TDBC, and as we have shown in 

the last section that the chiroptical properties are strongly modified when TDBC is embedded 

in the chiral plasmonic superstructure, we will investigate here how the chiroptical properties 

of a hybrid superstructure containing TDBC placed between 2 AgNW layers oriented at 45° 

depend on the spacing between the AgNW layers. 

Figure 105. CPL of a layer of TDBC embedded in a PEM 

film (black) and in a left-handed chiral plasmonic 

superstructure containing two layers of AgNWs (red). 

The TDBC layer shows no CPL when embedded in an 

achiral polymeric environment whereas a CPL signal can 

be detected when it is embedded in a chiral plasmonic 

environment. 
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Before doing so, it is however necessary to determine precisely the thickness of the TDBC layer 

in the PEM film. Indeed, we have shown that the distance between the AgNW has a huge 

influence on the spectroscopic properties and it is thus necessary to very precisely control this 

distance with and without TDBC. As noted earlier, it is technically difficult to determine the 

thickness of the TDBC layer by ellipsometry, so we used electron microscopy to measure the 

cross-section.  

 
Figure 106. Blue frame: the microscopy measurements of the interlayer PEM thickness were carried out on two-

layer superstructures with an angle α = 45°. Red frame: Cross-section SEM images of samples with one layer of 

TDBC, whose structure is describe as 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m/PSS/PEI/TDBC/PEI/(PSS/PAH)m/PSS/PEI/Ag (m = 2, 7, 14, 29 and 49). 

Black frame: Samples without TDBC, whose structure is PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)n/PSS/PEI/Ag (n 

= 5, 15, 30, 60 and 100). The thicknesses are the average distance between the two layers of AgNWs measured 

at different positions. m and n for each pair of samples correspond to the same total number of layers, when n = 

2(m+1), between the AgNW layers. 

We prepared a series of samples with two layers of AgNWs oriented at 45° from each other, 

and the interlayer film consisted of one layer of TDBC placed between two identical PEM films 

whose thickness is varied by changing the number m of PSS/PAH layer pairs from 2 to 49: 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m/PSS/PEI/TDBC/PEI/(PSS/PAH)m/PSS/PEI/Ag 

(m = 2, 7, 14, 29 and 49). We cut the sample and polished the cross-section in order to take 
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microscopy images, measured the total thickness and compared it with structures without 

TDBC: PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)n/PSS/PEI/Ag (n = 5, 15, 30, 60 and 100). 

The thickness as a function of m was plotted 

and compared with the thickness of PEM 

without TDBC (Figure 107). The thickness of 

PEM film with a layer of TDBC increased 

perfectly linearly as the layer number of PEM 

increased. For an identical total number of 

layers between the AgNWs, the spacing 

between the AgNW layers of a film with 

TDBC is ~20 nm larger than without TDBC. This observation is not sufficient to conclude that 

a layer of the J-aggregates is 20 nm thick, as it could also be possible that the deposition of 

TDBC changes slightly the structures of the surrounding polyelectrolyte layers to a certain 

extent. Although the exact morphology and conformation of the TDBC layer on a PEM is 

unknown as well as that of the J-aggregates in aqueous solution itself, we can safely conclude 

that the insertion of a layer of TDBC in a PEM structure increases its total thickness by 20 nm. 

This increase is independent of the thickness of the PEM films below and above TDBC. This 

information is however sufficient to build thin films with and without TDBC having an identical 

spacing between the AgNW layers to investigate their chiroptical properties.  

As we had a good control on the thicknesses of PEM films with and without the TDBC layer, 

we prepared a series of samples of two AgNW layers oriented at 45° with a TDBC layer in the 

center varying the interlayer spacing between the two layers of AgNWs, and compared their 

chiroptical properties with the structures with identical interlayer spacing but without the TDBC 

layer. For a given interlayer spacing d (d = 30, 60, 100, 150 and 200nm), we used the 

corresponding m (m = 2, 8, 18, 30 and 42) and n (n = 15, 28, 48, 72 and 96) derived from Figure 

107 for two-layer superstructures with and without TDBC respectively.  

Figure 107. Thicknesses of PEM films containing one or 

no TDBC layer as a function of m and n, respectively. 
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Figure 108. Left panel: CD, extinction and g-factor spectra of samples composed of two layers of AgNWs with the 

interlayer spacing varied from 30 nm to 200 nm, containing a layer of TDBC in the center and keeping the angle 

α fixed at 45°, the inset is a zoom in CD spectra. Right panel: schematics of the structure.  

The CD and extinction spectra of the samples with TDBC are given in Figure 108 and those of 

the samples without TDBC were presented in Figure 75, and they are compared for each 

interlayer spacing in Figure 109 together with ΔCD, the difference in CD for samples with an 

identical spacing between the AgNW layers with and without TDBC. 
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Figure 109. Left column: comparison of CD spectra of samples with and without TDBC, with identical interlayer 

spacing from d = 30 nm (corresponding to m = 2 for structure with TDBC and n = 15 for structures without TDBC), 

60 nm (m = 8, n = 28), 100 nm (m = 18, n = 48), 150 nm (m = 30, n = 72) and 200 nm (m = 42, n = 96). Right column: 

spectra of ΔCD, the difference in CD for samples with an identical spacing between the AgNW layers with and 

without TDBC.  



Coupling of achiral dyes to chiral superstructures 

144 

 

 

We observed an excellent reproducibility (Figure 109) of the CD spectra for samples of 

identical interlayer spacing with and without the TDBC layer, which confirms the good control 

on the spacing presented previously, knowing that the CD spectra are extremely sensitive to the 

interlayer spacing and that the samples need up to over 200 deposition steps for the n = 100 or 

m = 49 samples. The dependence of the CD spectra over the entire spectral range due to the 

variation of the interlayer spacing (similar to Figure 75) is confirmed (Figure 108), besides the 

modification of the CD spectra at the maximum absorption wavelength of the TDBC J-

aggregates. In addition, the surface plasmon enhanced absorption of TDBC is confirmed for the 

smaller interlayer spacing (d = 30 nm, i.e. 5 nm from the TDBC layer to each of the AgNWs 

layers).  

We calculated ΔCD by subtracting the CD of corresponding structure without TDBC from that 

with TDBC (Figure 109). The ΔCD can be considered as the CD modification due to the 

introduction of the TDBC layer. The ΔCD has a bisignate shape. The spacing between the layers 

of AgNWs has a strong influence on the change of CD due to TDBC, although it is not easy to 

identify a clear trend. In these left-handed structures, for small interlayer spacing (d = 30 nm 

and 60 nm), it seems that the ΔCD shows a negative Cotton effect, red-shifting with the increase 

of d. For d = 100 nm and 150 nm, the ΔCD displays a positive Cotton effect, red-shifting with 

the increase of d and intensity decreasing with d. For d = 200 nm, the ΔCD has “double Cotton 

effect” around 589 nm with decreased intensity: a positive Cotton effect on the right of λ = 589 

nm and a negative one on the left of λ = 589 nm. 

The Mueller Matrix of these samples were measured and simulated by Yann Battie from the 

University of Lorraine, from which we obtained the measured (Figure 110) and the simulated 

(Figure 111) LD, LB, CD and CB. 
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Figure 110. LD, LB, CD and CB measured by MMP for different interlayer spacing with a layer of TDBC in the 

middle. 

 

Figure 111. Simulated LD, LB, CD and CB for different interlayer spacing with a layer of TDBC in the middle. 
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We can see in the results by MMP and in the simulations that the linear polarization properties 

are modified as much as the circular polarization properties by introducing the TDBC layer in 

the chiral plasmonic superstructures. In addition, the modification of the LD and the LB is also 

highly dependent on the interlayer spacing. Important changes in CD and CB as function of the 

interlayer spacing are noticed. Similarly, we calculated the ΔCD between the CD of 

corresponding structures with and without TDBC, using results by MMP and by simulations 

(Figure 112). We found out that in both measurements by MMP and simulations, the 

transformation of ΔCD from a negative Cotton effect form a positive one is reproduced with 

the increase of interlayer spacing.  

 

Figure 112. Spectra of ΔCD, the difference in CD for samples with an identical spacing between the AgNW layers 

with and without TDBC, for measured (left panel) and simulated (right panel) results. 
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The CD measured by MMP and Jasco are compared together with the simulations in Figure 

113. 

 

Figure 113. CD by Jasco CD spectroscopy (solid lines), MMP (dashed lines) and simulations (short dashed lines) 

for different interlayer spacing d with TDBC. 

The agreement between CD determined by both measurement techniques is impressively good. 

The simulations are again less consistent, possible reasons were given in previous sections: the 

simple model is effective to reproduce the CD modification effect, but not capable to simulate 

the details of the modification as possible coupling are not considered. 
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IV.6. Influence of the position of the TDBC layer in the 

superstructure 

Since the CD of the hybrid film is so much affected by the distance between the TDBC layer 

and the AgNWs, we aim to study the influence of the position of the TDBC layer between two 

layers of AgNWs at a fixed distance on the chiroptical properties. We made a series of samples, 

whose structure is described as 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/(PSS/PAH)m1/PSS/PEI/TDBC/PEI/(PSS/PAH)m2/PSS/PEI/Ag 

(m1 = 9, 19, 29, 39 and 49; TDBC layer is in the middle when m1 = 29). By keeping the total 

number of polyelectrolyte and TDBC layers between the two layers of AgNWs constant, we 

maintain a constant interlayer spacing of d = 147 nm. Considering the semi-reflective property 

of the AgNWs, a standing wave and / or interferences of a specific wavelength related to the 

width of the “cavity” may arise. We chose here d = 147 nm and later d = 294 nm, because they 

are the λ/4 and λ/2 of the maximum absorption wavelength of TDBC J-aggregates (589 nm). 

Through the variation of m, we are able to modify the position of the TDBC layer with respect 

to the two layers of AgNWs, which is considered to have confined electromagnetic field of 

different strength.  
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Figure 114. (A) Sketch of the structures. The total distance between the two layers of AgNWs is fixed at 147 nm. 

The position of the TDBC layer is varied by changing d1 (distance from the TDBC layer to the lower layer of AgNWs) 

and d2 (distance from the TDBC layer to the top layer of AgNWs). When the TDBC layer is in the middle of the 

structure, d1 = d2 = 62 nm. (B) CD, extinction and g-factor spectra of the superstructures for different TDBC layer 

position (d1). (C) ΔCD for different TDBC position (d1), the scale for all the spectra is the same. 

CD and extinction spectra were measured as well as g-factors calculated for each sample. The 

overall shape of the CD spectrum is not much changed and is comparable to a structure with 

the same interlayer spacing but without the TDBC layer, while the CD spectrum around the 
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absorption wavelength of TDBC J-aggregates were shown to depend strongly on the position 

of TDBC.  ΔCD is calculated by subtracting the CD of the structure without TDBC (interlayer 

spacing is also 147 nm) from the CD of the structures with TDBC for different TDBC position 

(d1) (Figure 114C). The ΔCD for all d1 has a positive Cotton effect with slightly shifted peak 

positions and slightly varied intensities. This observation matches the conclusion of the 

previous section: a negative Cotton effect in ΔCD is only observed for small AgNW-TDBC 

distance (< 20 nm), while a positive Cotton effect is observed for larger AgNW-TDBC distances.  

The Mueller Matrix of these samples were measured and simulated by Yann Battie from the 

University of Lorraine, from which we obtained the measured (Figure 115) and the simulated 

(Figure 116) LD, LB, CD and CB. 

 

Figure 115. LD, LB, CD and CB measured by MMP for two layers of AgNWs with a fixed interlayer spacing (147 

nm) containing a layer of TDBC between them while the position of the TDBC layer (d1) varies. 
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Figure 116. Simulated LD, LB, CD and CB for two layers of AgNWs with a fixed interlayer spacing (147 nm) 

containing a layer of TDBC between them while the position of the TDBC layer (d1) varies. 

We observed that in both measurements and simulations, all the LD, LB, CD and CB terms 

depend on the position of the TDBC. In the simulations, ideal structures were considered, thus 

the CD and CB with symmetric d1 are identical (i.e. same results are obtained for d1 = x and d1 

= 147 – x). This is not the case for the measurements, because 1. the structures are imperfect; 

2. the measurements were carried out with one azimuth angle, which may have an influence on 

the results. However, the simulated CD and CB show only small variations depending on the 

position of TDBC, while the measured CD and CB are much more sensitive to this parameter.  

The results by MMP and simulations are compared with the measurements made on the Jasco 

CD spectrometer in Figure 117. The agreement between the two measurements are as good as 

for the other ones. The simulations are not fully consistent with the measurements, especially 

for the smaller spacings wbhere the effect of near-field coupling may be the highest.  
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Figure 117. CD by Jasco CD spectroscopy (solid lines), MMP (dashed lines) and simulations (short dashed lines) 

for different TDBC position (d1). 

We prepared another series of samples similar to the one presented above, while the total 

interlayer spacing was increased to 294 nm, which is λ/2 of the maximum absorption 

wavelength of TDBC J-aggregates (589 nm).  
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Figure 118.  (A) Sketch of the structures. The total distance between the two layers of AgNWs is fixed at 294 nm. 

The position of the TDBC layer is varied by changing d1 (distance from the TDBC layer to the lower layer of AgNWs) 

and d2 (distance from the TDBC layer to the top layer of AgNWs). When the TDBC layer is in the middle of the 

structure, d1 = d2 = 137 nm. (B) CD, extinction and g-factor spectra of the superstructures for different TDBC layer 

position (d1). (C) ΔCD for different TDBC position (d1), the scale for all the curves is the same.  

CD and extinction spectra are similar to the previous series of sample with more oscillations in 

CD as the interlayer spacing is doubled. The reproducibility of the samples is preserved, which 

allows to calculate the CD modification due to the TDBC layer (ΔCD). Similar to the previous 
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series of samples, the ΔCD shows a positive Cotton effect, with however one exception: when 

the TDBC layer is placed in the middle between the two layers of AgNWs (d1 = 137 nm), the 

change in CD is much lower. This confirms our observation in section IV.5 (sample with a very 

large interlayer spacing). 

The Mueller Matrix of these samples were measured and simulated by Yann Battie from the 

University of Lorraine, from which we obtained the measured (Figure 119) and the simulated 

(Figure 120) LD, LB, CD and CB. 

 
Figure 119. LD, LB, CD and CB measured by MMP for two layers of AgNWs with a fixed interlayer spacing (294 

nm) containing a layer of TDBC between them while the position of the TDBC layer (d1) varies. 
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Figure 120. Simulated LD, LB, CD and CB for two layers of AgNWs with a fixed interlayer spacing (294 nm) 

containing a layer of TDBC between them while the position of the TDBC layer (d1) varies. 

Similar conclusions can be obtained here as previous series of samples. All the LD, LB, CD 

and CB are modified by the TDBC layer and the modification effect of all the four elements is 

highly dependent on the TDBC position. Identical CD and CB with symmetric d1 were obtained 

in the simulations but not in the measurements for reasons discussion in previous series of 

samples. The change in LD and LB is much less pronounced in the measured spectra than in 

the simulated spectra.  

The results by MMP and simulations are compared with the measurements made by Jasco in 

Figure 121. Although the main trends are consistent, significant differences are observed for 

this series of samples, which may be due to differences in the sample themselves for the 

different sets of measurements. The general shape of the CD spectra are reasonably well 
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adsorption wavelength of TDBC, and this peak is more intense when the distance between 

TDBC and the AgNW layers is smaller.  

 

Figure 121. CD by Jasco CD spectroscopy (solid lines), MMP (dashed lines) and simulations (short dashed lines) 

for different TDBC position (d1). 

 

The interlayer spacings (147 nm and 294 nm) in the two series of samples above are relatively 

large, and accordingly all d1 were relatively large (> 20nm). Therefore, we had only positive 

Cotton effect for ΔCD, as we demonstrated in section IV.5 that negative Cotton effect only 

exists for very close distance between TDBC layer and AgNWs. However, the double Cotton 

effect was reproduced for d1 = 137 nm (total spacing = 294 nm), that is when the TDBC layer 

is very far from both the AgNWs layers. This confirms our conclusion in IV.5. 
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These samples turn out to give optical properties that are complicated to analyze and from 

which it is hard to obtain solid conclusions. Neither the agreement of the measurements and the 

simulations were good enough to establish a clear trend and general rules. This is because when 

changing the TDBC position between two layers of AgNWs, we change the distances of the 

TDBC layer from both layers of AgNWs. The dependence of the plasmon-exciton coupling 

strength on d1 is thus hard to predict. In addition, not only near-field coupling may have an 

influence but the two AgNW layers may also form a cavity (even of low quality) in which the 

properties are modified. The observed properties are thus the result of the combination of 

several phenomena which are hard to disentangle.  

For the above reasons, another series of samples with a varying distance between the TDBC 

layer and the AgNW superstructure were prepared, by depositing the TDBC layer on top of the 

two layers of AgNWs. We prepared a series of samples containing two layers of AgNWs, with 

fixed angle α =45° and fixed interlayer spacing d = 13 nm between the AgNW layers, on top of 

which a PEM film (PEI/(PSS/PAH)n/PSS/PEI) of varying thickness (5 nm ≤ d ≤ 100 nm for 1 

≤ n ≤ 44) was deposited on each sample followed by a layer of TDBC deposited by dipping. 

This protocol allows a more convenient comparison of the CD between samples for following 

reasons: 1. all the chiral two-layer-AgNW structures are identical (α =45°, d = 13 nm) and no 

variation of interlayer spacing between the two layers of AgNWs is involved here, thus the 

chiral environment surrounding the AgNWs is similar in all samples; 2. The only variable in 

this series of samples is the distance between the TDBC layer and the upper layer of AgNWs, 

which is controlled by the thickness of the PEM film between them; 3. by measuring the CD 

before and after the deposition of the TDBC layer, it is possible to obtain ΔCD arising from the 

TDBC layer. 
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Figure 122. CD, extinction and g-factor spectra of samples composed of a layer of TDBC deposited on two layers 

of AgNWs separated by a PEM film of different thickness. The interlayer spacing between the two layers of AgNWs 

is fixed at 13 nm.  

Three CD measurements were carried out for each sample: 1. after the deposition of the upper 

layer of AgNWs and before the deposition of the PEM film separating TDBC and the AgNWs 

(noted as “2 AgNWs” in Figure 123); 2. after the deposition of the PEM film and before the 

deposition of the TDBC layer (noted as “2 AgNWs + PEM” in Figure 123); 3. after the 

deposition of the TDBC layer (noted as “2 AgNWs + PEM + TDBC” in Figure 123). ΔCD in 

Figure 123 was calculated by subtracting the CD of “2 AgNWs + PEM” from that of “2 AgNWs 

+ PEM + TDBC”, and is considered as the modification of CD induced by the TDBC layer 

(Figure 123). 
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Figure 123. Three measurements of CD for d = 5 nm (A), 60 nm (B) and 500 nm (C), and ΔCD for different d from 

5 nm to 1 μm. 

For small distance (5 nm ≤ d ≤ 60 nm), a negative Cotton effect in ΔCD is observed around 

maximum absorption wavelength of TDBC (589 nm). The peak is red-shifted with d and the 

intensity decreases with d. For intermediate distance (d = 80 nm and 100 nm), the ΔCD has a 

positive Cotton effect, and for large distance (d = 500 nm and 1 μm), double Cotton effect is 

observed on both side on λabs of TDBC (589 nm), while for d = 1 μm, the ΔCD is very low. 

These observations are consistent with those made in section IV.5 and in the previous part of 

this section. 
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IV.7. Hybrid chiral superstructures with other materials 

In order to know if the chiral plasmonic superstructures can modify the chiroptical properties 

of materials other than TDBC, we introduced several other materials in the chiral plasmonic 

superstructures, including other organic dyes and AuNPs.  

We first substituted TDBC with three other cyanine dyes labeled S2275, S2165 and S2284 (as 

from their commercial name) whose structure is given in Figure 124. The structure prepared 

are composed of two layers of AgNWs oriented at 45° with a layer of S2275, S2165 or S2284 

dye between them: 

PEI/PSS/PAH/PSS/PEI/Ag/PEI/PSS/PAH/PSS/PEI/dye/PEI/PSS/PAH/PSS/PEI/Ag (dye = 

S2275, S2165 or S2284). The fabrication process is the same as that of samples containing a 

layer of TDBC. 

 
Figure 124. Chemical structures and absorption wavelength of S2275, S2165 and S2284.260 

CD and extinction spectra were measured and g-factors were calculated for the three samples. 
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Figure 125. CD, exticniton spectra and g-factors of the two-layer chiral superstructures with a layer of S2275, 

S2165 or S2284. 

We observed also the modification of CD for all the three dyes around their maximum 

absorption wavelength. However, unlike the narrow peak of J-aggregates of TDBC, these dyes 

have rather broad absorption peaks thus the modification in CD is also not very well defined. 

Copper phthalocyanine-3,4′,4′′,4′′′ tetra-sulfonated acid 

tetrasodium salt (TS-CuPc) is another chromophore 

which interested us. It is a widely used chromophore in 

studies of organic photovoltaic devices and serving as 

electron transporting layer in organic solar cells. The TS-

CuPc is negatively charged and thus can be LbL-
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Figure 126. Chemical structure of TS-CuPc. 
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assembled in a PEM film but its lack of J-aggregate formation makes the electrostatic 

adsorption less efficient than with TDBC. In fact, the extinction intensity after the deposition 

of one layer of TS-CuPc is too weak to be observed and cannot induce significant modification 

in CD. This lead us to insert multiple layers of TS-CuPc in the PEM film instead of a single 

one. We prepared therefore a sample with 20 layers of TS-CuPc between two layers of AgNWs 

(PEI/PSS/PAH/PSS/PEI/Ag/(PEI/PSS/PAH/PSS/PEI/TSCuPc)20/PEI/PSS/PAH/PSS/PEI/Ag). 

The angle between the orientation of the two layers of AgNWs is 45°. CD and extinction spectra 

of the sample were measured and the g-factor spectra was calculated.  

We observe in the extinction spectra that the 

TS-CuPc has two absorption peaks (in both 

film and solution), one in the UV range 

corresponding to the B band of the molecule 

(arising from n⟶π* transitions) and the 

other in the visible range corresponding to the 

Q band of the molecule (arising from π⟶π* 

transitions)261. Although we do not know the 

exact thickness of the TS-CuPc layer and thus 

cannot make a corresponding sample without 

TS-CuPc with identical interlayer spacing for 

comparison, the CD spectrum around 630 nm 

(Q band of TS-CuPC) is clearly modified by 

the TS-CuPc layer, but the CD around 320 nm 

(B band of TS-CuPc) has not seen apparent 

signals due to the TS-CuPc layer. This is 

maybe because the structure has rather weak 

CD in the region thus a modification of it is not visible even if it may exist. However, it is more 

likely that the chiral plasmonic structures interact only with the Q band of the molecule but not 

Figure 127. CD, extinction and g-factor spectra of 20 

layers of TS-CuPc placed between two layers of AgNWs. 
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the B band, and they can only modify the chiroptical properties of a molecule around its Q band. 

More studies and modeling are necessary to understand why both optical transitions do not 

respond similarly.  

We are also interested in the CD 

modification of achiral plasmonic 

nanoobject by the chiral 

plasmonic superstructures. More 

specifically, AuNPs are used here. 

Alike to the TS-CuPc, one layer 

of AuNPs has a relatively low 

density, and we had to build a 30-

layer structure (PEI/Ag/(PEI/ 

/AuNPs)30/PEI/Ag) to see a 

significant extinction for the 

AuNPs. The angle between the 

two layers of AgNWs is 45°. An 

intense peak around 720 nm is 

observed in the extinction spectrum of the film, corresponding to the 30 layers of AuNPs. This 

peak is red-shifted with respect to the AuNPs in solution (maximum absorption at around 520 

nm), resulting from the small distance between the AuNPs in the thin film. Although the sample 

containing two layers of AgNWs without AuNPs (“2 AgNWs” in Figure 128) has not precisely 

the same interlayer spacing as the sample with 30 layers of AuNPs (“30 AuNPs + 2 AgNWs” 

in Figure 128), the modification in CD by the introduction of AuNPs in the structure is 

evidenced, although here again the features are not as sharp as for TDBC. 

In conclusion, we have shown that the chiroptical properties of the chiral plasmonic 

superstructures is modified by the insertion of various molecules or nanoparticles, as long as 

their intensity in the film is high enough to generate noticeable signals. The change of CD 

Figure 128. Comparison of CD and extinction spectra and g-factor of 

two-layer structures with (red) and without (black) AuNPs. 
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observed is not as sharp and well-defined as for TDBC. The underlying reason of this 

modification is thus still unclear as we have shown that for a chromophore like TS-CuPc which 

has two absorption bands namely B band and Q band, the CD modification occurs in the Q band 

but not in the B band.  

IV.8. Coupling of a chiral plasmonic superstructure to a 

chromophore in solution 

We showed in the previous sections how the optical properties of a chromophore are modified 

when embedded as a solid thin film in a chiral plasmonic environment. It would be interesting 

to investigate what happens when the molecules are in solution. As we have shown that two 

layers or AgNWs oriented at a certain angle show some CD even when they are very far away, 

we aim to deposit one layer of AgNWs by GIS on both side of a spectroscopic cuvette with an 

optical path length of 0.1 mm, before loading this cuvette with a TDBC solution. 

 

Figure 129. CD spectra of air, water and TDBC solutions of different concentrations in a quartz cuvette with one 

layer of AgNWs deposited on its both sides, with left- (A) and right-handed (B) structures. The optical path length 

is 0.1 mm. (C) Photograph of a left-handed cuvette with TDBC solution in it. 
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By controlling the orientations of the AgNWs on the two sides of the cuvette, we prepared a 

left-handed structure (angle α between the two AgNWs = 45°), and spectra were measured with 

air in the cuvette, pure water, and TDBC solutions at different concentration from 0.02 mg/ml 

to 2 mg/ml.No obvious modification of the CD spectra was observed when the cuvette is filled 

with air, water or a TDBC solution with a concentration lower than 0.1 mg/ml. From 0.5 mg/ml, 

a change in the CD spectrum similar to the change observed when TDBC is embedded as a thin 

film is observed. For a concentration of TDBC of 2 mg/ml, the peak turned to be not well 

defined since the transmittance is very low at such a high concentration, and thus the CD 

spectrometer is not sensitive enough in such conditions (Figure 129A). The same experiments 

were realized for right-handed structures, and symmetrical CD spectra were obtained (Figure 

129B).  

These results show that CD modification can be achieved with TDBC in solution. However, the 

concentration required is very high (> 0.5 mg/ml). We suppose that this is because only J-

aggregates in the vicinity of the AgNWs layers, those close to the inner wall of the cuvette, are 

coupling with the LSPR of AgNWs, while the majority of the molecules dispersed in the cuvette 

are less effective and contribute less to the CD modification since they are far from the 

evanescent field of LSPR. These experiments open interesting perspective, as a much simple 

yet effective geometry is used here, which would allow to easily screen different materials and 

concentrations on the same nanostructure using for instance a flow cell with oriented AgNW 

layers deposited on the sides of the cell.  

IV.9. Conclusion 

We have shown that we are able to build well-controlled hybrid chiral nanostructures composed 

of oriented AgNW layers and a molecular dye placed at a precise position within the 

nanostructure. Although the fabrication of such structures requires a large number of steps, the 

structures formed were highly reproducible and the architecture can be easily tuned with a nm-

scale control on the distances between the different constituents.  
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Using this approach, we have shown that the optical properties of an achiral organic dye are 

strongly modified when it is placed close to a chiral plasmonic superstructures. This 

modification includes the enhanced absorption and emission of the dye and the modification in 

the polarization properties, including LD, LB, CD and CB, among which we are mostly 

interested in the CD modification. 

The surface plasmon enhanced absorption has been observed when a layer of TDBC is in 

vicinity to AgNW layer(s). This enhancement in absorption increases with the distance d 

between the TDBC layer and the AgNW layer when d is very small (d < 10 nm). The 

enhancement then decreases with d (10 nm < d < 20 nm) and starting from d = 20 nm no more 

enhancement can be observed. The critical values of d may vary slightly for different structures 

(one-layer and two-layer), but the general tendency remains unchanged. The surface enhanced 

emission has also been observed. For the two-layer structures that were prepared, no 

enhancement in emission was observed for d < 20 nm. The enhancement then decreases with d 

and is negligible for d > 60 nm, resulting from the opposite influence of enhanced absorption 

and fluorescence quenching with distance.  

The modification in CD due to the dye layer is characterized by ΔCD, the difference between 

CD with the dye layer and without the dye layer. We studied the structural parameters which 

have an influence on the CD modification, in particular the distance from the dye layer to the 

AgNW layers. In general, ΔCD has relatively high values (up to several degrees) and has a 

bisignate shape, showing negative / positive / double Cotton effect depending on the distance 

between the dye layer to the AgNWs. The CD obtained by MMP is generally consistent with 

the CD measured on a commercial CD spectrometer in the visible range, in terms of shape of 

the spectra and position of the peaks, while the intensities may be different. This confirms the 

CD modification phenomenon and related conclusions. The simulations partly reproduce the 

trend observed but are however less consistent with the measurements. Nonetheless, the 

important modification in CD is reproduced in the simulations, which reveals that it is possible 

to generate a modification in CD by considering the samples as a collection of slabs of different 
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optical properties and without any coupling between them. However, the difference between 

the simulations and the measurements indicates that possible coupling between the LSPR of 

AgNWs and the dye molecules may also contribute to the modification in CD. Finally, the 

structures composed of two semi-reflecting AgNW layers may behave as cavities (although of 

low quality) which would also modify the optical properties of the dye. The measurements by 

MMP and the simulations have also shown modifications in LB, LD and CB as important as in 

the CD. These modifications are also sensitive to the distance d.  

We have also shown that the chiral plasmonic superstructures can modify the optical properties 

of other achiral materials, including three other cyanine dyes, AuNPs and TS-CuPc. In addition, 

it is possible to obtain a similar phenomenon using TDBC in solution rather than in LbL film, 

while a relatively high concentration of TDBC solution is required. 

In conclusion, we have shown an easy and reproducible way to modify the optical properties of 

many achiral molecules (not only in film but also in solution) by chiral plasmonic 

superstructures. These findings fill a gap in the field as this phenomenon is rarely reported 

although the chirality transfer from chiral molecules to achiral nanostructures is much more 

studied. 
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V .  Collaborative side-projects: towards more 

complex chiral metasurfaces 

V.1. Oriented assembly of silica nanohelices functionalized with 

gold nanoparticles 

GIS and LbL-assembly have wide applicability in the fabrication of 3D nanostructures thanks 

to their extensive adaptability, high efficiency and ease to use. In fact, it is possible to align 

almost any type of rigid elongated nanoparticles on a substrate by GIS and then construct a 

multilayer superstructure by LbL-assembly. We show here an example of a multilayer structure 

composed of silica helices functionalized with AuNPs, which displays a significant CD 

depending on the handedness of the silica helices. This work was done in collaboration with the 

group of Reiko Oda and Emilie Pouget from the University of Bordeaux, and was published 

recently54.  

The so-called Goldhelices consist in plasmonic 

nanoparticles (gold) grafted onto helical templates 

made from silica nanohelices. The chiral shape of 

the template combined to the plasmonic properties 

of the gold nanoparticles give rise to a hybrid nano-

object which displays a high CD (Figure 130) that 

depends on the handedness and the pitch of the 

nanohelix262. 

The Goldhelices drop-casted on a substrate have a 

random orientation (Figure 131a-c), while aligned Goldhelix thin films (Figure 131d-f) were 

prepared by GIS. The experimental conditions of GIS for Goldhelices are similar to those used 

Figure 130. CD (solid line) and absorbance 

(dashed line) spectra of P- (right-handed) and M-

Goldhelix (left-handed) suspensions in water. 
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for AgNWs. The optical properties of the assemblies were measured by UV-Vis spectroscopy, 

CD spectroscopy and Mueller matrix polarimetry.  

 

Figure 131. SEM images of a non-oriented thin film (a) and an oriented layer (d) of Goldhelices. Image analysis 

for the non-oriented (b) and the oriented (e) Goldhelices. The Goldhelices are color-coded according to their 

orientation (the color scale is shown). The distribution of orientation with respect to the main direction and the 

corresponding nematic order parameter S2D is extracted from the image analysis (c,f).  

The aligned Goldhelix monolayer has similar circular anisotropic properties (g-factor) as the 

Goldhelix suspension and the non-oriented monolayer, while the linear anisotropies (LB and 

LD) were only observed for the aligned Goldhelices. The aligned deposition of the Goldhelices 

also leads to a higher CD. However, the increase in CD arises from the increase of the density 

of the Goldhelices, but not from a structural dissymmetry, as the three layers of Goldhelices 

have the same orientation. Therefore, the g-factor is identical for oriented and non-oriented 

monolayers (Table 1). 

 

Table 1. LD and g-factor values of samples with or without orientation, with mono- or multilayers with different 

gaps between the layers. 
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Figure 132. (a) Scheme of the GIS and LbL combined techniques for the creation of Goldhelix multilayer films. 

Cross-sectional (b−d) SEM images of a monolayer film (b), a triple layer film with a single PEI deposition (thickness 

= 1 nm) between the Goldhelix layers (c), and a triple layer film with a polyelectrolyte multilayer 

(PEI/(PSS/PAH)15/PSS/PEI, thickness = 56 nm) between the Goldhelix layers (d). 

Goldhelix multilayer films (3 layers of Goldhelices oriented in the same direction) were 

prepared by GIS and LbL-assembly (Figure 132). The interlayer spacing were controlled by 

tuning the number of polyelectrolyte layers between the Goldhelix layers. The three-layer 

structure has similar linear properties compared to the monolayer structure, while its chiroptical 

properties depend on the interlayer spacing. For small interlayer spacings (1 nm and 22 nm), 

the three-layer structure has a decreased g-factor compared to the monolayer structure, while 

for the larger interlayer spacing (56 nm), the three-layer structure shows a g-factor of the same 

order than the monolayer structure (Table 1). This is because when the layers of the Goldhelices 

are close to each other, interlayer interactions between the gold nanoparticles occur and cause 

the loss of the chiral character (Figure 133), while if the interlayer distance is large enough, the 

chiral interaction between the gold nanoparticles on each nanohelix is dominating.  
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Figure 133. Scheme of the interactions between gold nanoparticles when the Goldhelices are isolated from each 

other (a) or in close contact (b). In the first case, the gold NPs interact only with their Goldhelix neighbor, whereas 

in the second case, they can interact with the gold NPs from other Goldhelices, losing the chiral character of the 

interaction and giving an optical signal close to the one which would be obtained from a homogeneous 

suspension of GNPs. 

This collaboration demonstrated the versatility of the GIS and the LbL-assembly in the 3D 

assemblies of anisotropic nanoobjects, with good reproducibility maintained. The advantage of 

the fabrication method is the ease to control the structural parameters (spacing, angle etc.) and 

thus to tune the properties of the samples, and the high efficiency of the fabrication process. We 

show that the optical properties and the anisotropy do not only depend on the nature and 

geometry of the individual nano-objects, but also on their assembly at the mesoscopic scale.  

V.2. Oriented AgNWs on Ag mirrors: towards polarizing 

mirrors and chiral cavities 

In the previous chapter, we have studied the interaction of the LSPR of the AgNWs with 

molecules placed in their vicinity. Our results indicate that two layers of AgNWs may act as an 

optical cavity with polarizing properties. However, the AgNWs layers were obviously not 

effective to form optical cavities, for which high-quality semi-reflective surfaces such as Ag 

mirrors are needed.  

We therefore started a collaboration with the group of Prof. Thomas Ebbesen and Cyriaque 

Genet from ISIS, University of Strasbourg, who has done a lot of research on light-matter strong 

coupling using optical cavities composed of parallel Ag mirrors. The aim of this collaboration 
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is to deposit one or more layer(s) of aligned AgNWs on each of the two Ag mirrors to form 

high-quality polarizing mirrors and ultimately a polarization-dependent cavity, including 

“chiral” cavities. This would be a first step to observe chiral plasmon-exciton coupling in the 

strong coupling regime, which has never been done to the best of our knowledge. 

The first step is to prepare chiral mirrors, made from AgNW layers deposited on an Ag thin film 

that acts as a semi-reflecting mirror. The Ag mirrors that consist of a 35 nm thin film sputtered 

on a glass slide were provided by the group of ISIS. We then deposited one, two or three layers 

of AgNWs on the mirrors using the GIS and LbL-assembly as previously described (Figure 

134). The chiral reflection of the samples was measured and simulated by Yann Battie from the 

Université de Lorraine. 

 
Figure 134. (A) One layer of AgNWs is deposited on an Ag mirror (AgM), separated by a 5-nm PEM film. (B) Two 

layers of AgNWs are deposited on an Ag mirror, the interlayer spacing between the two layers of AgNWs is 13 nm, 

the angle between them is α (α = ±45° for left- and right-handed structures). (C) Three layers of AgNWs are 

deposited on an Ag mirror, the interlayer spacing between the layers of AgNWs is 13 nm, the angle between them 

is 45° (left-handed). 

The Mueller Matrix were measured using MMP in reflection mode. Only the first three rows of 

the Mueller Matrix were measured due to technical limitations of the setup used, as this is 

sufficient to obtain the chiral reflection ΔR/R = (Rright – Rleft)/R = 2ⅹM41. ΔR is the difference 

of reflections of the sample for right circularly polarized light and left circularly polarized light 

(Rright – Rleft), R is the total reflection for non-polarized light. 
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Figure 135. The first three rows of the Mueller Matrix of two layers of AgNWs (left- and right-handed) deposited 

on an Ag mirror, measured by MMP in reflection mode. The element M41 is used to calculate ΔR/R. 

The measurements and simulations of ΔR/R and R for one-layer (non-chiral) and two-layer 

structures (left- and right-handed) are compared in Figure 136. 
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Figure 136. Measured (solid lines) and simulated (dashed lines) ΔR/R and R for one-layer (black) and two-layer 

structures of both left (red) and right (blue) handedness. 

The measured results are very close to the simulations in terms of position of peak and shape 

of the spectra, while the intensities of ΔR/R differ. The two-layer structures have a reduced 

Reflectance compared to the one-layer structure, and left- and right-handed two-layer structures 

have a similar Reflectance. The one-layer structure has no chiral reflection (ΔR/R around 0), 

while the chiral two-layer structures have very high ΔR/R from 300 nm to 850 nm, with 

opposite signs for left- and right-handed structures. This is an important result as we show here 

that our structures have circular polarization-dependent reflections in the visible range, which 

is a pre-requisite to form chiral cavities. 
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The measurements and simulations of ΔR/R and R for two-layer (left-handed) and three-layer 

(left-handed) structures are compared in Figure 137.  

 

Figure 137. Measured (solid lines) and simulated (dashed lines) ΔR/R and R for two-layer (red) and three-layer 

(pink) structures, both of them are left-handed. 

Comparable Reflectance is obtained for two-layer and three-layer structures, while the ΔR/R 

are very different. The left-handed two-layer structure has positive ΔR/R from 300 nm – 850 nm, 

which means that right circularly polarized light is selectively reflected in the visible range. The 

left-handed three-layer structure shows a ΔR/R spectrum with a bisignate shape, which changes 

its sign around 550 nm. In another words, the left-handed three-layer structure reflects 

selectively right circularly polarized light from 300 nm – 550 nm, and left circularly polarized 

light from 550 nm – 1000 nm.  
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These preliminary results are very interesting and promising. Further work is needed to explain 

in more details how the properties depend on the structure, and if the polarization selectivity of 

the reflection can be enhanced and tuned over a broad wavelength range. However, we show as 

a proof of principle that chiral semi-reflecting mirrors over the entire visible range can be 

prepared with our simple approach. With these chiral mirrors, chiral cavities which confine light 

of a specific polarization can be envisioned and light-matter (strong) coupling of molecules 

with (circularly) polarized light may be obtained.
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V I .  General conclusion and perspectives 

VI.1. Conclusion 

The objectives of this research were to study: 1. the optical properties of multilayer chiral 

plasmonic superstructures based on aligned silver nanowires (AgNWs) and the tunability of the 

chiroptical properties by controlling the hierarchical arrangement of the superstructure; 2. the 

modification of the optical properties of achiral dye molecules by the chiral plasmonic 

superstructures and the dependence of the modification effect on the structural parameters, in 

particular the distance between the dye layer and the AgNW layer(s). 

The alignment of the AgNWs was realized by Grazing Incidence Spraying (GIS). This 

technique allows for the alignment of 1D anisotropic nanoobjects by spraying a suspension of 

the 1D nanoobjects on a pre-treated substrate at a small incidence angle. The nanoobjects are 

oriented along the flow direction during their adsorption due to the shear force of the flowing 

liquid. In this manuscript, well aligned AgNW films with high density were obtained using GIS. 

It was shown that a single layer of aligned AgNWs is highly anisotropic and exhibits linear 

polarization properties, namely linear birefringence (LB) and linear dichroism (LD).  

Multilayer superstructures were fabricated using the Layer-by-Layer (LbL) assembly. The LbL-

assembly involves the alternated deposition of oppositely charged materials, in particular 

polyelectrolytes, by dipping, spraying or spin coating, on a charged substrate. This technique 

allows to build homogeneous polyelectrolyte multilayer (PEM) films on various substrates, 

whose thickness can be easily and finely tuned at the nm level by changing the number of 

polymer layers in the PEM.  

Therefore, by combining GIS and LbL-assembly, multilayer chiral plasmonic superstructures 

can be obtained. Two or more layers of aligned AgNWs were deposited successively. The 
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orientation of each layer was chosen independently by the GIS and different layers of AgNWs 

were separated by a LbL-assembled PEM film of selected thickness. The helix-like 

superstructures are chiral on condition that the angle α between the orientations of neighboring 

layers of AgNWs is different from 0° or 90°, and the films displayed large circular birefringence 

(CB) and circular dichroism (CD). For the two-layer structures, the influence of the angle α and 

the distance d between the two layers of AgNWs on the chiroptical properties of the film have 

been studied. The structure with α = 45° has been proven to be the most chiral given a fixed 

distance, while the interlayer spacing also influenced significantly the optical properties at a 

fixed α. 

The optical properties were modeled using a transfer matrix approach based on the measured 

properties of individual layers and on the experimental geometric parameters (thickness and 

orientation of each layer). The chiroptical properties could be reasonably well reproduced using 

the simple model, which considers the multilayer superstructures as a collection of independent 

slabs interacting with the incident light successively without coupling between them. However, 

some significant differences exist between the modeling and the measurement, which may 

indicate that coupling between the localized surface plasmon resonance (LSPR) of different 

layers of AgNWs may occur and can also contribute to the chiroptical properties of the film. 

The modification of the optical properties of an achiral molecule by the chiral plasmonic 

superstructures has been studied, by introducing a layer of the dye molecule into the multilayer 

superstructure using LbL-assembly. When the dye layer is close enough to the AgNW layer(s), 

an enhanced absorption and emission of the dye was observed. These enhancements are 

dependent on the distance between the dye and the AgNWs. Furthermore, by comparing the LB, 

LD, CB and CD of the corresponding structures with and without the dye molecule layer, we 

observed that the polarization properties of the hybrid film were significantly modified by the 

introduction of the dye layer. In particular, by subtracting the CD of the structure without the 

dye layer from that with the dye layer, we obtained the ΔCD arising from the introduction of 

the dye. The ΔCD has a bisignate shape, whose form and intensity depend on the distance of 
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the dye layer from the AgNW layers. We have also shown that the chiroptical properties are 

similarly modified if the dye is placed in solution rather than in thin films. Finally, the chiral 

plasmonic superstructures have been shown to similarly modify the chiroptical properties of 

many other achiral molecules, as well as gold nanoparticles. 

The simple model used in the simulations can reproduce the main features of the observed 

changes in the chiroptical properties of the hybrid nanostructures. However, the simulated and 

measured spectra differ in many aspects. Possible reasons may be that plasmon-exciton 

coupling occurs between the LSPR of the AgNWs and the J-aggregates of the dye molecules, 

or that the cavity formed by the nanostructure also contributes to the modification of the optical 

properties of the hybrid film.  

In conclusion, we have shown in this manuscript an easy and efficient way to fabricate chiral 

plasmonic superstructures with precisely controlled structures and reproducible and tunable 

chiroptical properties. The chiral plasmonic superstructures can modify the chiroptical 

properties of achiral molecules in its vicinity. This modification is sensitive to the distance 

between the molecule and the AgNWs. The main features of the chiroptical properties can be 

reproduced by a simple transfer matrix approach, although a more accurate modeling would 

certainly require the consideration of possible plasmon-plasmon / plasmon-exciton coupling.  

VI.2. Perspectives 

Plasmon-exciton strong coupling has been a hot topic in recent years. We have shown that the 

chiroptical properties of an achiral organic dye is modified by the chiral plasmonic 

superstructures. It would be interesting to study this phenomenon in the strong coupling regime. 

For this purpose, high quality polarization-sensitive cavities must be prepared, for which 

linearly polarized or chiral semi-reflective thin films are needed. Preliminary experiments 

(section V.2) indicate that by preparing superstructures similar to the one introduced in this 

thesis on silver mirrors rather than on transparent substrate, such films can be prepared. The 
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next step will be to fully characterize those films and build cavities of controlled thickness to 

study the (strong) coupling of molecules in the chiral cavities.  

We have restricted ourselves on the interaction between a non-chiral molecule and a chiral 

plasmonic nanostructure. However, chiral molecules are very important for many fields and in 

particular for biological functions, and one challenge is to detect and quantify very small 

amount of those chiral biomolecules. It would thus also be interesting to study the interaction 

of a chiral molecule with the chiral plasmonic superstructures, which may increase the 

sensitivity of biosensing. 

Plasmonic particles are very often used as catalysts for chemical reactions. It has also been 

recently reported that chemical reactions are modified when performed in optical cavities.263,264 

As we have shown that the chiral plasmonic superstructures can modify the chiroptical 

properties of molecules in solution, it would be interesting to look if the chiral plasmonic 

superstructure could be used to make chiral catalysis, leading to enantio-selective reactions 

depending on the handedness of the environment.  

Finally, we have investigated the surface plasmon enhanced emission of a dye embedded in the 

chiral plasmonic superstructures, which is a widely studied phenomenon. On the other hand, 

the circularly polarized luminescence (CPL) has raised recently a lot of interests. Preliminary 

experiments (Figure 105) show that the emission of the achiral dye embedded in the chiral 

plasmonic superstructures may be circularly polarized. This would be a strong evidence of the 

plasmon-exciton coupling, which changes the properties of the dye molecules. It would also be 

a new way to build chiral light sources using non-chiral emitting materials coupled to a chiral 

environment.
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Propriétés optiques de films minces 

plasmoniques hybrides à 

superstructure chirale contrôlée 

 

 

Résumé: 

Cette thèse présente l'étude des propriétés optiques de superstructures plasmoniques chirales 

composées de nanofils d'argent alignés par pulvérisation à incidence rasante (GIS) et 

organisés en structures multicouche par assemblage couche-par-couche (LbL). Cette 

approche permet d'obtenir des superstructures multicouches hélicoïdales avec des propriétés 

optiques reproductibles et modulables en contrôlant précisément l’organisation des 

nanoobjets. Les propriétés optiques sont systématiquement caractérisées par différentes 

méthodes (spectroscopie de dichroïsme circulaire et polarimétrie à matrice de Mueller en 

particulier) et modélisées par matrices de transfert en utilisant le formalisme de Berreman. 

Les superstructures chirales présentent un dichroïsme circulaire extrêmement élevé (au-delà 

de 10 000 mdeg). Ces structures peuvent également modifier fortement les propriétés de 

molécules achirales situées dans leur voisinage par couplage entre les nanofils d’argent et la 

molécule, avec une influence prépondérante de la position du colorant dans la superstructure.  

Mots-clés: chiralité, nanofils d’argent, pulvérisation à incidence rasante, assemblage 

couche-par-couche, dichroïsme circulaire, métamatériaux hybrides 

 

 

Abstract: 

This thesis presents the study of the optical properties of chiral plasmonic superstructures 

composed of silver nanowires aligned by grazing incidence spraying (GIS) and organized in 

multilayer structures by Layer-by-Layer (LbL) assembly. This approach allows to obtain 

helical multilayer superstructures with reproducible and tunable optical properties by 

precisely controlling the organization of the nanoobjects. The optical properties are 

systematically characterized by different methods (in particular circular dichroism 

spectroscopy and Mueller matrix polarimetry) and modelled by transfer matrices using the 

Berreman formalism. The chiral superstructures present an extremely high circular dichroism 

(above 10,000 mdeg). These structures can also strongly modify the properties of achiral 

molecules placed in their vicinity by coupling between the silver nanowires and the molecule, 

with a preponderant influence of the position of the dye in the superstructure. 

Keywords: chirality, silver nanowires, grazing incidence spraying, Layer-by-Layer 

assembly, circular dichroism, hybrid metamaterials  

  


