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Preface 

My thesis work entitled “Development of ZnO-FTO nanocomposites for the use in 

transparent conductive thin films” is supervised by Professor Michel Aillerie at University of 

Lorraine. This work was mainly made at the “Laboratoire des Matériaux Optiques, 

Photoniques et Systèmes” LMOPS in Centrale Supélec, Metz. 

Although this work forms a whole in the elaboration of transparent conductive oxides, it is 

divided into two parts. The first part consists on identifying the properties of bulk materials 

(ZnO and FTO) deposited in the form of thin film. Whereas, the second part is about the 

elaboration and characterization of Zinc Oxide (ZnO) and Aluminum doped Zinc Oxide (AZO) 

nanofibers, then associated to FTO thin films to form nanocomposite. The main objective of 

this work is to make flexible electrodes using low cost and abundant material, but also 

improving the optical properties and more specifically the haze factor of the nanocomposite 

layers.  

Transparent conductive oxides (TCOs) are technologically significant class of materials 

extensively used in thin film solar cells due to their ability to transmit light and collect charge 

carriers. In addition to the fundamental qualities of transparency and conductivity, the TCOs 

are frequently desired to have a certain degree of surface roughness (i.e., texture) in order 

to effectively scatter transmitted light into the active materials, therefore lengthen the 

optical path and, as a result, enhance the performance of the cell and light absorption. 

This thesis focuses on the development of low-cost fabrication techniques for transparent 

oxide layers using non-polluting materials to enable the functionalization of operational 

devices with high efficiency for renewable energy production. 

The choice was made to study tin-based TCO layers doped with fluorine, F:SnO2, known as 

FTOs for "Fluor Tin Oxides". FTOs are wide band gap oxides, like ZnO, TiO2, Al2O3, pure or 

doped. In principle, these layers have a high scattering factor, as defined above, in order to 

improve the optical path and absorption. In addition, the optical texture of TCOs can be easily 

controlled by depositing suspensions of nanostructures before the film deposition. 
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Generally, these nanostructures are nanoparticles or even carbon nanowires or metallic 

nanowires (silver, copper, ...) and more recently nanowires of TiO2 (presenting the 

disadvantage of the titanium element) or of undoped ZnO which unfortunately decrease the 

conductivity due to the increase of the interface resistance with the concentration of the 

nanoparticles. 

Therefore, we propose the study of FTO thin films, pure and also in the presence of ZnO and 

AZO nanofibers by electrospinning from a PVA-based solution in order to have a 

nanostructured layer with improved transparency and electrical conductivity properties to 

be integrated as transparent electrodes in photovoltaic cells, meeting the performance 

criteria defined above. With the characterization techniques available in the LMOPS 

laboratory and the University of Lorraine (SEM, Raman, EDX, XRD, UV-vis Spectro, TGA, AFM, 

profilometer) the growth will be followed by morphological and structural studies of the 

layers. Finally, electrical and optical properties, in particular absorption and scattering 

factor, will also be extensively investigated on selected layers with the best structural and 

morphological properties and the minimum of interface defects when deposited on a PV 

structure. 

This manuscript is organized as follows: 

Chapter I starts with a general approach about the TCOs, their properties and applications 

along with the most commonly used techniques for the elaboration of these materials 

specifically for photovoltaic modules are discussed. Recent expectations on TCOs shifted 

beyond fundamental transparency and conductivity and are now requiring increased 

performance and varied roles that are compatible with scalable, cost-effective, and 

environmentally friendly procedures. The varied and programmable characteristics of 

nanomaterials combined with TCO thin films showed to create new functional capabilities. 

Therefore, this feature is discussed in the second part of this chapter. Within the 

presentation of different nanomaterials, we specifically focus on the ZnO and AZO nanofibers 

which appear to have great potential to be considered as transparent electrodes in the 

photovoltaic research domain.   
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In Chapter II, a detailed characterization of FTO and ZnO thin films deposited on glass 

substrate by the spray pyrolysis and sputtering techniques are presented respectively. The 

characterizations were carried on by Atomic Force Microscopy and Raman spectroscopy. 

The purpose of this study is to establish a reference results for the bulk thin films before the 

integration of nanostructures in the coming chapter. Moreover, a link between the position 

of the substrate during the deposition process and the structural properties of the deposited 

layer was also established. 

Chapter III begins with a presentation of the electrospinning technique, its history 

and evolution, applications, and general processing parameters. Along this chapter, the 

experimental procedure used to produce zinc oxide nanofibers by electrospinning technique 

is detailed. The properties of the obtained ZnO nanofibers were investigated by optical 

microscopy and SEM for morphological characterizations and TEM for the structural one. 

ZnO nanofibers were used to make nanocomposite samples along with FTO thin films 

deposited by spray pyrolysis technique. Upon morphological, optical and electrical 

characterizations the nanostructured samples presented improved properties compared to 

their bulk counterparts.  

In Chapter IV we concentrate on producing the precursor solutions required to make 

aluminum-doped zinc oxide nanofibers with PVA serving as the polymer matrix. We also go 

over an optimization process to produce well-shaped and structured nanofibers as well as 

the many implications this doping has on various levels. Finally, preliminary findings from 

morphological and thermal characterizations of the resulting TCO are also provided. 

Finally, the most important results of this thesis have been selected and addressed in 

the general conclusion, as well as future perspectives based on this doctoral thesis are 

suggested in the end.
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Résumé en Français 

Cette thèse s’inscrit dans le cadre de développement de couches d’oxyde transparentes 

(TCO) avec des techniques à faible cout, basées sur des matériaux non polluants permettant 

de fonctionnaliser des dispositifs opérationnels efficace, donc à haut rendement pour la 

production d’énergies renouvelables. 

Notre choix s’est porté plus particulièrement sur l’étude des couches TCO à base d’étain et 

dopés au fluor, F :SnO2, dénommées FTO pour « Fluor Tin Oxydes ». Les FTO sont des oxydes 

à large bande interdite, à l’instar du ZnO, TiO2, Al2O3, purs ou dopés. Ces couches possèdent 

en principe un facteur de diffusion, élevé afin d’améliorer le chemin optique et l’absorption. 

De plus, la texture optique des TCO peut être facilement contrôlée par dépôt de suspensions 

de nanostructures avant le dépôt de la couche. Généralement, ces nanostructures  sont des 

nanoparticules voire nano-fils de carbone ou nano-fils métalliques (argent, cuivre, …) et plus 

récemment des nano-fils de TiO2 (présentant l’inconvénient de l’élément titane) ou de ZnO 

non-dopés qui diminuent, malheureusement la conductivité du fait de l’augmentation de la 

résistance d’interface avec la concentration des nanoparticules. 

C’est pourquoi, nous proposons l’étude de couches de FTO, pures et également en présence 

de nanofibres de ZnO et ZnO:Al par électrofilage à partir d’une solution à base de Polyvinyl 

Alcool (PVA) afin d’avoir une couche nanostructurée ayant des propriétés de transparence 

et de conductivité électrique améliorées pour être intégrés comme électrodes transparentes 

dans les cellules photovoltaïques (PV), répondant aux critères performatifs définis ci-dessus. 

Les croissances des couches seront suivies par des études morphologiques et structurales, 

en utilisant des techniques de caractérisations disponibles au sein du laboratoire LMOPS et 

de l’Université de Lorraine ( tel que: MEB, Raman, EDX, DRX, spectroscopie UV-vis, ATG, AFM, 

profilomètre). Enfin, les propriétés électriques et optiques, en particulier l’absorption et le 

facteur de Haze, seront aussi largement investies sur les couches sélectionnées présentant 

les meilleures propriétés structurales et morphologique.  
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Chapitre I : Etat de l’art  

Ce chapitre présente les différents types d’oxydes conducteurs transparents (TCO), leurs 

propriétés requises comme une haute conductivité associée à une haute transparence et de 

l'impact de l'élément de dopage approprié ainsi que la concentration sur les propriétés du 

matériau. En outre, une description des différentes techniques possibles pour la croissance 

de TCO à intégrer comme électrodes transparentes dans les modules photovoltaïques est 

également présentée. En effet, les nouvelles générations de cellules solaires nécessitent 

l'optimisation des TCO avec une conductivité et une transparence améliorées en fonction du 

type de cellules PV et des conditions d'utilisation. Ainsi, les familles de TCOs considérées 

dans ce chapitre seront: l'oxyde d'étain et d'indium (ITO), l'oxyde de zinc et particulièrement 

celui dopé aluminium (ZnO-AZO), et l'oxyde d'étain particulièrement dopé au Fluore (SnO2-

FTO). Cependant, les attentes récentes concernant les TCO se sont éloignées de la 

transparence et de la conductivité fondamentales, exigeant des performances accrues et des 

rôles variés compatibles avec des procédures évolutives, rentables et respectueuses de 

l'environnement. En raison des caractéristiques variables et programmables des 

nanomatériaux [1], [2], la combinaison de couches minces de TCO avec des nanomatériaux 

pour obtenir de nouvelles capacités fonctionnelles est un défi fascinant. Cette nouvelle 

approche est abordée dans la deuxième partie de ce chapitre avec une présentation de la 

nanostructuration des couches minces de TCO spécialement dédiée aux dispositifs et 

applications photovoltaïques. Pour la nanostructuration, une attention particulière sera 

accordée aux nanofibres, notamment aux nanofibres d'oxyde de zinc qui semblent avoir un 

grand potentiel pour être considérées comme des électrodes transparentes dans le domaine 

de la recherche photovoltaïque.  

Chapitre II : Élaboration et caractérisation de couches minces ZnO et 

FTO 

Dans ce chapitre, nous présentons l'élaboration et la caractérisation des couches minces 

d'oxyde de zinc et d'oxyde d'étain dopé au fluor déposés par deux techniques différentes et 
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caractérisés morphologiquement par microscopie à force atomique (AFM) et l'étude de la 

structure par spectroscopie Raman. 

Tout d'abord, une couche mince d'oxyde de zinc a été déposée sur un substrat de verre par 

pulvérisation cathodique, la distance par rapport au centre du support étant le paramètre de 

changement. La morphologie de la surface a été étudiée par AFM . Au fur et à mesure que la 

distance varie, l'épaisseur, la taille et la forme des grains changent comme montré dans la 

Figure 1. La distance par rapport au centre du support montre qu'elle a un effet sur la forme, 

la distribution et la taille des grains qui déterminent la texture de la couche. Principalement, 

nous avons remarqué que lorsque cette distance augmente, la rugosité diminue, la taille des 

grains augmente et la forme des grains passe de sphérique à pyramidale.  

 

Figure 1. Tracé de la variation de la taille des grains et de l'épaisseur en fonction de la distance du 
centre. 

Par conséquent, le contrôle de la texture est bénéfique pour améliorer le facteur de Haze, et 

donc la génération d'excitons avec la lumière, avec une influence directe sur l'absorption 

optique, donc sur la transmission optique de la couche et finalement sur l'efficacité du 

dispositif ainsi construit, surtout si l'on considère ces substrats comme des électrodes 

transparentes dans les applications photovoltaïques.  
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Dans la deuxième partie, deux couches minces de FTO ont été préparées par pyrolyse par 

pulvérisation à ultrasons (USP) en modifiant le débit du gaz porteur entre deux séries 

d'échantillons. La qualité de ces couches a été comparée à celle d'un substrat FTO 

commercial. Deux procédés expérimentaux ont été utilisés pour la caractérisation des 

couches. La morphologie de la surface de la couche et la taille moyenne des grains ont été 

caractérisées par microscopie à balayage AFM. Les images AFM des couches minces de FTO 

montrent que toutes les couches sont denses et nano-cristallisés. Les surfaces présentent des 

pics et des vallées et les grains ont une forme pyramidale.  Les calculs de rugosité ont montré 

que l'échantillon déposé au débit le plus faible présente la plus grande rugosité par rapport 

aux autres échantillons. En effet, une rugosité plus élevée signifie un meilleur piégeage de la 

lumière et donc une meilleure efficacité de la cellule solaire. 

 

Figure 2. Cartographie en profondeur d’un échantillon FTO préparé par USP pour un débit de  6,22 
l.min-1 

En outre, les propriétés cristallographiques et les épaisseurs des couches (voir la Figure 2) 

ont été étudiées par spectroscopie Raman associée à la méthode MCR-ALS (Multivariate 

Curve Resolution-Alternating Least Squares) permettant la discrimination des contributions 

des couches de FTO et du substrat dans les spectres Raman moyens. Grâce à la spectroscopie 

Raman réalisée en profondeur de la structure à travers les couches jusqu'aux substrats, la 

qualité des couches a été identifiée. En effet, nous mettons en évidence dans les spectres 

moyens des couches, les pics typiques et bien définis du FTO pour les échantillons déposés 

par USP en conformité avec les spectres de l'échantillon commercial et des travaux 

précédents sur le SnO2. Les pics principaux des réponses Raman sont bien positionnés avec 
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une position fixe du pic à 626 cm-1 et un décalage vers le bleu pour le pic dans la gamme 480-

510 cm-1 pour les deux échantillons expérimentaux. Ce décalage vers le bleu de ce pic  

pourrait être une indication d'une augmentation de la contrainte longitudinale induite par 

l'interface substrat-FTO et liée à l'épaisseur des couches comme également déterminé lors 

des caractérisations Raman. 

Chapitre III : Nanofibres de ZnO par électrofilage pour électrodes 

transparentes 

Ce chapitre est divisé en trois parties : tout d'abord une présentation de la technique 

d'électrofilage, de son principe et des différents paramètres à prendre en compte lors du 

dépôt, puis l'élaboration de nanofibres d'oxyde de zinc par électrofilage et enfin la 

fabrication du nanocomposite constitué d'une couche mince de FTO et de nanofibres de ZnO 

combinés.   

L'électrofilage est considéré comme l'une des techniques de dépôt les plus simples et les 

moins coûteuses. Depuis l'observation d'une goutte d'eau de forme conique en présence d'un 

champ électrique dans les années 1600, le concept d'électrofilage a commencé à se 

développer au fil des ans jusqu'à atteindre les installations dont nous disposons aujourd'hui, 

qu'il s'agisse de machines de laboratoire ou même de machines fonctionnant à l'échelle 

industrielle. Ce développement massif a rendu les nanofibres fabriquées par électrofilage 

d'une grande utilité pour une variété de domaines d'application. Bien que cela semble 

simple, de nombreux paramètres doivent être considérés simultanément pendant le 

processus de filage car ils ont une grande influence sur les nanofibres produites. Des 

nanofibres d'oxyde de zinc ont été déposées avec succès par électrofilage dont l’image par 

MEB est illustré dans la Figure 3 (a). Ces fibres ont montré des diamètres fins, autour de 40 

nm (voir Figure 3 (b)), et une structure hexagonale compatible avec celle du ZnO. Différents 

ensembles d'échantillons de nanofibres ont été élaborés en augmentant le temps de 

déposition, ce qui signifie le taux de recouvrement.  
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Figure 3. (a) Images MEB montrant la morphologie de la surface des nanofibres de ZnO après recuit à 
450 °C pendant 1 heure. (b) Histogramme montrant la distribution de la taille du diamètre des 

nanofibres de ZnO. 

Ensuite, une couche mince d'oxyde d'étain dopé au fluor a été déposée sur l'échantillon de 

nanofibres pour former les échantillons de nanocomposites FTO_ZnO. Les échantillons 

obtenus ont été soumis à des caractérisations morphologiques, optiques et électriques. Sur 

les images MEB (Figure 4), les échantillons ont montré un aspect nanostructuré avec une 

distribution uniforme de la taille des grains, même en comparaison avec le FTO de référence 

standard.  Les propriétés optiques, plus précisément la transmission et le facteur de Haze, 

ont été mesurées par spectrophotomètre UV-vis.  

 

 

Figure 4. Images MEB des nanocomposites FTO_ZnO. 

Une comparaison entre différentes configurations d'échantillons a été effectuée. Les 

échantillons ont montré de bonnes valeurs de transmission indépendamment du temps de 

dépôt des nanofibres dans le cas où la couche était déposée sur les nanofibres. Cependant, 
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les spectres enregistrés pour les deux cas où les nanofibres ont été déposées sur un substrat 

en verre et un FTO commercial n'ont pas montré de contribution significative causée par les 

nanofibres ; au contraire, les résultats étaient similaires à ceux du substrat de référence 

correspondant. En outre, une amélioration des valeurs de facteur de Haze calculées a 

également été enregistrée (Figure 5), ce qui signifie que nous avons réussi à augmenter la 

longueur du trajet de la lumière dans les échantillons nanocomposites sans affecter leur 

transparence. Quant aux propriétés électriques, il a été possible de mesurer la résistivité des 

échantillons nanocomposites où on a remarqué une augmentation des valeurs de résistivité 

après l'intégration des nanofibres de ZnO avec la couche mince de FTO, mais encore les 

valeurs obtenues de l'ordre de 10-3 reste acceptable.  
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Figure 5. Facteur de Haze à 635 nm en fonction du temps de dépôt des nanofibres pour les trois 
configurations d'échantillons. 

On conclut que la fabrication d'échantillons nanocomposites de FTO_ZnO a montré une 

amélioration remarquable du facteur de Haze de la couche de FTO ou de nanofibres de ZnO, 

néanmoins une petite dégradation de la conductivité de ces échantillons a été notée.  

Le ZnO étant connu pour sa résistivité élevée, l'ajout d'un élément dopant à ce matériau est 

efficace pour augmenter sa conductivité. Dans ce contexte, le chapitre suivant sera consacré 

à la fabrication de nanofibres d'oxyde de zinc dopées aluminium, qui seront également 

utilisées comme nanocomposites avec une couche mince de FTO, dans l'intention 
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d'améliorer les propriétés électriques, principalement la conductivité qui a montré une 

dégradation pour les fibres non dopées.   

Chapitre IV : Développement de nanofibres AZO par électrofilage 

Dans le but d'améliorer la conductivité des nanofibres d'oxyde de zinc, l'approche du dopage 

aluminium a été abordée dans ce chapitre. Dans un premier temps, le chlorure d'aluminium 

a été utilisé comme précurseur ; il a été ajouté en différentes concentrations à la solution 

initiale de précurseur utilisée pour la fabrication des nanofibres d'oxyde de zinc. Les fibres 

déposées sont passées par le processus de recuit pour découvrir, après imagerie MEB, que 

les fibres avaient complètement disparu du substrat. Il s'est avéré que le précurseur utilisé 

pour le dopage (chlorure d'aluminium) était à l'origine de ce phénomène. En effet, les milieux 

acides provenant de l'utilisation d'un précurseur de chlorure, affectent directement la 

formation des nanofibres d'oxyde de zinc puisque ces dernières restent intactes dans un pH 

neutre mais sont immédiatement dissoutes dans un milieu acide, ce qui était notre cas. Par 

conséquent, un changement de précurseur pour l'acétate d'aluminium a été fait pour 

maintenir autant que possible une solution au pH presque neutre. Après le changement de 

précurseur, un affinement de la morphologie des nanofibres a été observé : forme parfaite 

avant recuit et structure améliorée après recuit.  

Le comportement thermique d'une série d'échantillons de nanofibres produits par la 

méthode d'électrofilage a été étudié. A partir d'une solution de PVA, ces nanofibres sont de 

l'oxyde de zinc et de l'oxyde de zinc dopé avec 1%, 2%, 3% et 4% d'aluminium.  

L'objectif principal était d'analyser le comportement des nanofibres pendant la phase de 

recuit post-croissance. C'est pourquoi, au-delà de la méthode d'électrofilage utilisée pour la 

croissance des fibres, la microscopie électronique à balayage qui a permis une analyse 

qualitative des échantillons, et des études complémentaires qui contribuent à la 

compréhension de la structure modifiée lors du traitement thermique ont été réalisées, 

précisément l'analyse thermogravimétrique (ATG) et la fluorescence X (XRF).  

Le rôle particulier du dopage en aluminium dans la solution avec une forte dépendance de la 

température par rapport à la concentration a été mis en évidence. Ces variations de la 
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température de dégradation en fonction du zinc et de l'aluminium peuvent être expliquées 

par une forte interaction à l'interface du ZnO et du PVA, atténuée par l'aluminium dans les 

nanofibres dopées. 

Ces analyses montrent également que la température de dégradation est relativement basse 

par rapport à la température nécessaire à la cristallisation des nanofibres à base de ZnO et 

de ZnO-Al, mais aussi que la masse résiduelle dans les fibres dopées se rapproche de la masse 

résiduelle du PVA pur. Ainsi, nous constatons que le ZnO étant vaporisé au-delà de cette 

température de fusion, la production de nanofibres ZnO-Al (AZO) est particulièrement 

difficile voire impossible par la méthode d'électrofilage avec recuit à l'air. 

Conclusions et Perspectives 

Le travail abordé durant cette thèse, a porté sur le développement de nanocomposites à base 

de ZnO et de FTO pour leur utilisation comme électrodes conductrices transparentes. Les 

nanocomposites utilisés durant ce travail ont deux configurations différentes et sont conçus 

comme suit : nanofibres de ZnO avec une fine couche de FTO. Le choix des nanofibres comme 

nanostructure offre la possibilité de réaliser des électrodes transparentes, conductrices et 

flexibles en même temps. 

Après une introduction sur les propriétés générales des TCO, on présente les trois TCO les 

plus utilisés de nos jours : ITO, ZnO et FTO. Néanmoins, les propriétés requises des TCO vont 

au-delà de la transparence et de la conductivité, pour atteindre des performances rentables 

et respectueuses de l'environnement. Pour cela, l'intégration de nanomatériaux pour obtenir 

des capacités fonctionnelles se présente comme solution possible pour répondre à ces 

critères. Par conséquent, nous discutons dans la deuxième partie de ce chapitre de cette 

approche en accordant une attention particulière aux nanofibres d'oxyde de zinc. 

Pour le deuxième chapitre, on commence par étudier des couches minces de FTO et de ZnO. 

Cet étude servira d’une étape intermédiaire, mais de base aussi, pour comprendre le 

comportement des couches avant l’intégration de nanofibres. Les propriétés 

morphologiques et structurales sont alors exploitées par AFM et spectroscopie Raman.  
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La nanostructuration des échantillons se fait avec des nanofibres d’oxyde de zinc élaborés 

par la technique d’électrofilage. Cette technique consiste à envoyer une solution de 

précurseur vers une aiguille placée au-dessus d’une plaque collectrice. Sous l’effet d’un 

champs électrique appliqué entre ces deux derniers, la solution se transforme en nanofibres 

qui se dépose sur les substrats. Les nanofibres obtenues ont montré une bonne cristallisation 

ainsi qu’une structure uniforme et continue avec un diamètre d’environ 40 nm. Après le 

dépôt d’une couche de FTO sur les nanofibres, les propriétés optiques surtout le facteur de 

haze subit une amélioration remarquable. Ceci montre que la lumière est bien diffusée à 

l’intérieur de la couche nanostructuré. Cependant, une régression de la conductivité a été 

noté en comparaison avec des couches minces de FTO, ce qui été attendue puisque l’oxyde 

de zinc est connu pour sa faible conductivité.  

Le dopage des nanofibres avec de l’aluminium est une solution possible pour remédier à cet 

effet. Alors dans le dernier chapitre nous présentons une approche pour produire et 

optimiser les conditions d’obtention des nanofibres d’oxyde de zinc dopées aluminium par 

plusieurs étapes : précurseur utilisés pour la solution, conditions de traitement thermique 

et état structurale des nanofibres obtenues. Par ces approches, nous avons aboutis à 

améliorer et mieux comprendre la forme et structure des nanofibres AZO, qui s’est avéré 

particulièrement difficile. 

Plusieurs perspectives et solutions se présentent à cette problématique : 

• Utiliser la même méthodologie et la même technique en essayant différents types de 

dopants pour les nanofibres d'oxyde de zinc 

• Le soudage à froid des nanofibres d'oxyde de zinc avant le dépôt d’une couche mince 

de FTO pourrait être un moyen possible d'améliorer la conductivité des échantillons 

nanostructurés. Cette technique a montré des résultats prometteurs dans le cas des 

nanofils d’argent. 

• Utilisation éventuelle de la structure réalisée pour un autre type d'application 

(capteurs par exemple)
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This chapter is a presentation of the properties and applications of transparent 

conductive oxides (TCO), their required properties as high electrical conductivity associated 

with high transparency and the impact of the appropriate doping element and concentration 

on the properties of the material. Moreover, a description of the various possible techniques 

used for the growth of TCO to be integrated as transparent electrodes in photovoltaic 

modules is also presented. Indeed, new generations of solar cells need optimizing TCO with 

improved conductivity and transparency depending on substrate, type of PV cells, and 

conditions of use. Thus, Indium Tin Oxide (ITO), Zinc Oxide and Aluminum Zinc Oxide (ZnO-

AZO), and Tin Oxide and Fluoride Tin Oxide (SnO2-FTO) TCO families are considered. 

However, recent expectations on TCOs have shifted away from fundamental transparency 

and conductivity, requiring increased performance and varied roles that are compatible with 

scalable, cost-effective, and environmentally friendly procedures. Due to the variable and 

programmable features of nanomaterials 1,2 combining TCO thin films with nanomaterials to 

obtain new functional capabilities is an intriguing challenge. This new approach is discussed 

in the second part of this chapter with a presentation of the TCO thin films nanostructuration 

especially dedicated to Photovoltaic devices and applications. For nanostructuration, 

specific attention will be given to nanofibers particularly to Zinc Oxide nanofibers which 

appear to have great potential to be considered as transparent electrodes in the photovoltaic 

research domain.   
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1. Generalities on transparent conductive oxides 

1.1 History and evolution of transparent conductive 
oxides 

The original known discovery of Transparent Conductive Oxide, TCO was in 1904 when 

Badeker 3 observed an oxidation of cadmium (Cd) metal thin films deposited in a glow 

discharge chamber. He observed that after oxidation, the Cd films became transparent while 

conserving their electrical conductivity. Ever since, the value of these films grew 

commercially and the list of TCO expanded to other oxide materials as zinc oxide (ZnO), 

titanium oxide (TiO2), tin oxide (SnO2), indium oxide (In2O3), pure or doped with elements as 

Fluor or Alumina, and many more.4 Currently, at the date of this contribution, the properties 

of TCO layers and their optimization remain a subject of intense research all around the word 

and the number of publications concerning TCO continues to grow to reach 250,000 (Google 

Scholar, 2021) publications in rank A journals. It is to be of note that oxide are not the only 

transparent conductive materials (TCM) but they are the most studied due to their 

advantageous set of properties. 5–7 

This enthusiasm is justified by the unique properties of these TCO layers which are jointly 

directly linked to their transparency and electrical conductivity. TCO thin films have a wide 

range of applications including transparent heaters, heat mirrors, smart windows, and 

optoelectronic devices in particular the market for transparent electrodes used in touch 

panels, flat panel displays or lamps, and thin film solar cells which is still expending linked 

to the increase of new emerging solar cells technologies and devices as organic and 

perovskite ones. Based on the precursor tin oxide, SnO2, applications can be classified into 

two dominant markets: architectural applications such as energy efficient windows which 

currently employ fluorine doped tin oxide, FTO, deposited by pyrolytic process, thanks to its 

efficiency in preventing radiative heat loss due to tin oxide low emissivity. Such coated 

windows are ideal for low temperature applications as, for example, doors of glass freezer 

or  windows of airplane cockpit. The second current application domain of TCO is flat panel 

applications such in the case of PV modules, touch screens and plasma displays which, 

currently, mainly employ indium doped tin oxide, ITO as external surface transparent 
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electrodes. 8 Beside ITO, and for many technological and environmental reasons discussed 

below, ZnO becomes for PV applications also a major material used for such applications.  

These last decades, an emergent third market is linked to the development of renewable 

energies and more specifically to the production of electricity from photovoltaic, PV solar 

cells, modules or panels. The resulting increase in the need for PV panels, flat or not, rigid or 

more recently flexible, leads to technological new developments with the development of 

thin-film PV panels requiring the replacement of the surface electrodes made up of metal 

ribbons with transparent electrodes and therefore based on TCO layers.  

Among all studied materials, ITO was the most employed for TCO applications, mainly for 

large surface due its advantageous and unique set of electrical and optical properties. 

Moreover, as ITO is a non-friendly material, over the years and with the increasing demand, 

the conception of employed TCO started to change. The change in the basic material opens 

the way to overcome limitations and improve the devices performance of new TCO as the 

already mentioned ZnO and FTO. Indeed, the development of new friendly materials, 

deposited or growth with low cost techniques for TCOs allowing the development of large 

area and/or flexible photovoltaic cells and display devices is a urgent need in the way of 

sustainability. This development is accompanied by the need to increase their conductivity 

and transparency, which is made possible by a better understanding of the relationship 

between their structure and their electrical and optical properties. 

1.2 General properties of transparent conductive oxides 
and their relevance to some applications 

The requirements for TCO are good electrical conductivity and high transparency in the 

visible spectrum of light. These properties are achieved in wide band gap oxides made 

degenerated by the introduction of dopants. 9 However, a lot of parameters influence the 

choice of a TCO depending on the application to which it is intended to be used for. These 

parameters include stability (physical, chemical, thermal), etchability, conductivity, plasma 

wavelength, thickness, deposition temperature, uniformity, toxicity and cost. Table I.1 shows 

the most important property of the most important transparent conductive materials  
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studied in various works around the word.  Hence, for a given application, performance is 

defined by a number of electrical and optical but also by physical and chemical properties. 

Table I. 1. Summarizing table of the most important property for different Transparent Conductive 
Materials (TCM).10 

Property Material 

Highest transparency ZnO:F, Cd2SnO4 

Highest conductivity In2O3:Sn 

Lowest plasma frequency SnO2:F, ZnO:F 

Highest plasma frequency Ag, TiN, In2O3:Sn 

Highest work function, best contact to p-Si SnO2:F, ZnSnO3 

Lowest work function, best contact to n-Si ZnO:F 

Best thermal stability SnO2:F, TiN, Cd2SnO4 

Best mechanical durability TiN, SnO2:F 

Best chemical durability SnO2:F 

Easiest to etch ZnO:F, TiN 

Best resistance to H plasmas ZnO:F 

Lowest deposition temperature In2O3:Sn, ZnO:B, Ag 

Least toxic ZnO:F, SnO2:F 

Lowest cost SnO2:F 

Generally, a compromise must be found by researchers, manufacturers and designers of 

systems between all these properties in order to find the best material allowing to obtain the 

electrode adapted to the intended application. As an example, buildings with conventional 

glass windows allow visibility  to the outside (visible wavelength range: 380–750 nm), but 

infrared energy from the sun (> 750 nm) enters the building and warms it up. In order to 

create comfort, infrared radiation from the outside to the inside must be blocked or 

minimized (in warm weather) or from the inside to the outside (in cold weather). As a result, 

the fundamental requirements for an excellent low-e coating for glass windows are good 

transmittance in the visible and high reflectance in the infrared wavelength ranges. For this 

application FTO is the best material because it has the convenient plasma wavelength along 

with excellent durability and low cost. On contrary, for hot weather, a short plasma 

wavelength is better so that the near IR is reflected out of the substrate. For this application 

silver and titanium nitrides are suitable, however silver nitride has a poor durability, so it 

needs to be sealed inside double-glazed panes for protection against moisture and air. 11 
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1.2.1 TCO Electrical and optical properties 

The first interest to control the charge carriers concentration and mobility in the TCO 

film is to offer the possibility of an optimization of its electrical properties. This possibility is 

closely related to the intrinsic material of the TCO and the type and concentration of dopant. 

Indeed, the conductivity of thin film is highly dependent on the carrier concentration and 

mobility which are related by the following relation: 

𝜎𝑛,𝑝 = 𝑛𝑞𝜇          Equation 1 

Where n is the density of electron (hole) in the conduction band (valence band), q is the 

charge of the electron (1.6x10-19) and 𝜇 is the mobility of charge carriers. It can therefore be 

seen that to become conductive, the films must either deviate from stoichiometry or by 

intrinsic doping such as oxygen vacancies, or more generally, be doped with appropriate 

external impurities to form an extrinsic doping. According to Equation 1, the possibility of 

increasing the conductivity of the films consists either in improving the concentration of 

carriers by doping, or in improving the electronic mobility μ. 

Depending on material or on type of dopant, the doping can be realized by substitution, 

vacations or interstitial implantations. Considering the valence of the dopants or of the type 

of implantation on acceptor or donor sites, the doping will induce n or p type conductivity. 

Thus, with the TCO presented in this contribution, the doping can be done by substitution of 

cation (metal ion) or anion (oxygen).  

However, the increase in the dopant concentration is limited by the fact that at high 

concentration, the ionized dopant atoms can play the role of diffusion centers reducing the 

mobility of electrons but also can deteriorate the optical properties by an increase of the 

absorption of the film mainly at long wavelengths (near infra-red). Thus, as far as possible, 

it is preferred to improve the conductivity by increasing the electronic mobility 𝜇. Grain 

boundary scattering and ionized impurity scattering are generally considered to be the two 

main interacting mechanisms in conductivity. These two phenomena will then depend 

directly on the quality of the layers, on their thickness and therefore also on the growth or 

deposition methods. In particular, Minami et al. 12 for ZnO films obtained by different 
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methods, and Rey et al. 13 for FTO films have shown that the conductivity is primarily affected 

by grain boundaries scattering in thin films while for thicker films the ionized impurities 

scattering dominates.  

Direct bandgap and high exciton energy are basic requirements for materials to be used 

in optical emitting devices. Whereas for TCO to be used as electrodes in solar cells, they have 

to exhibit a minimum carrier concentration of the order of 1020 cm-3 and a band gap greater 

than 3.2 eV to avoid absorption of light over most of the solar spectra. 14 In the optoelectronic 

field especially for photovoltaic devices, it is preferable to have low resistivity to facilitate 

current transport. Experimentally, Hall Effect measurements and I-V measurements are 

performed to determine the electrical properties of TCO thin films. This characterization 

method permits to find the resistivity, charge carrier density and mobility. 

The second interest for doping TCO concerns its optical properties. The first concerned 

optical effect is related to the Burstein Moss effect which shifts the transparency limit of a 

semiconductor towards short wavelengths with the increase in energy required to produce 

an interband electronic transition. 15 However, the increase in the density of carriers has the 

effect of increasing the Fermi energy and therefore of decreasing the transparency limit 

when the doping level increases. Nevertheless, corresponding to the second optical effect, 

the doping of TCO will strongly influence the interaction of photons and excitons. Below the 

higher wavelength limit of the transparency band (called plasma wavelength), but above the 

lower transparency limit, TCO is transparent and has a dielectric type behavior. Beyond the 

plasma wavelength, it behaves like a metal and absorbs or reflects light. The effect of the 

doping is then a shift in the plasma wavelength and therefore a reduction in the transparency 

of the TCO in the infrared. A compromise must then be found for the TCOs used in 

photovoltaic applications as a function of the spectral response of the absorber. Thus, in 

general, with TCOs whose plasma wavelength is typically between 1 and 2 µm, the type of 

oxide and its doping are optimized to have a transparency range ranging from near UV to 

near infrared depending on the material used and its doping. Experimentally, absorption-

transmission (and/or FTIR) spectroscopy measurements are performed to determine the 

optical properties of TCO thin films. 
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To compare the performance of transparent conductive materials, TCM quantitatively, a 

pertinent figure of merit, FoM is defined as the ratio of the electrical conductivity (𝜎) on the 

visible absorption (𝛼) and is given by Equation 2  

𝜎

𝛼
= −[𝑅𝑠𝑙𝑛(𝑇 + 𝑅)]−1           Equation 2 

where 𝑅𝑠 is the sheet resistance in ohms per square, T the total visible transmission, and 

R is the total visible reflectance. A larger value of FoM indicates better performance and 

quality of the TCM.16 Another expression of FoM was proposed by Jain et al. 17 but without 

taking into account the reflection. It will not be considered here. Based on Equation 2, Table 

I.2 lists the FoM for different TCO materials. 

Table I. 2. Figure of Merit for some transparent conductors. 10 

Material Deposition method FoM (x10-2 Ω-1) Ref 

ITO  Commercial 5.9 18 

ITO Atomic Layer 

Deposition 

1.3 19 

AZO Pulsed DC 

magnetron 

sputtering  

1.99 20 

FTO Ultrasonic Spray 

Pyrolysis 

0.9 21 

It is to be noted that the FoM is not the only qualification criteria occurring in the 

development of TCO on an industrial scale. All the production processes need to be 

considered and the whole life of the product, i.e. in case of TCM as other devices, the chemical 

and toxicity of the constituting elements and the environmental aspects for the production 

and treatment at the end of life. From the industrial point of view, currently the most used 

material for TCO is indium tin oxide (ITO). Despite its flaws imperfections and instability of 

purchasing price, ITO, having a unique set of properties, is still dominating the transparent 

and conductive oxide industry. As a result, effort is made in order to find a competitive 

transparent material having similar or overpassing performance. Indeed, Indium is a rare 

element on earth, which is found in small quantities in the zinc, and lead mines. Indium is 

then produced in much smaller amount compared to zinc and tin. 
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Table I. 3. Abundance of Indium, Tin and Zinc in ppm. 22 

Element Abundance (ppm) 

Indium (In) 0.049 

Tin (Sn) 2.2 

Zinc (Zn) 75 

Due to its rarity and the world increasing demand from the photovoltaic panel industry, its 

price has incredibly risen. For this reason, a renewed interest has grown in finding 

replacements for ITO. With today’s environmental challenges, using natural and renewable 

resources or abundant elements became prior for sustainable development of efficient TCO 

and systems. 23 

1.2.2 TCO Thermal stability  

The deposition temperature is decisive during a deposit by Chemical Vapor Deposition 

(CVD) because it defines the kinetics of the various reactions between the chemical species 

present and the deposition regime. It follows a link between this temperature and the 

thermal stability of the so-grown layer.  

Table I. 4. Thermal stability of some transparent conductors. (LPCVD and APCVD are Low and 
Atmospheric pressure CVD, respectively). 10 

Deposition method and 

material 

Deposition 
temperature (°C) 

Stability temperature 
(°C) 

LPCVD ZnO:B 200 <250 

APCVD ZnO:F 450 <500 

APCVD SnO2:F 650 <700 

Generally, thermal stability of TCO is tested by heating the material to temperature 

greater than the deposition temperature. Generally, it leads to an increase in the resistance 

of the TCO if heated for a long period of time. Tests were made and reported in the literature 

to check the thermal stability of several TCOs and the results are shown in Table I.4. The 

tested materials remained stable with no increase in sheet resistance for temperatures 

slightly above the deposition temperature.  
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1.3 Doping transparent conductive oxides 
In this part, the influence and interest of extrinsic doping on the properties of TCO is 

presented and discussed taking into account the two doping types; n- and p-type.  

As previously shown a double interest exists in the doping of a TCO allowing the 

improvement of optical and electrical properties, respectively. Internal electronic, chemical 

and physical parameters of the components such as the size and the electronic charge of the 

dopant ion and external growing process and technique parameters such as the solid 

solubility of the dopant in the host material crystalline lattice influence the possibility of 

doping and the final quality of the film. We report in Table I.5 the ionic radius of the main 

elements considered in TCOs either as constituent elements of pure TCMs or as dopants, it is 

obvious that the substitution will be facilitated by ions having similar diameters.   

Table I. 5. Table representing the ionic radii of the elements used as TCO. 24 

Element Ionic radius (Å) Ionic charge 

Oxygen (O) 1.40 -2 

Zinc (Zn) 0.74 +2 

Tin (Sn) 0.69 +2; +4 

Fluorine (F) 1.33 -1 

Aluminum (Al) 0.53 +3 

Chlorine (Cl) 1.81 -1 

Gallium (Ga) 0.62 +3 

Antimony (Sb) 0.76 +3; +5 

Indium (In) 0.80 +3 

 

Thus, we will see below that the size of the different ions involved in the doping process 

will be taken into consideration in the choice of the dopant in addition to the consideration 

of the electronegativity, the crystal structure and other optical and electronic parameters of 

host and dopants.  

1.3.1 N-type doping 

Many doping are based on cation substitutions. For example, indium oxide can be doped 

with transition metal ions as molybdenum, titanium or tin ions giving the well-known 
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indium tin oxide, ITO, already mentioned for its intensively used as TCO for photovoltaic cells 

of new generation. Zinc oxide ZnO is currently doped with metallic elements such as Al, Ga, 

In 25–27 and tin oxide SnO2 with elements such as Sb, Nb, or metal ions such as F, Cu, Fe and 

Co.28–31 The list of dopant candidates presented above, as example is not exhaustive and 

there is a great deal of works on many kinds of doping. Moreover, co-doping of TCO was 

already studied to enhance some specific properties and results can be found in literature, 

such as for the Al-Ti co-doping of ZnO. 32,33 

Doping TCO by substitution of the oxygen anion is rare. However, since oxygen and 

fluorine have relatively close ionic radius (mentioned in Table I.5), this substitution process 

is still applied for SnO2 with fluorine dopant substituting oxygen. 

All dopants mentioned above are associated with the creation of an intermediary energy 

level under the conduction band of the host. The increase in dopant concentration develops 

an energy band overlapping the conduction band which reinforce the n type nature of the 

host semiconductor TCOs. Thus, compared to a pure undoped TCO, by doping, a larger 

number of electrons will participate to the circulation of the charges yielding to an increase 

in conduction. 

1.3.2 P-type doping 

All the TCOs mentioned above are n-type semiconductors and the interest of p-type 

doping for TCO applications currently remains discussed and controversial. In fact, in 

literature, the difficulty of creating transparent conductive oxides of p-type has been 

attributed to the significant localization of the holes in the oxygen levels and to the ionicity 

of the metal atoms. As a result, these holes are confined and require a considerable amount 

of energy to overcome a large barrier height to migrate inside the crystal lattice, causing poor 

hole mobility and conductivity. 34,35 Despite that, the first attempt to make a p-type TCO was 

achieved by Sato et al. 34 in 1993. They reported a p-type semi-transparent TCO (40% visible 

transmission) and the possibility to form acceptor levels through doping ZnO. It was then 

until 1997 when Kawazoe et al. 36 reported the properties of an oxide material (CuAlO2) that 

combines p-type conductivity up to 1 S.cm-1 with a satisfactory optical transparency. 

According to the authors, this value is not comparable to the best n-type conducting oxides, 
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but is sufficient for some applications. In recent years, more and more experimental works 

have focused on TCO thin films of p-type more specifically on ZnO doping with Ga, N, Al, and 

Sb. 37–41 Nevertheless, the challenge to grow p-type TCO having a resistivity in the order of 

10-3 Ω.cm or better still exists.   

1.4 Development and growth of transparent conductive 
oxides 

In this section, we highlight a variety of used methods for the deposition of oxide thin 

films. These different deposition conditions and methods affect significantly the optical and 

electrical properties of TCO thin films. We finally discuss the link between the process 

temperature and the stability and properties of the TCO. 

1.4.1 Generalities of growth techniques for thin films 

Initial developments of TCO layers on a substrate such as glass, silicon or photovoltaic 

cells were low-cost techniques of liquid chemistry, such as electrochemical deposits 42 

hydrothermal growth 43 or even deposition by the Sol-gel process. 44 In order to improve the 

control of the growth process and therefore the quality of the layers, the first methods of 

producing TCO layers on a substrate by sputtering 45,46 and spray pyrolysis were used in the 

1970s. The spray pyrolysis is also called atmospheric pressure deposition or aerosol-

assisted chemical vapor deposition technique. More sophisticated techniques have emerged 

in recent decades, such as pulsed laser assisted deposition 47 or molecular beam epitaxy. 48 

The development of these latter methods was motivated by the development of large-scale 

commercial TCOs requiring better control of the reproducibility of the layers while 

improving their crystallinity,  or even obtaining monocrystalline films and allowing the 

integration of dopants. 

Furthermore, it should be noted that the development of nanostructured layers based on 

nanoparticles, nanowires or nanofibers have been recently developed to respond either to 

an improvement in the electrical and optical performance of TCO layers and / or to new 

applications such as for example photovoltaic on a flexible substrate. Some of the techniques 

mentioned above can also be used for the growth of nanostructured layers such as the 
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deposition technique in a chemical bath, or in the vapor phase, others are then more specific 

such as for example the electro-spinning technique, as developed for this purpose in this 

work  for the development of ZnO nanofibers. 

In the following part, we describe the main deposition and growth techniques of TCO thin  

films, illustrated by various examples relating to particular TCO films, especially ITO, FTO 

and ZnO, in order to highlight the experimental and growth considerations to be taken into 

account. On a side note, the operating principle of the spray pyrolysis growth technique will 

be given into details in Chapter II, in the following section it will be presented briefly along 

with some examples related to ZnO thin films.  

1.4.2 Sputtering 

Sputtering is a widely used technique for the deposition of TCO thin films. Sputtering 

includes a variety of techniques that can be used in a wide range of temperature such as radio 

frequency (RF) or direct current (DC) sputtering, or at only high temperature as magnetron 

reactive and ion beam sputtering. Out of the mentioned techniques, RF and DC were found 

to be interesting for the industrial field since they offer high deposition rates, reproducibility 

and large area sputtering systems. But, the major drawback of RF deposition at room 

temperature is the poor electrical and structural properties since the temperature is not 

enough for the crystallization of oxide layers as ITO films. Additionally, ITO films deposited 

by DC magnetron sputtering at room temperature, are most of the time amorphous with high 

electrical resistivity as reported by Quaas et al. 49 and Teixeira et al. 50 The deposition 

temperature of oxides by magnetron sputtering generally ranges from room temperature up 

to a few hundred degrees as for ITO up to 500°C 51,52. Nevertheless, solar cells or electronic 

systems on plastics are types of substrates or applications requiring a low deposition 

temperature because higher temperatures could directly damage them or even damage the 

structure of the electronic device. 53 
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Figure I. 1. Variation of resistivity and carrier concentration in ITO layers with temperature grown by 
RF magnetron sputtering .54 

As an example, we report in Figure I.1 the evolution of the resistivity and of the carrier 

concentration with the substrate temperature during the RF magnetron sputtering process 

made in discharge plasma modes. We can see at first, that resistivity and carrier 

concentration are inversely correlated. 

1.4.3 Electron beam and direct thermal evaporation 

For the growing of ITO films, electron beam and direct thermal evaporation methods use 

powders of metallic Sn and In. Indium will be favorably vaporized altering the composition 

of alloys caused by the higher vapor pressure of In relative to Sn. Diniz et al. 55 investigated 

the effect of various post deposition heat treatments on the microstructure, electrical and 

optical properties of In2O3:Sn (ITO) thin films deposited by electron beam evaporation. The 

thin films were deposited on microscope glass substrates and silicon single crystal wafer. 

After deposition, the samples were annealed in air for 30 minutes at temperatures of 200, 

250, 300, 350, 400, 450, 550°C. They observed that at low temperature, the film was 

amorphous while the crystallite size remarkably increases with the temperature. It was 

noted that for a temperature of 300°C the average grain size was about 10 to 25 nm, whereas 

it increases to reach 15 to 50 nm for higher temperatures. This link between temperature 
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and structure was also reported in literature and is attributed to the fact that for a given 

driving force, the migration rate increases as the temperature increases. 56,57, 58 

 

 

Figure I. 2. (a) Variation of electrical resistivity and carrier concentration as function of annealing 
temperature for ITO films. (b) Optical transmission curves for a series of ITO/glass films annealed at 

different temperatures. 

 

Figure I.2 (a) summarizes the electrical properties (resistivity and carrier concentration) 

of the ITO films at various temperatures. At the annealing temperature of 300°C a sharp 

decrease in film resistivity as well as an increase in carrier concentration are observed. The 
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increase in film resistivity as we go further in annealing temperature is explained by the 

diffusion of more oxygen into the film that contribute to the decrease in the concentration of 

oxygen vacancies. This reduces the carrier concentration and hence the film resistivity. It is 

noted that optical transmission increases with increasing annealing temperatures since one 

of its effects is film crystallization as seen in Figure I.2 (b). Many earlier works explained the 

decrease of transmission for λ<400 nm by the absorption of ITO band gap which may vary 

in the range of 3.5 eV < Eg < 3.8 eV. 59,60 Higher annealing temperatures resulted in 

improvement in optical transmission is a result of the transition from amorphous to 

microcrystalline then polycrystalline. This transition reduces the disorder level and assists 

the incorporation of tin atoms into the indium oxide lattice so that Eg becomes more defined.  

1.4.4 Spray pyrolysis  

In the spray pyrolysis (also called atmospheric pressure deposition or aerosol-assisted 

chemical vapor deposition technique), a chemical reaction of gaseous species takes place 

with a heated substrate surface. The advantages of this technique, are the relatively low cost 

of the deposit frame done at a low temperature allowing the possibility to be deposited on 

various substrates, and the possibility of depositing over large surfaces. All these advantages 

render this technique quite common for the development of transparent electrodes for a 

large amount of applications. For the experimental point of view, an additional advantage is 

that it enables the production of coatings having good properties on different substrate 

shapes with no need of vacuum use. Moreover, it is considered to be relatively cheap with 

respect to the apparatus. However, in the case of ITO films, the main drawback is the lack of 

volatile and thermally stable material source. 

Numerous research for ZnO thin films deposition on glass substrates by the spray 

pyrolysis technique was made in the purpose to investigate the change in properties of the 

films with varying deposition parameter.  
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Figure I. 3. Dependence of the resistivity of ZnO films on the substrate temperature deposited by spray 
pyrolysis. 61 

 

Figure I. 4. Dependence of  ZnO film thickness on the growth temperature. 62 

ZnO thin films deposited on glass substrates with different thickness and different 

deposition temperature revealed the dependence of the resistivity on the substrate 

temperature and spraying rate shown in Figure I.3. In addition, Figure I.4 shows the effect of 

the substrate temperature during the deposition process on the film thickness; 62 it was 

found to decrease with increasing temperature.  This decrease is explained by the decrease 

in mass transport to the substrate at higher temperature and by the increase of 

reevaporation rate. 
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2. The three main transparent conductive oxides for 
photovoltaic applications 

 As mentioned in the Introduction paragraph, following this general review of structural, 

electrical and optical properties of TCOs related to the growth techniques, the materials and 

their dopants, the three main families of transparent conductive materials, ITO, ZnO-AZO, 

and SnO2-FTO, used as electrodes in PV cells and modules will be presented in the section 

below. 

Over the years and with the increasing demand, the conception of employed TCO started 

to change and new materials were considered for transparent electrodes such as ZnO and 

SnO2 with their dopants. Currently, these oxides showed to be more favorable and could 

compete some of the ITO properties. The change in the basic material has opened the way to 

overcome limitations and improve the devices performance. Indeed, the urgent need for new 

material comes with the need to increase conductivity and transparency i.e. a better 

understanding the relationship between structure and electrical and optical properties, 

allowing to develop flexible and/or large area display devices and PV cells.   

2.1 Indium oxide (In2O3) and Indium Tin Oxide (ITO) 
Indium Tin Oxide, ITO is a mixture of indium oxide (In2O3) and tin oxide (SnO2) typically 

in a ratio of  90/10 wt%. 63 It is widely used in transparent heating elements of aircraft and 

car windows, antistatic coatings over electronic instrument display panels, heat reflecting 

mirrors and antireflection coatings, high temperature gas sensors. ITO is also widely 

integrated in other electro-optic devices as transparent electrodes for solar cells, light 

emitting diodes, phototransistors and lasers. In addition, until now, ITO offers the best 

available FoM, i.e. best performance in terms of conductivity and transparency along with 

excellent environmental stability, reproducibility and good surface morphology.  

Indium oxide In2O3 presents a bixbyite structure, which can be described as a fluorite-

type structure where a quarter of the anions are missing; a periodic structure that produces 

structural vacancies. 64 It crystallizes in a cubic structure as reported in Figure I.5. To obtain 

the indium tin oxide, doping with Sn replaces by substitution the In3+ ion forming an 
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interstitial bond between Sn and oxygen atoms. Tin is present with a dual valence and exists 

as either SnO or SnO2 which gives a direct impact on the conductivity of ITO. For lower 

valence state, a drop in carrier concentration occurs caused by the creation of holes acting 

as traps and thus reducing conductivity.  

 
Figure I. 5. Indium oxide bixbyite structure. (a) Eight oxygen atoms situated within a compressed 

octahedral and have six equidistant oxygen atom neighbors. (b) Eight In atoms situated at the corners 
of a distorted octahedron. (c) Sn doping sites in In2O3 lattice. 65 

However, for the case of SnO2 state, Sn4+ releases electrons to the conduction band, thus 

acting as n-type donor. Moreover, ITO films have lattice parameters close to that of In2O3 and 

are in the range 10.12 Å to 10.31 Å. 66 

Tuna et al. 67 reported the effect of substrate temperature and film thickness on the 

electrical, optical and structural properties of ITO thin films deposited by RF and DC 

magnetron sputtering on glass substrates. In their study they found out that the substrate 

temperature mostly affects the crystallization and resistivity of the samples. The 

characteristic peak (222) indicating the crystallization of ITO was observed starting from the 

annealing temperature of 150 °C up to 300 °C.  
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Figure I. 6. (a) Variation of resistivity and band gap as function of substrate temperature for ITO films. 

(b) Substrate temperature dependence of carrier concentration and Hall mobility of ITO 70 nm 
thickness. 18 

 

Generally, the resistivity of the ITO layer was noted to decrease as the substrate 

temperature increases due to the increment in carrier concentration, crystallization and 

grain size. Nevertheless, the resistivity of the films at 400°C is found to be slightly higher 

than the obtained resistivity at 350°C as reported in Figure I.6 (a). This small variation might 

be the result of the growing number of oxygen vacancies with increased substrate 

temperatures. In addition, Nisha et al. 18 previously reported that the diffusion of alkali ions 

from the substrate into the film structure at higher temperature might have a negative effect 

on the mobility. Figure I.6 (b) shows the increase in mobility for temperatures above 250 °C 

is attributed to the higher degree of crystallinity resulting in less grain boundary scattering. 

However, the increase of carrier concentration for temperature above 350 °C limits the 

mobility which by consequence suddenly decreases. Therefore, to get the optimum electrical 

properties, the preferable growth temperature for ITO films is experimentally found around 

350 °C.  

a b 
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Figure I. 7. Variation of optical band gap with different substrate temperature for ITO thin films 

deposited by magnetron sputtering. 68 

High conductivity of ITO films is assumed to be owed to high carrier concentration rather 

than high mobility of hole. Compared to In2O3, the low mobility of hole in ITO and its 

dependence on substrate temperature is attributed to scattering mechanisms by ionized 

impurities or grain boundaries. At higher substrate temperature, an enhancement of the 

crystallinity contributes to the increase of the carrier mobility. 

The band gap of ITO ranges from 3.50 eV to 4.40 eV depending on the growth method 

and conditions as illustrated in Figure I.7 with the dependence of the band gap with the 

temperature of the substrat for ITO thin films. 68 It has generally a value greater than 3.7 eV. 

 
Figure I. 8. Assumed parabolic band structure of pure In2O3 and mixed In2O3-SnO2  (ITO) compound. 69 
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The doping with elements as tin indium oxide, contributes to the formation of donor 

states at a level below the conduction band. With increasing the doping density up to a 

critical density, these states merge with the conduction band as illustrated in Figure I.8. The 

ITO film becomes degenerate when the density of free electrons from the donor atom 

exceeds this critical value. By consequence, the columbic interactions shift up the valence 

band and shift down the conduction band which narrows the bandgap as illustrated in Figure 

I.8. This shift partially compensates the Burstein Moss effect.  

In an attempt to identify the effect of grain size on the optical and electrical properties of 

ITO thin films under different annealing temperatures, Ahmed et al. deposited ITO thin films 

by high frequency magnetron sputtering. After deposition, the films were annealed at 250, 

350, 450 and 550 °C for 1 hour.58 

Table I. 6. Table showing the increase in grain size as the annealing temperature increases. 55 

Temperature 

(°C) 

Average 

crystallite size D 

(nm) 

As grown 35.05 

250 40.98 

350 41.17 

450 41.54 

550 51.62 

 

 
Figure I. 9. Optical transmittance spectra of ITO thin films deposited by high frequency magnetron 

sputtering. 58 



Chapter I  Introduction 
 

39 

 

The study showed that as the annealing temperature increased, the microstructure of the 

ITO films improved and caused a decrease in the band gap of the film. This change is 

attributed to the possibilities of oxidation, higher realignment and strong interaction 

between film and substrate. It results, as shown in Figure I.9 an increase of the transmission 

response with the increase of the annealing temperature. In addition, as shown in Table I.6, 

authors in reference 58 observed an increase of the grain size (calculated from XRD spectra 

using Scherrer’s formula) with the increase of the annealing temperature. Finally, the main 

output of this study displayed that at an annealing temperature of 450°C, an optimum set of 

characteristics of the ITO film were obtained.  

Finally, it should be noted that indium tin oxide (ITO) thin films are also mainly used as 

transparent electrodes for most different types of liquid crystal displays (LCDs) and that ITO 

is not widely considered as transparent electrodes for traditional silicon photovoltaic 

sources or panels, but only for certain thin-film solar cells. For the latter, substitutes for ITO 

have already been developed, such as Al-doped ZnO (AZO) or Fluorine-doped SnO2 (FTO). 

However, the properties of TCOs used for flat screens require improved optical and 

electronic qualities. It is for these reasons that, in applications such as flat screens, the ITO 

has not yet been replaced. Nonetheless, the total consumption of indium used for flat screens 

and alkaline batteries has dramatically increased in recent years and it is widely believed 

that a shortage of indium may arise in a near future. Currently, researchers in various fields 

are intensively focused on possible alternatives to the transparent ITO electrodes used in 

displays, focusing on the development or optimization of materials that can be produced 

with non-toxic and abundant materials and at low cost. Among them, we note the 

transparent conductive oxides (TCO) and particularly the importance of zinc oxide, mainly 

when it is doped with metal ions as Al or Ga (AZO or GZO) and tin dioxide mainly doped with 

fluorine (FTO).  

Thus, for photovoltaic applications as concerned in the current contribution, it is 

therefore these two oxide-based materials in the ZnO and SnO2 families, which will attract 

our attention. 
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2.2 Zinc oxide (ZnO) and Aluminum doped Zinc oxide 
(AZO) 

ZnO doped with metal ions is often chosen as an alternative to ITO in optoelectronic 

devices properties as its functional properties achieved currently a good level of 

performance and as, in addition to being a very abundant element which makes it relatively 

cheap. By else, it possesses an interesting set of properties that can be individually used, 

manipulated and optimized in many application types. 70 For example, the large excitonic 

binding energy of ZnO about 60 meV at room temperature makes this material an efficient 

light emitter in the UV spectral region interesting in some optoelectronic applications. Its 

high conductivity and transparency, i.e. yielding to an interesting FoM, makes it important 

for applications, not only as transparent conducting oxides (TCO) but also as thin-film 

transistors (TFT). Furthermore, crystalline transparent and highly conductive ZnO thin film 

production can be deposited by various techniques on large scale and at room temperature 

making it compatible with a lot of substrate types: rigid or flexible, crystalized or amorphous, 

plastic, glass, silicon…, organic and inorganic ones. Moreover, optical, electrical, magnetic, 

piezoelectric, catalytic and gas sensing properties make ZnO specifically attractive for 

nanoelectronic, optoelectronic and piezoelectric devices, and of course for photovoltaic 

applications.  

2.2.1 General properties of Zinc Oxide 

In zinc oxide crystal lattice, the atoms are arranged in tetrahedral geometry where each 

Zn atom is surrounded by four Oxygen atoms and vice versa. ZnO generally crystallizes in 

wurtzite form, but depending on the growth conditions, other crystal forms like zinc blende 

and rock salt also exist for ZnO. The zinc oxide structure in wurtzite form is illustrated in 

Figure I.10. 
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Figure I. 10. Zinc oxide structure: crystallizes in wurtzite form. 71 

Table I. 7. Basic properties of zinc oxide. 72 

Parameters Value 

Bandgap 3.4eV 

Density 5.606g.cm-3 

Crystal structure Wurtzite, rock salt, zinc blend 

Stable phase at 300K Wurtzite 

Melting point 1975°C 

Nature of oxide Amphoteric oxide 

Lattice constants at 300K a0= 0.32495nm 
c0= 0.52069nm 

Relative dielectric constant 8.66 

Refractive index 2.0041 

Solubility in water 0.16mg 100mL-1 

Intrinsic carrier concentration 1020cm-3 

 

Zinc oxide is a direct band gap semiconductor with a high refractive index (~2) having 

Eg = 3.4 eV at room temperature. The concentration and mobility of electrons in ZnO were 

found to be in the range 1016~1017 cm-3 and 20~400 cm²V-1s-1, respectively. The resistivity 

of ZnO extends over several orders of magnitude, with values ranging from 10-4  Ω.cm to 1012  

Ω.cm. 73 According to the processes used for the deposition of ZnO, a low resistive (ρ = 10-4 

Ω.cm) or high resistive (ρ = 103 Ω.cm) i.e. respectively, high or low conductive films can be 

developed.  

However, regardless of the processes used for the deposition of ZnO, the relatively low 

electrical conductivity of pure ZnO when compared to ITO is noted as a drawback, but doping 
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by foreign elements can offer possibilities for huge improvement of the conductivity with a 

lower sheet resistance down to values of 4.3 x 103 Ω/cm and 3.3 x 103 Ω/cm for Al and Ga 

doping, respectively. 74 In addition, ZnO having good physical, it is perfectly suited for 

applications as gas sensor for air pollution control, fire detection, leaks of harmful gases or 

tests for alcohol and other substances. ZnO having a high grain density and porosity, thus 

makes it possible to easily manufacture very sensitive gas sensors. 

Various techniques can be used for the deposition of ZnO. The choice of a given technique 

will be drive by some practical criteria and of course, function of the targeted applications. 

Thus, TCO thin films must be prepared using appropriate deposition techniques that can 

produce low resistivity films at high deposition rates on large surface area substrates. Table 

I.8 summarizes some deposition techniques along with the resulting associated ZnO 

properties. In addition, for specialized ZnO thin film materials, it is necessary to use 

deposition techniques that can achieve the lowest resistivity. Table I.9 shows a number of 

deposition techniques that are usable for ZnO based thin film growth and their applications.  

Table I. 8. Electric properties of ZnO for different deposition methods. 

Deposition 

method 

Temperature 

(°C) 

ρ 

(Ω.cm) 

nV 

(cm-3) 

μ 

(cm2.V-1.s-1) 

Ref 

Spray 350 

450 

2.70x103 

2.40x10-2 

2.4x1015 

- 

0.34 

- 

75 
76 

Sputtering 150 1.00x103 - 3 76 

PLD* 400 3 1.6x1017 12.3 77 

ALD** 250 5x10-2 3x1019 5.5 78 
*Pulsed Laser Deposition   **Atomic Layer Deposition 

Table I. 9. Zinc oxide thin film growth methods and features. 

Deposition method Large area deposition Applications 

Magnetron sputtering 

deposition 

Yes LCDs, solar cells, touch 
panels 

PLD No LEDs 

Molecular beam deposition No LEDs 

Spray pyrolysis Yes Solar cells 

Chemical vapor deposition Yes Solar cells 
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2.2.2 Doping Zinc Oxide 

As mentioned above, for applications in optoelectronic devices, especially photovoltaic 

cells, doping ZnO is mandatory. This is how the conductivity of zinc oxide can be increased, 

or even optimized for the intended application thanks to the existence of intrinsic defects 

(vacancies and presence of interstitial atoms) allowing the introduction of doping ions, not 

only on these defect sites but also possible by substitution of zinc or oxygen. The presence of 

such intrinsic defects leads to n-type conduction. To improve its properties as transparent 

conductive oxide, ZnO must be doped by group III elements (B, Al, Ga, In…) or group IV 

element (Pb, Sn). Aluminum, indium and fluorine are the most common doping elements for 

ZnO. 79 The use of different dopants leads to remarkable changes in the film properties.  

 
Figure I. 11. Resistivity variation of (a); doped and pure ZnO at different annealing temperatures.  (b); 
ZnO:Sn at different concentrations. (c) Optical transmission of the ZnO:Sn as function Sn/Zn ratio: (a) 

0 at.%, (b) 2 at.%, (c) 4 at.% and  (d) 6 at.% 80 81 
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Numerous studies have been carried out on properties of ZnO layers doped with different 

elements depending on the nature of dopant, its concentration and the deposition 

techniques. For several decades, these studies have made it possible to improve the 

structural, electrical and optical behavior of thin films. The works have been carried out 

mainly for ZnO dopants such as Al, Ga, In and Sn. As example of the change in the ZnO 

properties, we report in Figure I.11 (a) the dependence of the resistivity with the annealing 

temperature of pure, Al and In doped ZnO films grown by the spray pyrolysis technique.80 

We also report in Figure I.11 (b) the huge influence of the resistivity with the concentration 

of dopant (here with Sn ions) in the film allowing large possibilities of optimizations.81 

Within these two examples, it is obvious that doping ZnO hugely influence the electrical and 

optical properties, and additionally with a nonlinear dependence with the concentration of 

dopant. These studies have shown that the conductivity could be improved by adding 

Aluminum as dopant. Obviously, the optical properties are also modified by doping and 

growth techniques. It was also reported in Figure I.11 (c) that for these ZnO films, the 

transmission can vary between 70% and 95% observed for different concentrations of 

dopants thicknesses and deposition or annealing temperatures. 82  

Originally, for ZnO applications as gas sensors, aluminum and gallium were the most 

studied dopants. These two dopants remain the most used today even for other applications 

due to their abundance and its high electrical conductivity. 83,84 Moreover, the deposition 

method also influences the choice of dopant specifically when high doping concentration is 

expected. For example, in ZnO films doped with metallic ions, these dopants substitute 

preferably Zn sites. In this case, the growing of metallic doped ZnO based TCO by spray 

pyrolysis technique, give films having more efficient optical and electrical properties with 

indium and gallium than with aluminum. This can be explained by looking at the ionic radius 

of each element; the ionic radii of Ga and In are 0.62 Å and 0.80 Å respectively which is close 

to that of Zn being equal to 0.74 Å. Since the doping element replaces a Zn ion, the similarity 

in these values cause less lattice distortion at high concentration, when compared to the Al 

doping having 0.53 Å as ionic radius. Within this technique, the lowest resistivity of the 

doped ZnO film was obtained with In dopant at a concentration of 1 at%, but for a doping 

concentration above 2 at%, a weakening of the film properties occurs. 85 
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2.2.2.1 Focus on Aluminum doped ZnO (AZO) 

Despite the better performance of TCOs based on indium and gallium doped ZnO 

compared to aluminum doping, it is the latter which is the most studied and developed, 

thanks in particular to its abundance and its comparatively attractive cost. Aluminum doped 

ZnO (AZO), with its current and expected in a near future electrical and optical 

characteristics, is the potential candidate to replace the expending ITO and FTO in TCO 

applications.  

Table I. 10. Comparative table of ITO and AZO properties required to be used as TCO. 

Property ITO AZO 

High conductivity ✓ - 

High carrier mobility ✓ - 

High transparency ✓ ✓ 

Suitable refractive index ✓ ✓ 

Ease of processing ✓ ✓ 

High stability - ✓ 

Low toxicity - ✓ 

Low cost - ✓ 

In the attempt to find a material having comparable properties to that of ITO, AZO appears 

to be a good candidate since it has a good balance regarding the last six properties listed in 

Table I.10. Whereas, AZO is not poor in completing the first two criteria, ITO has a good 

balance in fulfilling the first five but it fails with stability, toxicity and cost. 86 In this scope, 

many research works are carried on to sort out limitations of AZO considering different 

approaches to treat this material. Different approaches are adopted to overcome the 

limitations in AZO. Some researchers changed the doping concentration of Al in ZnO. 87 

Others used different annealing temperatures,88 or annealing duration,89 and atmospheres.90 

While others focused on changing the substrate temperature and precursor concentration.91 

As already mentioned in the first part of this presentation, each of these parameters has a 

specific influence on the electrical and optical properties of the material.  

It was reported in Figure I.12 that the incorporation of Al dopant enhances the 

transparency of the deposited film compared to the undoped ZnO. The transmittance 

observed to increase up to a certain concentration limit where it will slightly reduce due to 
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the increase in scattering and absorption photons by the crystal defects and free charge 

carriers. 92 Therefore, the upgrade in transmittance is attributed to the Al- induced crystal 

defects rather than the reduction of surface roughness. 93  

 

Figure I. 12. Transmittance of as deposited AZO thin films. 94 

Moreover, the choice of substrate also showed to have an influence on the optical 

properties of AZO films where glass and quartz substrates showed better optical 

transparency in the visible range. 95,96  

 

Figure I. 13. The variation of the sheet resistance of ZnO thin films as a function of Al doping level for 
as-deposited and annealed films.94 
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Besides the good transparency, conductivity is the second crucial property considered by 

researchers. Thus, they study the impact of different process parameters on the electrical 

properties of AZO films, as is shown in Figure I.13 the studied parameter is the heat 

treatment. Concerning the annealing process of AZO films, a decrease in the resistivity value 

to half of that of the as deposited films was observed.97 An explanation of this phenomenon 

is given by some studies suggesting that annealing causes Al atoms to migrate from the grain 

boundaries to electrically active sites and this leads to an increase in the concentration of 

free carriers. Nonetheless a certain annealing temperature limit should be respected above 

which a reevaporation of the film occurs, inducing an increase in resistivity caused by the 

creation of zinc vacancies or antisite defects. 97  

2.3 Tin oxide (SnO2) and Fluorine doped Tin Oxide (FTO) 

2.3.1 General properties of Tin Oxide 

There are two main forms of tin oxide: the stannic oxide (SnO2) and the stannous oxide 

(SnO). The existence of these two oxides reflects the dual valence of tin, with oxidation states 

of 2+ and 4+. Stannous oxide is not as well characterized as the stannic form of the stannous 

oxide. Currently, the electronic band gap of the stannous oxide is not accurately known but 

lies somewhere in the range of 2.5 eV to 3 eV. Thus, SnO exhibits a smaller band gap than 

SnO2, for which, the band gap is commonly quoted to be 3.6 eV. Also, there are no single 

crystals of stannous oxide available that would facilitate more detailed studies. Stannic oxide 

possesses the rutile structure and stannous oxide has the less common litharge structure 

(tetragonal crystal system). 98 Finally, stannic oxide is the more abundant form of tin oxide 

and is thus, by extension, commonly named tin oxide. 

Tin oxide is a material having a big technological importance. Thus, SnO2 have been 

studied for a wide range of applications such as rechargeable lithium batteries, storage of 

solar energy, and it is the one of technological significance in gas sensing applications and 

oxidation catalysts. This variety of applications depends on the morphology, phase, 

crystallinity, and size of the nanocrystals of the material. But in fact, dedicated to various 

applications, many geometrical structures and forms of tin oxide were produced like 

spherical particles, thin films, networks of ribbons and sheets. 
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In ambient conditions and atmospheric pressure, SnO2 crystallizes in tetragonal rutile 

structure with space group P42/mnm (Table I.11), where the tin ions are at the center of the 

octahedral site formed by the oxygen ions as shown in Figure I.14. 

 

Figure I. 14.Crystal structure of SnO2.99 

 

Table I. 11. Tin oxide properties. 

Property SnO2 

Mineral name Cassiterite 

Crystal structure Tetragonal, rutile 

Space group P42mnm 

Lattice constant a=0.474 

c=0.319 

Band gap [eV] 3.6 

Common n-type dopants Sb, F, Cl 

Nanostructured SnO2-x thin films are usually prepared by chemical vapor deposition and 

by reactive DC-magnetron sputtering techniques. As for other materials deposited in film 

shapes, its crystallographic phase will be conditioned by the substrate temperature during 

the growth process. Thus, for SnO2 films growth by DC magnetron sputtering technique, the 

pure tetragonal phase at low temperatures (below 90°C) and a mixture of tetragonal and 
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orthorhombic phases at temperatures above was found. In this temperature range, the films 

present a wider band gap than that of a pure tetragonal phase. 100 

2.3.2 Doping of Tin Oxide 

As for previous presented TCO, a great variety of dopants, mainly Al, In, Li was selected 

for tin oxide for the improvement or specialization of the SnO2 layer properties optimized to 

specific applications. For TCO applications, the most commonly used dopants for tin oxide 

are Sb, Cl and F. In the case of Sb doping, antimony (+V) substitutes tin (+IV) ion. For high 

doping levels, the coexistence of Sb (+V) and Sb (+III) makes the later act as an acceptor by 

compensation of charge carriers liberated by Sb (+V). In addition, always for high doping 

levels, the ions mobility decreases attributed to formation of micelles, and, the thin film color 

changes to darker shades reducing the transparency and leading to a low Figure of Merit. 101 

Fluorine and chlorine doping share many similarities. Cl and F ions replace oxygen by 

releasing a charge carrier. The incorporation of these dopants also leads to the formation of 

uncharged micelles. Unlike Sb doping, the micelles do not carry an electrical charge, which 

does not cause disturbance of the tin network. In addition, films obtained by doping with 

chlorine or fluorine have better transparency compared to doping with antimony. Finally, 

fluorine doping offers an advantage over chlorine doping because of the close values of the 

ionic rays for fluorine (0.133 nm) and for oxygen (0.132 nm) while the ionic radius of 

chlorine is 0.181 nm. The consequence is that unlike the incorporation of Cl but also of Sb, 

the doping F can be incorporated into the tin oxide network without disturbance, thus 

making it possible to ensure better conductivity.  

2.3.2.1 Focus on Fluorine doped SnO2 (FTO)  

Many deposition methods are adopted for the preparation of fluorine doped tin oxide such 

as chemical vapor deposition, 102 sputtering, 103 and most commonly spray pyrolysis 104 using 

tin chlorides as precursors. As expected, the fluorine doping concentration influences the 

properties of the film. Increasing the F-doping level leads to an increase in the Fermi energy 

until reaching the conduction band edge. Hence the optical band gap exceeds 4 eV and the 

transparency of the film in the ultraviolet (UV) range is improved.  
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Figure I. 15.(a) F/Sn ratio-dependent resistivity, carrier concentration, and carrier mobility of FTO 
thin films. (b) Transmission spectra of FTO thin films for different F/Sn ratios. Inset in (b): average 

optical transmittance (%) of the films in the visible range. 105 

The effect of F/Sn atomic ratio on the structural, optical and nano-mechanical properties 

of FTO films grown by Ultrasonic Spray Pyrolysis on glass substrate was recently 

investigated by Tuyen L et al.. 105 The films showed tetragonal rutile structure of SnO2 with 

preferred orientation of (110) and an increased grain size with increasing F/Sn ratio. An 

important result of their study is the demonstration for the electrical and optical properties 

of FTO of a critical concentration of the fluorine dopant located approximately at a ratio F/Sn 

= 0.5. We present in Figure I.15 the results of their studies of FTO as a function of fluoride 

concentration. Below the critical concentration, a sharp increase in the concentration of free 

charge carriers is clearly observed, leading to a decrease in resistivity. However, beyond this 

critical concentration, there is a decrease in the concentration of charge carriers attributed 

to the fact that the excess fluorine no longer being able to replace the oxygen ions, it is 

expelled to segregate at the grain boundaries. Moreover, FTO films are acceptable have 

interesting transmittance (around 90% in the visible range) below the concentration 

threshold, whereas it appears to be reduced above the threshold (down to 80% for F/Sn=1). 

Authors explained this decrease by the scattering effect due to the increase of the surface 

roughness.  

Since their discovery, Transparent Conductive Oxides were the subject of intense studies 

and researches in view of the diversity of materials, their important features and the 
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multitude of application fields mainly as detectors and as transparent electrodes in various 

optoelectronic devices and for photovoltaic cells and modules of new generation. Among 

these TCOs, Indium doped Tin Oxide (ITO), Zinc Oxide (ZnO) with its many dopants mainly 

aluminum (AZO) and tin oxide mainly fluorine doped (FTO), possess excellent transparency 

combined with high electrical conductivity. They are widely studied and were found to be 

the most suited for photovoltaic purposes. The continuous increasing need for energy 

resources have pushed research into the domain of materials for energy and particularly 

photovoltaic conversion. Currently, photovoltaic cells are mostly Silicon based. However, the 

price for a kilowatt from a solar origin source remains high when compared to fossil fuels 

prices which makes it a less competitive substitute. Hence, a reduction in the price of solar 

energy conditions the big scale development of renewable energies. In this instance, it 

becomes of priority for the research community to increase photovoltaic cells efficiency and 

hence decreasing the cost. Thereby, a 2nd generation of PV cells based on thin films of 

thickness less than 2 µm enables a significant fabrication price reduction by lowering the use 

of photoactive materials but also increasing the efficiency of photovoltaic conversion. 106 

3. Nanostructuration of TCO for photovoltaic cells 

Throughout the years, new innovative concepts and ideas have been proposed in the 

photovoltaic conversion domain which led mainly to 3 different generations of solar cells 

according to the NREL classification. 107 The evolution of this domain can be seen on Figure 

I.16. 108 Nanostructures have been successfully employed in the manufacturing process of 

solar cells permitting an improvement of the conversion efficiency compared to a 

conventional solar cell using  inexpensive materials with low cost production. So far, a wide 

range of nanomaterials including bulk nanostructured materials (3D), quantum wells, (2D) 

nanowires (1D) quantum dots/nanoparticles (0D), semiconducting oxides and nanocarbons, 

materials have been employed in buffer layers, interfacial modification layers, and 

photoactive layers. 109 
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Figure I. 16. Timeline of the three PV generations along with multiple nanomaterials and 
nanostructures that have been successfully employed in the PV 3rd generation. 108 

An emerging concept in the field of science and technology is the study of nanomaterial. 

The numerous applications of nanoscale materials is the key to new technological and 

environmental challenges as solar energy conversion, energy storage and water treatment. 

TiO2, MnO2, NiO, ZnO and SnO2 are semiconducting nanomaterials that attracted much 

attention due to their applications in electronics, optoelectronics, photovoltaics, 

photocatalysis and many more.  

3.1 Various types of nanocomposites for TCO 

3.1.1 Nanoparticles 

The importance of nanoparticles relies in the big domain where they can be used as 

applications. Nanoparticles can be found anywhere around us, as they have a wide range of 

applications such as drugs and medications, manufacturing and materials, they are also 

found in electronics, energy harvesting systems, mechanical industries and also 

environmental applications.  
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They are now being used in the manufacture of scratchproof eyeglasses, crack-resistant 

paints, anti-graffiti coatings for walls, transparent sunscreens, stain-repellent fabrics, self-

cleaning windows and ceramic coatings for solar cells.  

Generally, two routes are adopted for the synthesis of metal oxide nanoparticles. Both 

routes are shown in the schematic of Figure I.17 and their classification is as follows: 

chemical methods such as hydrothermal synthesis, chemical vapor deposition, sol-gel 

process, co-precipitation method, etc. and physical methods like mechanical milling, electron 

beam evaporation, sputtering, laser ablation and electrospraying. In the chemical synthesis 

approach, the formation of nanoparticles distribution of different size occurs by the 

assembly of atoms or molecules while for the physical approach, synthesis starts from the 

bulk counterpart of a material which gets depleted systematically generating fine 

nanoparticles. Among the mentioned synthesis methods, chemical approach and specifically 

sol-gel technique is the most commonly used technique. The main bonus of the chemical 

synthesis technique is that nanoparticles of controlled size, dimension, composition and 

structure can be produced. The ability of obtaining such defined properties is very useful for 

many applications in electronic devices as well as catalysis and sensing. Moreover, the sol 

gel technique uses less energy for carrying out the synthesis and low processing temperature 

which makes it more economical technique compared to physical methods.110  
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Figure I. 17. Scheme showing the bottom-up and top-down methods of nanoparticle synthesis. 111 

3.1.2 Nanowires and nanorods 

Nanowires, tubes, rods and belts are one dimensional nanostructures with dimensions 

from 1 to 100 nm. By definition, a nanowire, as the name suggest it, is a solid material in the 

form a wire having a diameter less than 100 nm. Whereas, a nanotube is a hollow nanowire 

with a wall thickness of the order of molecular dimensions up to the thickness of a 2D single 

sheet of graphene type. 

The growth along one direction of nanostructures is based on the synthesis by promoting 

the crystallization of solid state structures in this chosen direction. Thus, two types of one 

dimensional structure can be formed: longitudinal and coaxial structures. Longitudinal 

refers to nanowires composed of different stoichiometries along the length of the nanowire, 

while coaxial structure refers nanowire material having different core shell compositions.  

Vapor phase synthesis is a method for nanowire growth where gas species are the starting 

reactants to form wires. Many techniques were used to prepare precursors into the gas 

Nanoparticle  
synthesis methods

Bottom-up 
synthesis (also 

classified as 
chemical 
methods)

-Spinning 

-Hydrothermal synthesis

-Co-precipitation method

-Sol-gel process

-Chemical Vapor Deposition

-Atomic or molecular 
condensation

Biological synthesis
Bacteria, yeast, fungi, algae, 

plants

Top-down 
synthesis (also 

classified as 
physical 

methods)

-Mechanical milling

-Electron Beam Evaporation

-Sputtering

-Laser ablation

-Electrospraying
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phase for thin film growth including; laser ablation, chemical vapor deposition molecular 

beam epitaxy and sputtering. The concentration of gaseous reactants is an important 

parameter to be regulated for the nanowire synthesis to predominate and suppress 

secondary nucleation phenomena. Vapor-liquid-solid (VLS), mechanism is a vapor based 

technique considered to be the most successful in generating large quantities of single 

crystalline structured nanowires. The process begins by the dissolution of gas reactants into 

nanosized liquid droplets of a catalyst metal, then the nucleation and crystalline growth of 

rods starts to happen to finally form a nanowire as presented in Figure I.18. VLS is the mostly 

used for the synthesis of nanowires. 112 Since it uses a gaseous precursor reactant to 

synthesize nanowires, it is easier to organize and manipulate the nanostructures to obtain 

crystalline and defect free nanowires. 

 

 

Figure I. 18. (a) Scheme showing the nanowire growth from Au droplets. (b) TEM image showing Si 
nanowires in growth process. 113 
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Nanowires (specifically ZnO nanowires) could be synthesized by a variety of methods, 

which are classified into two big categories: vapor phase synthesis and solution phase 

synthesis. Details on each category are found in the chart of Figure I.19. 114 

 

 

Figure I. 19. Classification of nanowires synthesis methods. 

3.1.3 Nanofibers  

Nanofibers are very long filaments in cylindrical shape having a diameter in the order of 

some hundreds of nanometers. The only way to make nanofibers (to our knowledge) is 

electrospinning. It consists of producing fibers by charging and ejecting a polymer melt or 

solution through a spinneret under a high-voltage electric field which results in the 

solidification and formation of the filament. Nanofibers are famous for their high porosity, 

flexibility, high surface area and controllable morphology. In fact, their high surface area to 

volume ratio makes them very interesting for applications where large surface area is 

necessary. 115 Moreover, they are stable in terms of macroscopic properties; for instance, 

nanoparticles tend to agglomerate in aqueous medium which will alter their properties. 116 

Vapor phase 
synthesis

Close 
chamber

High temperature (500 to 
2000°C)

Vapor is generated by evaporation 
or by chemical reduction then it is 

deposited on solid surface substrate

Example of vapor 
phase synthesis: 

Solution phase 
synthesis

Economical 
approach 

Low temperature (<200°C)

Flexibility in substrate choice 
(organic or inorganic)

Growth is carried out in 
aqueous or organic solution

Types of solution phase synthesis: 
Hydrothermal, microemulsion and 

ethanol base method

Drawback: incompatible with device 
fabrication

1. Vapor liquid solid (VLS)

2.Pulsed laser deposition (PLD)

3. Metal organic vapor phase epitaxy (MOVPE)

4. Vapor phase deposition (VPD)

5. Chemical vapor deposition (CVD)
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Another difference between nanoparticles and nanofibers is in terms of aspect ratio, and 

with nanotubes in crystallographic properties.  

In this paragraph we only presented the nanofibers in a general and broad approach, more 

details along with convenient examples specifically related to our topic will be presented in 

the following section. Also, a specific section will be dedicated to the electrospinning process 

in the third chapter.  

3.2 ZnO and AZO nanofibers  
Electrospinning allows for the creation of long nanofibers with diameters ranging 

generally from 10 to 100 nm from a variety of materials. Because of its high surface-to-

volume ratio, nanofibers produced by electrospinning mats could be used in a variety of 

applications where a significant contact area with the environment is required, 117 such as 

filter materials, wound dressings, tissue engineering, and other cell growth applications. 118–

120  

Besides polymeric fibers created from the electrospinning of polymer solution or melts, 

blends of polymers and other materials can also be prepared by this technique. 121,122 For 

instance, nanofibers with semiconducting or metallic nanoparticles could be added to a 

chemical solution to permit complete mixing of all the components. Hence, pure ceramic or 

non-polymeric nanofibers are obtained after calcination. By such techniques, the 

applications can be extended as compared to pure nanofiber mats.  

High attentiveness is growing for zinc oxide nanofibers since the material is useful for gas 

sensing applications, microwave absorption, supercapacitor electrode, photocatalytic 

degradation and also for light emitting electrochemical cells. 123–127 

Among all kinds of nanofibers and as concerned by this work, ZnO nanofibers grown by 

electrospinning from a melt of zinc acetate in PVA show the possibility to be used as electron 

transport layers in organic photovoltaic devices. F. Mohtaram et al. 128 studied the effect of 

annealing and electrospinning time on electrospun ZnO nanofibers. They showed that 

annealing time reduces the nanofibers diameter as presented in Figure I.20 as a result of the 

PVA decomposition in the as-grown fibers. Different characterization techniques (SEM, AFM, 
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XRD) showed that pure ZnO nanofibers obtained from the electrospinning process after 

annealing are well crystallized. Moreover, layer thickness and fibers concentration on the 

electrode surface was dependent from the electrospinning time. 

 

Figure I. 20. 3D AFM images of  the ZnO nanofiber layer before (A) and after annealing (B) for 3h at 
500°C. 

  

3.2.1 Morphological properties of ZnO and AZO nanofibers 

ZnO and AZO nanofibers prepared by electrospinning showed to have morphology 

properties depending on the concentration of precursors or some processing parameters. 

Generally, beadless and smooth nanofibers are obtained regardless of the precursor 

concentration (Zn or Al doping concentration generally under their acetate form). However, 

the precursor content showed to have an effect on the diameter of  as spun fibers (before 

annealing) where it was found to increase of about 50 to 100 nm if more Zn precursor 

content was added to the starting solution. Moreover, the increase of Zn precursor in the 

starting solution increases the viscosity of the solution leading to a non-uniform ejection of 

the jet making the diameters distribution broader. Moreover, the authors 129 have shown 

that this dependence of the diameter with zinc concentration in the initial melt is linear as 

reported in Figure I.21. This variation could be described by the following linear equation 

AFD= mx + D0, where D0 is the average fiber diameter of pristine PVA, x the zinc acetate 

concentration in wt.% and m a constant proportionality coefficient. 129,130 



Chapter I  Introduction 
 

59 

 

 

Figure I. 21. Average fiber diameter–zinc acetate ratio curves of the zinc acetate/polyvinyl alcohol 
precursor fibers. 129 

At a starting point of the electrospinning process, spun nanofibers contain not only zinc 

and aluminum elements but also a lot of organic compounds coming from the polymer used 

in the solution, and acetate or chloride precursors as zinc acetate, and aluminum 

acetate/chloride. For this reason, calcination is an essential step to decompose all the organic 

material and to end up with well crystallized zinc oxide or aluminum doped zinc oxide. The 

annealing process usually takes place in air with a range of temperature starting from 400°C 

to 800°C. AFM images of samples annealed at increasing temperature, presented in Figure 

I.22, show a decrease in the diameter size with increasing temperature. Moreover, the 

reduction in fibers diameter with temperature with some remaining traces of burnt organics 

was visible in SEM images of Figure I.23. The shrinkage of the diameter above 500°C was 

attributed to the shrinkage of ZnO by sintering while the smaller diameter below 500°C is 

attributed to the decomposition of organic compounds.  

 

Figure I. 22. AFM images of: (a)  PVA/zinc acetate composite fibers of size 400-500nm; (b) ZnO fiber of 
size 200-300 nm calcinated at 400°C and (c) 600°C; (d) ZnO fiber of size 100-200 nm calcinated at 

800°C.131 

a b c d 



Chapter I  Introduction 
 

60 

 

 

Figure I. 23. SEM images of 5 wt.% zinc acetate/PVA nanofibers (a)before and (b) after calcination.132 

Electrospun nanofibers have a limited applicability in electrical devices due to their weak 

adherence to conductive substrates. To help with this, a seed layer (SD) is deposited on the 

FTO substrate before the electrospun composite nanofibers are deposited. This improves the 

interfacial adherence of the AZO nanofiber films to the FTO substrate and promotes the 

release of interfacial tensile stress during calcination. Sining Yun et al. 133 deposited AZO 

nanofibers used as photoelectrodes for DSSC. The introduction of a seed layer between the 

conducting substrate and the spun fibers helped in better adhesion of the fibers on the 

substrate as well as showing an improved energy conversion efficiency. 

 

Figure I. 24. (a)FESEM images of as spun AZO PVAc composite nanofibers (b)cracked and peeled off  
AZO nanofibers after calcination. (c) AZO nanofibers after calcination deposited on seed layer treated 

substrate. 133 

Smooth and uniform nanofibers with diameter 58 to 106 nm before calcination as seen in 

Figure I.24. The morphology of the fibers changed after calcination to become as linked 

crystallite particulate form which is explained by the decomposition of residual organics and 

crystallization during the calcination process. Moreover, the calcination process generates 

b a 

a b c 
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strong stress leading to the shrinkage and roughness of the AZO fibers film changing the 

properties of the nanofibers in addition to causing the cracking and peeling of the fibers from 

the substrate as explained by the same study.  

3.2.2 Structural and Thermal properties of ZnO and AZO nanofibers 

The solutions used for the electrospinning of nanofibers contain polymer and organic 

materials in order to increase the viscosity and act as a holding matrix for the main 

precursor. Once the fibers are formed and deposited on the substrate, the role of the polymer 

is over. Thus, the as spun nanofibers undergo heat treatment to crystallize the material and 

get rid of all organic compounds.  

Comparing the weight loss of Zinc Acetate and polyvinyl alcohol nanofibers in a range of 

temperature from 0 °C to 600 °C, presented in Figure I.25, Imran et al. 132 noted that 63% of 

weight loss occurred until 324 °C and the second degradation until 595 °C with  a weight loss 

of 21% for the PVA nanofibers. Whereas, for the zinc acetate/PVA nanofibers four stages of 

degradation were recorded. The first weight loss occurred until 71°C with a degradation of 

5% corresponds to water evaporation and the final until 480°C. The intermediate weight loss 

of 68% was attributed to the decomposition of organic components of the zinc acetate and 

PVA polymer. And finally, a stability in the weight loss beyond 480°C suggests the presence 

of only pure inorganic material.  

 

Figure I. 25. Thermogravimetric analysis for PVA and 15 wt.% zinc acetate/PVA nanofibers. 
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Figure I. 26. Scheme showing the different stages of degradation (for PVA, PVA-Zn nanofibers)  with 
increasing temperature. 

Generally, different temperatures for calcination of nanofibers were used ranging 

from 300°C to 900°C. 134–137 In fact, along with the increasing temperature, the degradation 

stages of the fibers is observed and could be classified in three categories: solvant 

evaporation and moisture loss, decomposition of organic material found in the precursors 

used for electrospinning solution preparation and finally the crystallization phase. 

129,131,132,138–140 A summarization of the different stages of degradation and corresponding 

temperatures recorded by many research groups who worked on zinc oxide nanofibers by 

electrospinning are shown in Figure I.26.  
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Figure I. 27. XRD patterns for dried PVA for 24 hours at 80 °C; and annealed (1at.%) AZO gels  for 2 
hours. 140 

Structural characterizations carried by XRD and FTIR for the fibers before and after 

calcination at different temperatures, showed a difference in the recorded spectrum in terms 

of the materials characteristic peaks. In fact, no distinct peaks were observed before for the 

samples before the calcination process since the material is amorphous. However, after heat 

treatment, the specific pattern with intense peaks of the zinc oxide wurtzite structure was 

detected. Even for the Al doped zinc oxide nanofibers, the wurtzite structure was detected 

after calcination proving that the Al was incorporated homogeneously in the ZnO matrix as 

seen on the XRD graphs of Figure I.27. Moreover, FTIR analysis for ZnO nanofibers showed 

the disappearance of the peaks assigned to H2O, CH and OH organic groups after calcination. 

These results complete what was discussed previously and is an evidence that the 

calcination process is an essential tool to crystallize the nanofibers and to remove all the 

organic groups coming from the precursors being used in the fabrication process.  

 

3.2.3 Optical and electrical properties of ZnO and AZO nanofibers 

ZnO is perhaps the most structurally and physically diverse of all metal oxides. As a 

result, researchers have looked at the optical characteristics of ZnO NPs embedded in 

polymers including PVA and PVP.  
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Authors investigated the effect of Zinc precursor concentration on the optical properties of 

electrospun nanofibers. Figure I.28 demonstrate the UV–Vis transmittance, absorbance and 

reflectance spectra of ZnO/PVP nanocomposite fibers, respectively. The ZnO/PVP 

nanocomposite fibers' transmittance spectra reveal a pronounced absorption edge in the 

wavelength range 300–420 nm. The produced fibers' transmittance spectra show two 

distinct effects: a change in average transmittance in the visible range, and a variation in the 

beginning of transmittance with wavelength that switches to longer wavelengths as the 

molar ratio increases. This indicates that the absorption edge varies with the amount of ZnO 

NPs present. 

 

Figure I. 28. UV–Vis spectra of the prepared ZnO/PVP nanocomposite fibers: (a) transmittance; (b) 
absorbance (c) reflectance.141 

 

I–V measurements were used to evaluate the electrical properties of the AZO 

nanofibers. The electrical contacts were difficult to attach because the ceramic fibers were 

fragile. The AZO nanofibers were ground into powder and formed into disks for these tests. 

Due to the geometry of the disk structure, measured conductivity may differ from that of 

actual fiber mats. Electrical current may preferentially follow the fiber axis in fiber form. The 

fiber mat structure is random, and grinding may or may not have a major influence, but more 

interest is given to the magnitude change in conductivity relative to the doping 

concentration. 
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Figure I. 29. Electrical conductivities of undoped and aluminum oxide doped zinc oxide (AOZO) 

nanofibers (calcined at 600°C  for 5 h).142 

 

At room temperature, the conductivity of the nanofiber samples dropped as the 

aluminum content increased above 2 at% as seen on the graph of Figure I.29. This propensity 

can be interpreted in the following way, based on the inclusion of Al atoms into the ZnO 

lattice during the crystal formation process. More Al atoms can occupy Zn sites as the Al 

concentration in the solution rises, and an electron is contributed for every Al atom, raising 

the carrier concentration. Furthermore, aluminum concentration in ZnO has a solid solubility 

limit of roughly 2%. As a result, one potential explanation is that at higher aluminum 

concentrations (AOZO2 and AOZO3), segregation of aluminum compounds, most likely as 

aluminum oxide, occurs in the grain boundaries of AOZO materials, acting as carrier traps 

and contributing to the drop in conductivity. Percolation is a second probable mechanism. 

The increase in metallic Al could create additional conduction pathways by percolation.  

It is to be noted that not a big number of researches considered the optical and 

electrical properties of the Aluminum doped Zinc Oxide nanofibers, rather they focused on 

the morphological properties as fibers diameter and structural properties as crystallization. 

However, further in the coming chapters, optical and electrical properties investigations will 

be considered for the elaborated nanofibers in addition to structural and morphology 

analysis.    
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4. Conclusions  

This chapter is composed of two parts. The first part, dedicated to general statements 

about transparent conductive oxides, with a specific focus on TCO families integrating 

photovoltaic cells and modules. Among these TCOs, Indium doped Tin Oxide (ITO), Zinc 

Oxide (ZnO) with its many dopants mainly aluminum (AZO) and tin oxide mainly fluorine 

doped (FTO), possess excellent transparency combined with high electrical conductivity. 

They are widely studied and were found to be the most suited for photovoltaic purposes. The 

second part treats the aspect of nanostructures used in the layers of PV modules with an 

emphasis on the ZnO nanofibers where they showed promising results regarding their use 

as transparent electrodes in PV modules.  After a general presentation of structural, electrical 

and optical properties of TCO layer applied in photovoltaic cells and modules, the second 

chapter will be devoted to the elaboration of Zinc oxide and Fluorine doped tin oxide by two 

deposition methods with further morphological and structural investigation. 
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After the presentation of TCO more specifically three oxide materials used for 

photovoltaic devices in the form of thin films and nanocomposites, this chapter will provide 

a detailed morphological for FTO and ZnO thin films and structural investigation of FTO thin 

films deposited on glass substrate by spray pyrolysis and magnetron sputtering.  

This first study is considered as a building block (step) in this work since it enables 

us to establish reference results without any nanostructuration, coming in the next chapters, 

for the materials that will be used along this work.  

The process, i.e. spray pyrolysis used for the deposition and the material, i.e. ZnO are 

already well-known and numerous reports can be found in literature associating this process 

with this material for layer deposition. The originality of the contribution achieved during 

the thesis and presented in the following chapter is the link established between the position 

of the substrate during the deposition process and the structural properties of the deposited 

layer.  

 The morphological characterization was carried out by atomic force microscopy and 

Raman spectroscopy was used for the determination of structural properties of FTO thin 

films.  
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1. Elaboration and characterization of Zinc Oxide thin 
film by Magnetron Sputtering   

1.1 Experimental procedure 
Sputtering is one of the most commonly used plasma process techniques for the deposition 

of thin films. An ionized species (argon) forms a plasma in a chamber which undergoes a 

secondary vacuum. The substrate and the material to be deposited are respectively 

connected to the mass and to an anode in the chamber. The Ar + ions go towards the material 

(which is therefore negatively charged) and extract atoms. These atoms go towards the 

substrate which is positioned just above the target. Figure II.1 represents the schematic 

diagram of the sputtering process. The particularity of this technique relies in the form of 

supplied energy,  since it is provided by the ionized argon in the form of plasma and not by 

heating in thermal form. 143  

 

Figure II. 1. Schematic diagram of sputtering. 

 

A thin film of Zinc Oxide was deposited by magnetron sputtering at Institut Jean Lamour 

(IJL) of the Université de Lorraine in Nancy under the supervision of Mr. Davis Horwat from 

the Department of Chemistry and Physics of Solids and Surfaces. The process took place at 

room temperature with the deposition parameters mentioned in Table II.1. Morphology of 
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the deposited thin film was investigated by Atomic Force Microscopy (AFM). Surface 

scanning was made along the different sections of the sample. 

Table II. 1. Deposition parameters used for the growth of ZnO thin film by sputtering. 

Deposition parameters 

Substrate Glass Power 100 W 

Deposition time 40 min Voltage  330 kV 

Temperature  Room 

temperature 

Oxygen volume flow 

rate 

6 sccm  

Target-substrate 

distance 

5cm Argon volume flow rate 50 sccm 

Initial pressure 1.12x10-4 mbar Current pressure 42x10-4 mbar 

 
 

 
 

Figure II. 2. Photo and scheme of the sputtering position of ZnO substrate. 

The target glass slide was divided into three sections called B1, B2 and B3 as shown in 

Figure II.2. These areas are delimited by their distance from the center of the substrate 

holder with zone B1 from 3 cm to 5 cm, zone B2 from 5 cm to 6 cm and zone B3 from 6 cm 

to 9 cm.  

1.2 Surface imaging by Atomic Force Microscopy 

1.2.1 History and evolution 

Gerd Binning and Heinrich Rohrer won the Nobel Prize in Physics (1986) after 

creating the Scanning Tunneling Microscope (STM) and discovering its ability to image 

individual surface atoms. 144  After the success of the STM other Scanning Probe Microscopes 
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were invented, all of them rely on the mechanical scanning of a sharp tip over a samples’ 

surface. 145 

Whatever the type of the force, all force microscopes have five essential components: 

- A sharp tip mounted on a soft cantilever spring  

- A way of sensing the cantilever's deflection  

- A feedback system to monitor and control the deflection (and, hence, the interaction 

force)  

-A mechanical scanning system (usually piezoelectric) that moves the sample with 

respect to the tip in a raster pattern  

- A display system that converts the measured data into an image. 

While scanning in contact mode, the tip is in contact with the sample. Being similar to a stylus 

profilometer, it measures the topography of surface atoms with an atomic imaging 

resolution. The concept of applying a force to a surface for the purpose of imaging may seem 

unreasonable specially when considering the macroscopic size of AFM tips. Actually, the high 

resolution achieved by AFM is due to a very small loading force on the tip (10-7 to 10-11 N) 

making the contact area between the tip and the sample extremely small. 145 

1.2.2 Operating principle 

Atomic force microscopes (AFMs) are a type of microscope that provides pictures of 

surface atoms. AFM can resolve features as small as an atomic lattice, for either conductive 

or non-conductive samples. Like the Scanning Electron Microscope (SEM), the purpose of the 

AFM is to look at objects on the atomic level.   
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Figure II. 3. Schematic illustration of the main components of an AFM. 146 

In addition to the higher resolution that AFM can provide comparing to SEM, it gives three-

dimensional information, with little sample preparation. The technique makes it possible to 

image in fluid, under controlled temperature and in other controlled environments. The AFM 

does not need to operate in a vacuum, so it can be used to see surfaces of biological samples 

like living cells.  

In AFM, as shown in Figure II.3, a sharp tip at the free end of a cantilever (the “probe”) is 

brought into contact with the sample surface. The tip interacts with the surface, causing the 

cantilever to bend. A laser spot is reflected from the cantilever onto a position-sensitive 

photodiode detector. As the tip moves up and down due to the surface, the cantilever deflects 

causing a change in the angle of incidence for the laser beam. The cantilever displacement is 

measured by detecting the deflection of the laser beam which is reflected off its backside. 

This deflection is sensed with a position-sensitive detector. In this way, an image may be 

created revealing the configuration of the surface being imaged by the machine. 
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Figure II.4 shows the force interaction as the tip approaches the sample. At the right side of 

the curve the tip and sample are separated by large distance. As they approach, tip and 

sample atoms first weakly attract each other. This zone of interaction is known as the “non-

contact” regime. Closer still, in the “intermittent contact” regime, the repulsive van der Waals 

force predominates. When the distance between tip and sample is just a few angstroms, the 

forces balance, and the net force drops to zero. When the total force becomes positive 

(repulsive), the atoms are in the “contact” regime. The various AFM techniques described 

below, can be generally described by their function within these three domains (Figure II.4). 

 

Figure II. 4. Zones of interaction as the tip approaches the sample.147 

The tip-sample interaction is complicated by additional forces, including strong capillary and 

adhesive forces that attract the tip and sample. The capillary force arises when water, often 

present when imaging in the ambient environment, wicks around the tip, holding the tip in 

contact with the surface. As long as the tip is in contact with the sample, the capillary force 

should be constant because the fluid between the tip and the sample is virtually 

incompressible. The total force that the tip exerts on the sample is the sum of the capillary, 

adhesive and van der Waals forces. The van der Waals force counters almost any force that 

attempts to push the atoms closer together. When the cantilever pushes the tip against the 

sample, the cantilever bends rather than forcing the tip closer to the sample atoms. The 

deflection, therefore, can be used as a reliable indicator of surface topography.  
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1.3 Morphology investigation of the ZnO thin films 

The AFM apparatus used to investigate the surface morphology of the samples is an 

Agilent Technologies 5420 Scanning Probe Microscope. The scanning is made in contact 

mode with a speed of 1.7 lines/s for all the measurements. The scanned area is of 2x2 µm² 

for all the sections of the sample and the average grain size was calculated after many 

random grain choice measurements with Gwyddion software. The scanning parameters are 

illustrated in Table II.2. 

Table II. 2. AFM  Scanning parameters for ZnO thin films. 

Scanning parameters 

Mode Contact mode 

Scan speed 1.7 lines/s 

Scanning area 2x2 µm2 

Software for image treatment Gwyddion 

We report in Figure II.5 the AFM topography images in 3D and 2D form of the ZnO thin 

films for a distance of (a) 4.5 cm (zone B1) and (b) 7.5 cm (zone B3) from the holder’s center 

of the sputtered target. The 3D images show the topography of the surface on a 2x2 µm² area 

with the z-axis representing the distance between the lowest and the highest point on the 

scanned area. This means that the values appearing in Figure II.5 (22 nm and 10 nm) do not 

represent in any form the roughness or the grain size. However these topics will be discussed 

in details below. 
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Figure II. 5. AFM topography images of the ZnO thin film for a distance of (a) 4.5cm and (b) 7.5cm in 

3D and 2D form. 

The plot of grain sizes along with the thickness of the film as function of the distance from 

the holders’ center is represented in Figure II.6. It shows an increase in grain size with 

distance as well as a linear increase in the thickness of the film. In addition to the increase in 

grain size, also the grain shape was reformed; the grains transformed from spherical to 

pyramidal shapes as it is clearly shown in the pictures of the surfaces reported in Figure II.2. 

This pyramidal structure of grains was already observed and reported in literature which 

align our obtained results with the previous published work. [20] 
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Figure II. 6. Plot of the grain size and thickness variation as function of the distance from the center. 

It is well-known that the morphology of the surface of a TCO layer has an important role 

in improving light scattering and thus energy conversion efficiency (ECE) (for thin film 

transistors, solar cells…) by increasing the light path-length through reflection and 

scattering of the incident light with different angles leading to increased light trapping 148,149. 

This contributes in increasing the ECE’s factor which became highly requested by industrials 

and consumers in order to provide a compact system with the highest possible harvesting 

amount of clean energy. 

Finally, as we have shown that the position of substrate from the center of the substrate 

holder has a direct influence on the morphology, also it is useful to mention that it has an 

indirect influence on the Haze factor of the TCO layer, where this Haze factor will increase as 

the spray distance increases. Furthermore, we have seen that the thickness of the layer also 

increases with the increase in the spray distance. This will also have a direct impact on the 

absorption of the layer. 150 

From all the above we need to find an optimal conditions in the development of electrodes 

for applications in photovoltaic cells between the increase in the Haze factor, i.e. the 
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collection of excitons, i.e. electrons in case of ZnO layer, and the optical transmission to the 

internal layers of the photovoltaic cells in particular their absorbent layer. 

2. FTO by spray pyrolysis  

2.1  Ultrasonic Spray Pyrolysis 
The spray pyrolysis is another method of elaboration used during this work. Pyrolysis is the 

thermal decomposition of materials at elevated temperatures in an inert atmosphere. It 

involves the change of chemical composition in an irreversible way to form a stable structure 

on the substrate. A precursor solution is placed over a piezoelectric ceramic which vibrates 

at its resonance frequency. Due to the strong vibration of the underlying piezo-ceramic, an 

aerosol is formed and sent to the hot substrate by compressed air. The growth temperature 

was set at 420 °C in our case and the moving heating plate results in large area deposition. 

2.1.1 Processing parameters 

This method is a process in which a thin film is deposited by spraying a solution on a heated 

surface, where the constituents react to form a chemical compound. The chemical reactants 

are selected such that the products other than the desired compound are volatile at the 

temperature of deposition. The process is particularly useful for the deposition of oxides and 

has long been a production method for applying a transparent electric conductor as SnO2 

based materials onto glass. 151 
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Figure II. 7. The setup of ultrasonic spray pyrolysis together with its schematics drawn for clarification 
at LMGP laboratory. 152 

The setup required for the spray pyrolysis consists of five essential elements; (1) burette, (2) 

pot, (3) tube, (4) flowmeter and (5) heating plate. Figure II.7 shows the Spray Pyrolysis setup 

used to deposit FTO layers on glass substrate in the LMGP laboratory (Laboratoire des 

Matériaux et du Génie Physique) of the Université de Grenoble, Grenoble INP - Minatec, 

France under the supervision of Pr. Daniel Bellet, Pr. Carmen Jimenez and Mr. Matthieu 

Jouvert. 
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2.2 Experimental procedure  

A first set of commercial samples from Solaronix Company – Switzerland is used as 

reference. A second set of experimental FTO thin film layers deposited on glass substrates 

was provided by the LMGP laboratory. These samples were prepared by the Ultrasonic Spray 

Pyrolysis explained above. The experimentally obtained thin films were characterized, as 

well as the commercial ones, and the results obtained from both series were compared.  

2.2.1 Solution Preparation 

Polycrystalline F:SnO2 thin films were grown by Ultrasonic Spray Pyrolysis (USP) on a  

Corning 1737 substrate. The substrate was previously cleaned in ultrasonic acetone bath for 

15 minutes then transferred to a boiling isopropanol bath for 15 minutes and finally dried 

by a flow of argon gas. The precursor solution was prepared by adding tin chloride 

pentahydrate (SnCl4.5H2O) and tin diethyldiacetate (DDSn) having a chemical formula 

C12H24O4Sn to a certain volume of methanol as solvent. The mixture was stirred for 24 hours 

at room temperature, then a small amount of ammonium fluoride (NH4F) was added to the 

mixture and stirred again for about 24 hours to obtain a clear and homogenous solution.  

2.2.2 Deposition of Thin Films 

The Spray pyrolysis is a simple and inexpensive thin film synthesis technique since the 

deposit is carried out at atmospheric pressure and at a temperature close to 400°C. Thus, 

this deposition temperature is fairly low as compared to the melting temperature of tin oxide 

at 1630°C. Chemical and structural composition of the obtained thin layers is of good quality, 

making this technique a good candidate for the development of low cost solar cells. In 

addition, this deposition method is already used on a large scale in the industry and as no 

vacuum is necessary, the process can be carried out continuously. The parameters used for 

the deposition of the FTO laboratory samples are summarized in Table II.3. 
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Table II. 3. Deposition parameters. 

Processing parameters 

Carrier gas flow 6.22 / 9.05  l.min–1 

Nozzle-heating plate distance 15 mm 

[Sn] in the solution 0.16 mol.l–1 

Volume of sprayed solution 20 ml 

Substrate temperature 420 °C 

Sprayed solution flow 1.25 ml.min–1 

[F]/([Sn]+[F]) 0.2 

Nature of the tin precursor SnCl4 . 5H2O 

2.3 Morphology investigation by AFM 
Atomic Force Microscopy (AFM) is a high-resolution non-optical imaging technique 

providing accurate and non-destructive measurements of the topography, electrical, 

magnetic and mechanical properties of a sample surface with very high resolution. It is 

recognized that 

 for surface imaging, (AFM) is considered as a versatile, high-resolution instrument to 

provide a powerful tool in microelectronics for topography inspection and distribution 

measurement of nanoparticles on the surface.153 Moreover, no previous treatment is needed 

to characterize sample surfaces by this technique. 

In the current study, the samples were scanned using Agilent Technologies 5420 Scanning 

Probe Microscope. The software “Gwyddion” was used as a visualization and analysis tool 

for the registered AFM data. Each sample undergoes scanning at random positions with 3 

different scanning dimensions (10x10 µm2, 5x5 µm2 and 2x2 µm2). Constant scanning speed 

of 1.7 lines/s was maintained throughout the measurements. The grain size of samples is 

determined within images of 4 µm² area and the roughness with image having 25 µm² area. 

The scanning parameters are shown in Table II.4. 
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Table II. 4. AFM scanning parameters for FTO thin films. 

Scanning parameters 

Mode Contact mode 

Scan speed 1.7 lines/s 

Scanning area 10x10 µm2 

5x5 µm2 

2x2 µm2 

Software for image 

treatment 

Gwyddion 

The morphology of FTO thin film was characterized by analysis of the AFM pictures of the 

surface topography of one commercial FTO thin film in Figure II.8 (a), (b) and two samples 

with FTO thin film being deposited by USP with different carrier gas flow rate of 9.05l.min–1 

and 6.22 l.min–1 in Figure II.8 (c), (d) and Figure II.8 (e), (f) respectively. 

All AFM images of FTO thin films show that films are dense and nano-crystallized. For all 

the samples, the distribution of the grain sizes and shapes appear uniform. 

The average grain size measured for the commercial sample was found to be 246 nm 

while that of the sprayed FTO samples is 230 nm and 269 nm for the carrier gas flow rate of 

9.05 l.min–1 and 6.22 l.min–1, respectively.  

These first experimental results obtained by AFM show that the average grain size is 

comparable regardless of the origin of the samples and in fact, the techniques and conditions 

of deposits used from the moment they are well mastered. These results also clearly indicate 

that the quality of the samples deposited in the laboratory are up to commercial standards.  
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Figure II. 8. AFM topography images of (a-b) commercial and (c-d-e-f) sprayed FTO samples. the 

carrier gas flow for the sprayed samples is 9.05 l.min–1 and 6.22 l.min–1 respectively for (c-d) and (e-f). 
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For all samples and as enlighten by the photo in Figure II.9 for sample prepared by USP at 

a carrier gas flow rate of 6.22 l.min–1,the grains show a pyramidal shape.  

 

Figure II. 9. 3D topography of FTO by USP for a carrier gas flow rate of 6.22 l.min–1. 

The surfaces present high peaks along with deep valleys which contributes in increasing 

surface roughness to higher values. The values of roughness calculated through the 

Gwyddion software were found to be 18 nm for sprayed samples compared to 11 nm for 

commercial samples.  

By referring to the previous section, in the case of ZnO the sample was placed at a fixed 

position during the whole process but for the case of FTO deposition the sample was placed 

on a moving heating plate above the spraying nozzle. Hence the variation of distance from 

the center in the case of FTO could not be considered taking into account the slim rectangular 

shape of the nozzle. This variation in geometry of placed samples makes the roughness 

values incomparable between both samples.  
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Figure II. 10. Schematic representation of light scattering for smooth vs rough TCO coating thin film. 

A rough or even a naturally structured surface in a free or forced way is often preferable 

in various applications because it improves the light scattering and thus, increases the Haze 

factor defined as the ratio of the diffused light on the direct light. This happens because such 

kind of surface texture increases light trapping by increasing light path length and scattering 

the incident light with different angles as shown in the illustration of Figure II.10. In 

photovoltaic applications, when this layer is deposited as electrode, the increase of the Haze 

factor will correspond to an increase of the energy conversion efficiency 154. 

2.4 Raman Spectroscopy 

2.4.1 Brief overview and theory of Raman spectroscopy 

Raman spectroscopy is a nondestructive fast and effective analysis technique which  

provides access to vibrational and rotational levels of atoms and molecules. The process 

involved is linked to a variation in the polarizability during a vibrational transition. Within 

this technique, sample preparation can be reduced to a minimum since it is possible to work 

in the liquid, gaseous or solid state. It allows the determination of the nanocrystallite sizes 

and the chemical species and crystalline quality of the material. Typically, a sample is 

illuminated with a laser beam. Electromagnetic radiation from the illuminated spot is 

collected with a lens and sent through a monochromator. Elastic scattered radiation at the 

wavelength corresponding to the laser line (Rayleigh scattering) is filtered out by either a 

notch filter, edge pass filter, or a band pass filter, while the rest of the collected light is 

dispersed onto a detector. 

Glass substrate 

Coating 

Rough 

surface 

Glass 

substrate 
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Raman scattering is very sensitive to the main structure as well as the concentration and 

nature of intrinsic and extrinsic defects in a crystal. Furthermore, Raman spectroscopy is 

well suited for obtaining information on the quality of samples as the crystallinity of samples, 

i.e. the order-disorder in the lattice, and finally, with a confocal lens, some information on 

the quality of the interface between layers or between films and substrate. It allows the width  

determination for various layers in a complex structure.  

The operational principle of Raman spectroscopy is based on the inelastic scattering, or 

Raman scattering, of a monochromatic excitation source by the sample under probe. Upon 

interaction with the excitation source (usually lasers) the sample will be polarized 

(electrically deformed).  

The vibration is termed Raman active when Raman scattering occurs. That is to say, part 

of the incident photon energy is used to excite the vibration of the sample, thus the scattered 

photon would have lower energy compared to the incident ones. This lower frequency is 

termed as Stokes frequency while in some cases a higher frequency can be obtained termed 

as Anti-Stoke frequency (when excessive energy of excited Raman-active mode is released). 

For non-Raman-active modes, a Rayleigh scattering may happen when photons of exact 

energy with the incident photons are observed. The IR-active and Raman active modes are 

schematically illustrated in Figure II.11. 

 
Figure II. 11. The IR, Raman, and resonance Raman modes represented in energy level scale. 152 
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2.4.2 Structural analysis of FTO thin films by Raman spectroscopy 

Raman scattering measurements were performed in a backscattering configuration at 

room temperature using the Horiba Jobin-Yvon Confocal Raman HORIBA LabRAM HR 

Evolution spectrometer of Figure II.12, at the spectroscopy platform at LMOPS . The 

excitation source was a diode-pumped solid-state laser emitting 50 mW at 532 nm, focused 

on the external surface of the films. The typical resolution used was 3 cm-1, with optical 

grating 300 line/mm for an acquisition time of few seconds. The samples undergo surface 

scanning in addition to in-depth mapping.  

Different spectra collection methods were used in the purpose of finding the crystalline 

quality as well as the film thickness. Analysis of the evolution of some typical peaks in the 

Raman spectra relative to the material under study can be considered as its signature.  

In a complex structure composed by multi-layers of material, the evolution of the 

signature of the different films and of the substrate can be directly relied to the crystalline 

quality and the various thicknesses of the films. Among the discriminant methods used for 

the analysis and identification of the different Raman signatures along the longitudinal depth 

of the structure, we used the Multivariate Curve Resolution-Alternating Least Squares (MCR-

ALS) method. We chose this method for the quality of the extractions it offers and its great 

adaptability widely applied to spectroscopy and separation techniques. MCR-ALS is thus an 

efficient method for the analysis of the wide data collection resulting of accurate Raman 

scattering measurements. 
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Figure II. 12. LabRAM HR Evolution spectrometer at the spectroscopy platform of LMOPS. 

To obtain complementary information on the quality of the samples given at the surface 

by the AFM topography, and to evaluate the internal quality of the films, we have thus 

performed Raman spectroscopy on the two sets of samples.  

In this study we have considered two independent variables related in MCR-ALS method 

for the film and the substrate, respectively.  

Raman spectra of the FTO films are reported in Figure II.13 (a) and (b) for the commercial 

sample and in Figure II.13 (c) to (f) for samples of the second set. 
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Figure II. 13. Raman spectra of: commercial FTO sample (a), FTO deposited by spray pyrolysis with a 
carrier gas flow rate of 6.22 l.min–1 (c) and 9.05 l.min–1 (e). Multivariate Curve Resolution of: 

commercial FTO sample (a), FTO deposited by spray pyrolysis with a carrier gas flow rate of 6.22 
l.min–1 (c), and 9.05 l.min–1 (e). 
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The MCR-ALS method reveals on the average Raman spectra of the FTO layers and the 

substrates, Figure II.13 (a) (c) and (e), thus for all the samples, the same families of lines. 

Spectra associated with FTO films (green, pink and orange curves) show 2 main lines, one at 

626 cm–1, and a second in the range 480-510 cm–1. 155 A remarkable third part of the Raman 

spectrum of FTO films shows a set of lines in the range 260-290 cm–1. The spectra associated 

with the substrate (blue curve) show a main line positioned at 470 cm–1 and quite identical 

for all the samples, thus validating the possibility of discriminating the analysis by 

considering only the FTO film.  

The analysis of the average Raman spectra by the MCR-ALS method, allowed us to 

establish the profile of the Raman response, represented in Figure II.13 (b), (d) (f)., as a 

function of the depth in the samples. A regular profile of the FTO layer is observed for the 

three samples. For the sample deposited by spray pyrolysis with a carrier gas flow rate of 

6.22 l.min–1, the width of the profile is in the same range that for the commercial one and 

larger than for the sample deposited by spray pyrolysis with a carrier gas flow rate of 9.05 

l.min–1. It is of note that from these results,  an estimation of the layer thickness can be 

obtained by dividing the width of the Raman profile by the value of the refractive index. This 

idea is confirmed by the mappings extracted from the Raman spectra of the samples as 

reported in Figure II.14 for the two experimental samples.  
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Figure II. 14. In depth mapping of the sprayed samples at 6.22 l.min–1 (a) and 9.05 l.min–1 (b). 

We observed in Figure II.14, that the sample deposited by spray pyrolysis with a carrier 

gas flow rate of 9.05 l.min–1  has the lowest thickness (about 1µm) than that deposited with 

a flow rate of 6.22 l.min–1 having a thickness above 3µm. Moreover, these mappings show 

that the thinner sample is almost better merged with the substrate at the interface than the 

thicker one. 

Finally, we point out that the quality of the FTO films can be also highlighted by 

considering the position and width of some peaks in Raman spectra. The peaks detected in 

the range of 260-290 cm–1 and 480-510 cm–1 in the FTO thin films are associated to some 

specific phonon modes in Raman spectra which are directly linked to the presence of defects 

originating at the oxygen vacancies present in the lattice. 156,157 As a reminder, among these 

modes, totally symmetrical vibrations (denoted A, A1, A1', A1g) are always active in Raman, 

for all symmetry groups. The corresponding lines are polarized and often intense, which 

facilitates their identification in the Raman spectrum. The A1g vibration is a non-degenerate 

total symmetry vibration, that is, it is symmetric under all symmetry operations (rotation, 
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mirror plane, center of inversion). In the SnO2 samples, the symmetric mode of vibration 

A1g, as well as the much less intense mode of asymmetric vibration B2g, are both vibrations 

related to the expansion and contraction of Sn-O bonds. Thus, their position and mainly their 

width indicates the presence of defects caused by oxygen vacancies and the scattering peaks 

due to local vibration of Sn atoms around defects. The peak at 626 cm–1 corresponds to the 

A1g vibrational mode. The position of this peak is sensitive to the nanoparticle size. 158 

We compared, Figure II.15, the spectra of the FTO layers of the 3 samples. In the inset of 

this figure, we have specifically zoomed in on the line in the range 480-510 cm–1 and 623 

cm-1. 
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Figure II. 15. Superposition of the Raman spectra of the three samples. Insert: Zoom of the peak at 480-
510 cm–1 and 623 cm-1. 
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The position of the peak at 626 cm–1 has a slight blue shift for the different samples. 

Compared in literature to the Raman spectra of undoped  SnO2, the doped sample presents 

a broader peak which is induced by the size effect of crystallites and is very sensitive to the 

nanoparticle size. Besides, the peak in the range 480-510 cm–1 presents a blue shift for the 

two experimental samples that increases with the intensity of the gas flow used during the 

deposition process. This shift in the peak position to lower frequencies observed in the 

spectra of the samples indicates the presence of a compressive stress in the bonds of the 

material lattice. It is recalled that the MCR-ALS method applied in this study uses the mean 

Raman spectra. Thus, the shift of this line and therefore the increase in the observed stress 

can be attributed to an increase in the stress generated by a greater quality of interface with 

the substrate as observed previously thus blocking the longitudinal vibrations, mainly in the 

third sample having a relatively thin layer. 
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3. Conclusions 

In this chapter we present the elaboration and characterization of Zinc Oxide and Fluorine 

doped tin oxide thin films deposited using two different techniques and characterized 

morphologically by AFM and structure investigation by Raman spectroscopy. 

 Firstly, a Zinc Oxide thin film was deposited on glass substrate by Sputtering with the 

distance from the center of the holder being the changing parameter. The surface 

morphology of the film was investigated by Atomic Force Microscopy. As the distance varies, 

the thickness, grain size and shape appear to change. The distance from the holder center 

shows to have an effect on the form, distribution and size of the grains which determine the 

texture of the film. Mainly, we noticed that as this distance increases, the roughness 

decreases, the grain size increases and the shape of the grains changes from spherical to 

pyramidal.  

Hence, controlling the texture is beneficial for improving the Haze factor, and thus the 

generation of excitons with light, with a straightforward influence on the optical absorption, 

thus on the optical transmission of the layer and finally on the efficiency of the so-built device 

specially when considering these substrates as transparent electrodes in photovoltaic 

applications.  

In the second part, two FTO thin films were prepared by Ultrasonic Spray Pyrolysis (USP) 

by changing the carrier gas flow rate between two sets of samples. The quality of these films 

was compared with a commercial FTO substrate. Two experimental processes were used for 

the characterizations of the films. The surface morphology of the film and the average grain 

size were characterized by AFM scanning microscopy. The AFM images of FTO thin films 

show that all the films are dense and nano-crystallized. The surfaces present high peaks 

along with deep valleys and the grains possess a pyramidal shape.  The roughness 

calculations showed that the sample deposited at the lowest flow rate has the higher 

roughness compared to other samples. This parameter is important specially when 

considering these substrates as transparent electrodes in photovoltaic applications. In fact 
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higher roughness means more light trapping and thus the efficiency of the solar cell is 

improved. 

Besides, the crystallography properties and the thicknesses of the layers was investigated 

by Raman spectroscopy associated to the Multivariate Curve Resolution-Alternating Least 

Squares (MCR-ALS) method allowing the discrimination of the contributions of the FTO films 

and the substrate in the average Raman spectra. With the Raman spectroscopy performed in 

depth of the structure through the films down to the substrates, the quality of the films was 

identified. Indeed, we enlighten in the average spectra of the films, the typical and well-

defined peaks of FTO for the samples deposited by USP in compliance with the spectra of the 

commercial sample and previous work on SnO2. The main peaks of the Raman responses are 

well positioned with a fix position of the peak at 626 cm–1 and a shift to the blue for the peak 

in the range 480-510 cm–1 for the two experimental samples. This blue shift of this average 

peak could be the signature of an increase of the longitudinal stress induced by the interface 

substrate-FTO film and linked to the thickness of the films as also determined during the 

Raman characterizations. 

In the upcoming chapter, we will outline the electrospinning process with all the 

parameters taken into account for the ZnO nanofiber deposition in addition to the deposition 

of FTO thin film to have nanostructured samples and investigate their morphological, optical, 

structural and electrical properties. 
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 Chapter III: ZnO nanofibers by electrospinning 

for transparent electrodes  
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In chapter III, the morphology, structural, optical and electrical properties of ZnO nanofibers 

and FTO_ZnO nanofibers are discussed in details.  

Firstly, a presentation of the electrospinning technique, its history and evolution, 

applications, and general processing parameters is furnished. Electrospinning is a technique 

that enable the production of fibers to the order of few nanometers with large surface area 

and superior mechanical properties that are useful for various purposes. Along this chapter, 

electrospinning is used to produce zinc oxide nanofibers. Since these nanofibers will be used 

to make FTO_ZnO nanocomposite layers using fluorine doped tin oxide thin films deposited 

by spray pyrolysis technique, it became important to control the parameters of 

electrospinning and annealing, then make structural characterization for these nanofibers. 

A focus on the surface morphology of the obtained nanofibers is provided by optical 

microscopy as well as SEM images in addition to structural characterization by TEM.   

As mentioned in chapter I, the combination of nanostructures with thin films for the 

transparent electrodes is showing promising improvement in the terms of electrical and 

optical properties. Although, in many research teams all around the word, a lot of 

nanocomposite configurations has been investigated, including nanowires, nanoparticles 

and nanotubes. Nevertheless, the amount of published work concerning the use of 

nanofibers specifically ZnO and AZO for the application as transparent electrodes remains 

low. In this context, the second part of this chapter treats the fabrication of FTO_ZnO 

nanocomposites sequentially combining the electrospinning technique and the spray 

pyrolysis method detailed in chapter II.  

Careful discussion of morphological, optical and electrical properties of the resultant 

nanocomposites is detailed and presented in the third section of this chapter.  

Finally, conclusion and future perspectives of this approach to realize high-performance 

transparent electrodes in terms of structural, electrical, optical and mechanical properties 

are summarized in section IV.  
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1. Electrospinning: Principle and parameters 

Electrohydrodynamic process is the study of the dynamics of electrically charged 

fluids. This process is also known as electro-fluid-dynamics or electrokinetics. More 

precisely, it is the study of the motion and interaction of ionized particles and molecules with 

an applied electric field.159 Electrospinning and electrospray are examples of two simple, 

cost effective and flexible electrohydrodynamic processes for creating various materials in 

layered or more massive forms depending on the processing time or the number of 

additional layers created.. Both of them use an electrically charged jet of solution for the 

fabrication of nanofibers and nanoparticles. The main setups used for electrospinning and 

electrospray are quite the same; a charge is induced on the droplets by the means of an 

electric voltage. At a certain value, the liquid droplet can no longer carry the amount of 

charge so it changes into a jet. This phenomenon is known as “Rayleigh-Taylor criteria”. In 

addition to the electric field, other operating and solution parameters should be regulated to 

obtain the desired product. During this thesis, we used the electrospinning method for the 

elaboration of ZnO and AZO nanofibers. 160 During the thesis work, I was in charge of starting 

up the electrospinning bench at the LMOPS laboratory with the implementation of the 

procedures and protocols necessary for the production of ZnO and AZO nanofibers. 

1.1 Discovery and applications 

1.1.1 History 

Fibers in the form of elongated objects or continuous filaments have always existed in 

nature. We can cite natural animal fibers such as spider webs and silkworm cocoons, natural 

plant fibers such as cotton and linen. The man then strived to use them in many everyday 

objects such as clothing, or industrial objects such as filters. However, it was not until the 

1600s that the observation and design of the electrospinning process as we know it today 

was introduced. 161Some important dates are listed in Table III.1:  

 

 



Chapter III                                                  ZnO nanofibers by electrospinning for transparent electrodes 
 

98 

 

Table III. 1. History presentation of the discovery and evolution steps of the nowadays known 
electrospinning. 

Year Development history 

1600 William Gilbert reported the formation of a cone-shaped water droplet in 

the presence of an external electric field. 162 

1700 Stephen Gray observed the electrohydrodynamic atomization of a water 

droplet. 163 

1744-1747 George Mathias Bose, Abbé Nollet performed the electrospraying 

experiment during which water could be sprayed as an aerosol by 

applying high electric potential to the droplets at the end of a glass 

capillary tube. 164 

1887 Charles Boys generated electrospun fibers from a viscoelastic liquid. 165 

1902 John Cooley and William Morton filed two patents to describe a prototype 

of the setup for electrospinning. 166 

1938 Electrospun nanofibers were first implemented for the development of 

aerosol capturing air filters. 167,168 

1964-1969 Geoffrey Taylor reported the formation of a Taylor cone. 169, 170–172 

1980s Donaldson Company Inc. produced and sold filters comprised of 

electrospun fibers for air filtration. 

1990s Darrell Reneker and Gregory Rutledge demonstrated that many different 

organic polymers could be electrospun into fibers. [15]– [19] 

2000s First depositions of ZnO composite nanofibers and development of 

ceramic fibers, core sheath and hollow fibers, aligned fibers and 

continuous yarns of fibers. 178–182 

2010s Industrial production lines based on multiple needle electrospinning and 

needless electrospinning. 183–185 

 

i. Applications of electrospinning 

Electrospinning is considered as a simple and low-cost technique generally used for the 

fabrication of fibers with a very small diameter ranging from micrometers to nanometers 

using a high voltage power supply. Electrospinning could be used for many purposes to begin 

with the domain of biomedical engineering then, for wound dressing and drug delivery 

carrier. Electrospinning could also be of use for the fabrication of air filters, vehicle cabin 

filters and liquid filtration. Furthermore, electrospun nanofibers are also used for protective 

clothing and cosmetics in addition to electrical applications and renewable energies. 
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However, the majority of the published work related to nanofibers field are for the 

biomedical engineering and filtration applications. Depending on the application, the 

polymer and materials used for the fabrication of fibers changes, a summary of the material 

precursors used for the variety of application domains are listed in Table III.2. Different 

domains where electrospun nanofibers are used, are summarized in the following 

paragraphs and shown into categories in the scheme of Figure III.1.186 

 

Figure III. 1. Diagram showing the different application domains of electrospun nanofibers. 

  

Air filtration: For the purpose of eliminating solid particles from liquid or air, filtration is a 

common process used in both domestic and industrial settings. Nanofibers have an 

advantageous filtering feature because of properties such a high surface area to volume ratio, 

high porosity, and large interconnected pores that are useful for applications like air 

filtration and water purification. 187 The porous structure of the nanofibrous mat can be 

stabilized utilizing chemical and physical crosslinking procedures, resulting in long-term 

flotation performance. 
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Biomedical engineering: Recent years have seen an increase in the electrospinning of natural 

polymers, synthetic polymers and hybrid blends of these two that are biodegradable and 

non-biodegradable. They are employed in tissue engineering applications for the 

regeneration of blood vessels, skin, bones, neural tissues, and muscles as well as for the 

support of cells that need to replace extracellular matrix that has been destroyed by disease 

or trauma.188 

Renewable energies: Having unique properties such as low density, high porosity and 

extremely high surface area to weigh ratio, electrospun nanofibrous material offer a greater 

energy conversion compared to their bulk counterparts. The two most popular applications 

for electrospun nanofibers in the renewable energy field are fuel cells and solar cells.189,190 

For example in the case of DSSC, one dimensional electrospun nanofibers having the 

properties previously listed, can significantly boost photocurrent generation by increasing 

the penetration of viscous polymer gel electrolyte in dye-sensitized solar cells. 191 

Table III. 2. Table representing the different polymer types used depending on the application domain. 

Application 
category 

Application field Material precursor Ref 

Biomedical 
engineering  

Drug delivery Polyethylene-co-vinyl 
acetate, PEVA 
Polylactic acid, PLA 

192 

Wound healing, 
tissue engineering 

Collagen-PEO 
Cellulose acetate 

193,194 

Renewable 
energies 

Photovoltaic and 
conductive polymers 

Polyacrylonitrile (PAN) 195 

Light emitting diodes PVA 196 
Filtration filter Polyamide, PA 

Polyvinyl-carbazole 

197,198 

Other Conductive fiber Polyaniline (PANI) 
/PEO blend 
Polyaniline (PANI)/ 
Polystyrene (PS) 

199,200 

 Sensors  Polyvinyl-carbazole 
polyacrylic acid-
polypyrene methanol, 
PAA-PM 

198,201  

 Protective clothing Polybenzimidazole, PBI 
Polycarbonate, PC 

202 
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Other applications include but are not limited to protective clothing, batteries and wound 

healing. Due to its distinct qualities, electrospun nanofiber membrane makes a strong choice 

for a wound dressing. Particularly, the small pores and extremely high specific surface area 

properties, not only prevent the entry of external microorganisms but also help regulate fluid 

drainage. Add to that, during the electrospinning process drugs can be added to the 

precursor solution to serve as a possible medical treatment or antibacterial purposes. 203 

Furthermore, electrospun nanofiber membrane acts as a sponge-like electrode as they will 

have high discharge current and capacity, and a porous separator between the electrodes 

can effectively stop the short circuit, but allow the exchange of ions freely. 204 

1.2 Electrospinning process 

The electrospinning technique works by applying a high voltage power source to a polymer 

solution and adjusting the volume feed rate. The electric field must reach a precise value for 

the polymer solution to be expelled from the tip to the collector. The repulsive electric force 

beats the surface tension of the precursor solution at this critical value, and the solution is 

repelled from the tip. The solvent evaporates as it travels to the collector, solidifying the 

solution and depositing it on the collector. The electrospinning process is illustrated in 

Figure III.2. 205,206 
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Figure III. 2. Typical electrospinning setup (a) horizontal, (b) vertical. (b) schematic diagram showing 
the electrospinning process with Taylor cone formation.207 

 

 

Figure III. 3. Actual footage of a droplet subjected to an electric field during the deposition of zinc 
oxide nanofibers. 
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An electrospinning setup consists of four parts mainly: a syringe to hold the solution, a 

needle usually metallic, an applied voltage and a metallic collector sometimes having 

different morphology. A high voltage is applied to the metallic needle causing electric 

charges to transfer to the polymeric solution leading to an instability of the droplets. The 

charges are repelled from each other causing the generation of a force opposite to surface 

tension. Hence these forces make the polymer solution move with the direction of the electric 

field. An increase in the electric field imposes the spherical droplets to distort into a conical 

shape called “Taylor cone” as shown in Figure III.3 which is an actual footage of a droplet at 

the needles tip undergoing an electric field during the deposition of zinc oxide nanofibers. At 

this stage, nanofibers appear from the Taylor cone and they are assembled on the collector. 

 

1.3 General processing parameters 
After describing how the electrospinning process works, it is important to mention the 

factors that affect this process and should be considered during the experiments. These 

factors are classified in two categories 208,209 operating parameters and solution parameters. 

The operating parameters are fundamental and they include: applied voltage, working 

distance (distance between needle and substrate) and solution flow rate. However, electrical 

conductivity viscosity, surface tension and dielectric constant are considered as solution 

parameters.  

1.3.1 Process parameters: 

Applied voltage effect: Applied voltage is an essential element in carrying out the experiment. 

Indeed, this force will oblige the solution to transform into a jet by a traction phenomenon, 

this phenomenon comes from the electrostatic field which is observed on the Taylor cone 

and which results in a reduction in the diameter of the fiber due to the resulting high speed 

of ejection. 210 However, we observe a multiplication of the jets but also fiber breakage and 

formation of pearls resulting from the instabilities of the forces (brief alternation of surface 

tension and electric tension). Furthermore, many studies have shown that an increase in 

applied voltage causes a change in the jet initiating point which by consequence affects the 
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structure and morphology of the fibers. Figure III.4 shows the different electrospinning jet 

mode.  

 

Figure III. 4. Scheme of different electrospray jet modes.211 

Solution flow rate: The optimization of the flow rate mainly depends on two characteristics 

of the solution: the vapor pressure of the solvent and the electrical conductivity of the 

solution. They break down into several parameters: conductivity, molar mass, viscosity, 

concentration, and surface tension. Thus, the intrinsic parameters are important to be 

considered in the process parameters. They need to be experimentally adjusted as they are 

specific to each polymer and solvent and process temperature. Lower flowrates are 

preferable for the formation of a stable Taylor cone. This allows the uncharged drop at the 

tip of the needle to have sufficient time to polarize and form a stable Taylor cone. Conversely, 

a high flow rate causes dripping of droplets due to gravity. In addition, it is important to 

couple the flow rate with voltage so that a balance is maintained between the leaving 

solution and the replacement of that solution with new one.160 Moreover, this will also allow 

the creation of a continuous cone jet. This balance avoids the breaking of fibers and creating 

disparities in the fiber’s diameter. 
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Needle-Collector distance: The distance between the needle tip and the collector is important 

for achieving a suitable value of the electric field and for the formation of a stable Taylor 

cone. Hence an optimized distance is required so that the fibers have sufficient time to 

stretch and dry before reaching the collector since for too short or too far distances, the 

quality of the fibers is altered with the formation of beads, fiber breakage, a change in 

diameter and morphology, even the deposition of a liquid film instead of nanofibers.212–214  

1.3.2 Solution parameters 

Solution conductivity: This parameter is the important electrical factor to look after since it 

affects the diameter size of the obtained fibers. It was shown in a study that the fiber radius 

was inversely proportional to the conductivity of the solution. 215 This is simply explained by 

the fact that when the solution is highly conductive, the stretching of the jet will be fast and 

powerful which will result in smaller fiber sections. However, up to a certain limit of solution 

conductivity, fiber breakage and bead formation could occur. 216 217  

Solution viscosity and concentration: The concentration of the polymeric solution is linked to 

its viscosity and depending of the final composition and desired physical, electrical and 

optical properties, a compromise between possible viscosity and concentration need to be 

respected. If the solution is too concentrated, the jet will be too viscous and larger filaments 

will be observed. If the concentration of the solution is low, it will be less viscous and 

production of beads appears in the fibers. Thus, it is necessary to adjust the concentration in 

solvent in order to obtain a good spinning. In addition, the viscosity is also linked with the 

particle’s dispersion influencing the conductivity in the volume of the jet. This implies that 

the viscosity will influence the electrical tension to be regulated in order to get Taylor 

phenomenon. 

Surface tension: surface tension is the result of repulsive and attractive forces present in a 

material. Indeed, the forces located inside the material tend to attract each other while the 

connections on the periphery and its contact with the enclosure, i.e. syringe and needle will 

induce a phenomenon of repulsion. For the solution used in electrospinning, the surface 

tension will come mainly from the solvent. The more the solvent has a strong surface tension, 

the more energy it will take (electric voltage) to create the jet. Thus, the surface tension must 
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be considered in the electrospinning as a strong electric tension will lead to breakage of the 

fibers due to their heating originate of the motion and the sudden disorganization of the 

polymers. 

Consequently, although electrospinning is a promising, simple and low-cost 

technique that has the potential to be used in many applications, a lot of parameters should 

be controlled and optimized during the spinning process to obtain homogenous and defect 

free fibers.  

This optimization, with the various parameters presented above, was one of the 

contributions that I had to consider during my thesis work knowing that the LMOPS 

laboratory had just acquired the electrospinning bench on which I developed the ZnO 

nanofibers. This optimization phase is intrinsically linked to the material to be drawn in fiber 

form, as in this work for the development of ZnO-based nanofibers. Hence, for time 

management purposes, only process parameters were considered in the following section 

concerning zinc oxide nanofibers elaboration. But this experimental skill acquired on a 

family of materials could be profitable for the drawing, then the analysis, of nanofibers based 

on other materials. Thus, with regard to the contributions that this thesis should bring, this 

optimization work has indeed been carried out, more precisely on process parameters, in 

order to obtain the sought-after pure ZnO fibers. As we will see in the rest of this manuscript, 

material and deposition parameters still need to be improved for the printing of AZO 

nanofibers.  

In fact, few published works on the zinc oxide and aluminum doped zinc oxide 

nanofibers by electrospinning for the use as transparent electrodes could be found. After 

thorough literature examination, experimental and solution preparation method was 

adapted from a group of Indonesian researches.218–220 Modifications were applied to this 

method in order to fit with our project.  
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2. Fabrication of ZnO nanofibers 

2.1 Experimental details 

2.1.1 The electrospinning experimental setup at LMOPS 

 

 

Figure III. 5. Electrospinning machine used during my thesis at LMOPS. 

The electrospinning set up was from Spraybase company. As seen on Figure III.5, it is 

composed of a high frequency generator, syringe pump, metallic needle and a collector plate. 

The solution was transferred to a syringe placed in the pump of electrospinning machine. 

The needle was connected to the positive terminal of high voltage supplier while the 

collector plate was connected to the negative terminal. 

2.1.2 General procedure for the solution preparation for ZnO fibers 
deposition.  

First, a polyvinyl alcohol PVA [CH2CH(OH)]n solution was prepared using 10 g of polyvinyl 

alcohol (MW= 70.000, Merck Ltd., Germany) and then mixing with 50 ml of distilled water. 

The solution was stirred at 70 °C for 4 h and was allowed to settle at room temperature for 

24 h. To produce a zinc acetate (ZnAc) solution, 12.5 g of zinc acetate dihydrate 

Zn(CH3COO)22H2O (Merck Ltd., Germany, M=219.49 g/mol) was mixed with 50 ml of 

distilled water and stirred for 1 h at 70 °C then the solution was set to rest for 24 h. ZnAc and 

solution was mixed with the PVA solution at a weight ratio of 1:4, stirred at 70 °C for 6 h, and 
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allowed to settle at room temperature for 24 h. In this way, the ZnAc/PVA precursor solution 

used for electrospinning was produced.  

2.1.3 Substrate choice and cleaning 

The techniques used in work to elaborate the nanocomposite samples are Spray pyrolysis 

and electrospinning. The spray pyrolysis setup permits the deposition of thin films over any 

substrate type providing that it has a constant thickness and is resistant to the deposition 

temperature. The choice of the substrates type depends on many parameters; usually 

alumina borosilicate is privileged for the deposition of oxide thin films since it has less 

alkaline compared to classical glass which will diffuse into the layer and deteriorate its 

electrical properties. For these reasons, the choice was corning glass slides of size 75x25 

mm² to be used as substrates for the whole elaborated samples. Before their use, the 

substrates were cleaned ultrasonically with acetone for 15 minutes then with ethanol during 

15 minutes and finally dried under purified air flux. 

2.1.4 Nanofibers deposition parameters by Electrospinning 

Detailed experimental parameters are showed in Table III.3. These optimized parameters 

were finally fixed after several tries. During all this work, three sets of samples were 

deposited indexed by the deposit time, i.e. 15 min, 25 min, 35 min.  

The distance between the needle and the collector was fixed at 13 cm,  the electrostatic field 

of 16kV generated between the two terminals transforms the solution ejected with a flow 

rate of 0.12 ml/h from the needle into nanofibers on the collector plate. The obtained fibers 

were calcined at 450 °C for 1 hour. 

Table III. 3. Detailed experimental parameters used for the nanofiber deposition. 

Elaboration parameters 

Deposition time 15 min; 25 min; 35 min 

Voltage (kV) 16 

Distance (cm) 13 

Flowrate (ml/h) 0.12 

 Annealing 450°C for 1 hour 

Number of samples for each deposition time 3 

Individual sample size 75x25 mm 



Chapter III                                                  ZnO nanofibers by electrospinning for transparent electrodes 
 

109 

 

2.2 Morphological and structural properties of ZnO 
nanofibers 

2.2.1 Sample imaging by optical microscopy 

As well-known, an optical microscope only using light and geometric optical systems to 

visualize objects of small size doesn’t compete laser-based microscope as AFM and electron-

based microscopes as SEM and TEM. Yet, in optical microscopy no prior sample preparation 

is needed, in addition, it enables the acquisition of large area images providing a non-invasive 

way of imaging (i.e. the sample doesn’t suffer from charging issues). Therefore, this approach 

served as a good way for a first qualitative check on sample morphology on large scale, more 

specifically in this study to check the nanofibers continuity and aspect. 

An Olympus SC30 camera of a Horiba Jobin-Yvon Raman spectrometer was used in this study 

to map the surface morphology of nanofibers substrates. All the images were taken with the 

magnification (x50) and (×100).  

The surface of ZnO nanofiber substrate prepared as described in section (2.1) is presented 

in Figure III.6 where the large area morphology is illustrated by optical microscopic images 

with low magnification (x100). Local surface details will be revealed below in corresponding 

SEM images of Figure III.9 taken at higher magnification. 

 

 

Figure III. 6. Microscopic images of Zinc Acetate fibers for a deposition time of 35 min;(a) before 
annealing with magnification of x100; (b) after annealing at 450°C with magnification x100. 

a b 
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Basically, right after deposition and before annealing, the nanofiber mat has a white color as 

can be seen on Figure III.6 (a) and is observed in the form of a peelable sheet. However, after 

annealing, sample color becomes transparent with no mat aspect visible to bare eye. 

Moreover, in Figure III.6 (b) it can be seen that the fibers are continuous with no beads and 

uniform shape. 

Before annealing as seen in the images of optical microscope the zinc oxide nanofibers 

appear to be white against the glass substrate which appears as the black background, while 

after annealing the aspect changed to look darker. The nanofibers as seen in the images, form 

a mat-like surface with fibers in random directions that do not completely cover the 

substrate. Also, we note that the deposition of nanofibers results in a piled-up structure 

which can be observed as well in the microscopic images as blurred fibers. In fact, the fibers 

situated in the focal plane are seen with clear shape while the foggy fibers are located beyond 

that plane. 

2.2.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique based on electron-matter interactions to 

give information about topography, morphology, composition and crystallographic 

indications of the examined sample. The beam of electron irradiating the surface of a sample, 

penetrate the material at various depth in the sample in the form of teardrop-shaped volume, 

illustrated in Figure III.7, known as the interaction volume. The remitted signals are collected 

on a detector to provide many types of information. The most common signals are secondary 

electrons (SE), backscattered electrons (BSE) and Auger electrons. BSE refers to beam 

electrons that are reflected from the sample by elastic scattering, while SE refers to electrons 

kicked out of the atom by primary high electron beams. Because the BSE signal is highly 

related to the atomic number (Z) of the specimen, BSE pictures can provide information 

about the distribution of different elements in the sample. The SE signal can provide images 

of a sample surface with extremely high resolution. 

A scanning electron microscope is essentially composed of an electron gun and an electron 

column whose function is to produce a fine electron probe on the sample, a chamber in which 

there is an object stage to move the sample in all three axes and detectors to detect and 
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analyze the radiation emitted by the sample. In addition, the apparatus must be equipped 

with a vacuum pump system. 

 

Figure III. 7. Schematic representation of the interaction volume with the different signals produced in 
depth length. 

In the scanning electron microscopes used in this study, a Schottky field emission gun (FEG) 

was used to create electron beams in high vacuum by posing a sufficiently high potential 

gradient at the emitter to generate field electron emission by decreasing the energy barrier. 

Scanning electron microscopy (SEM) is an essential characterization method for imaging 

method for imaging nanostructures. Several scanning electron microscopes were used to 

characterize the samples:  

- SEM FEG GeminiSEM 300 from Zeiss Equipped with a field effect gun and 4 detectors: 2 

for the secondary electrons (an InLens detector in the column and an Everhart & 

Thornley detector in the chamber) as well as 2 for the backscattered electrons (an ESB 

detector with energy filtering in the column and a retractable 6-sector BSD detector in 

the chamber). It provides a resolution of 0.7 nm at 15 kV. 

- Environmental SEM FEG QUANTA 250 ESEM FEG from FEI with an SDD/ Bruker 30mm² 

detector. Equipped with a field effect gun (Field Effect Gun / FEG) it allows the 

visualization of details down to 30 nm. 
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Figure III. 8. ZnO nanofiber samples placed in the SEM chamber. 

All these microscopes have a field effect tip to reduce the size of the electron source and 

therefore the size of the electron beam, in order to have a better spatial resolution. In 

addition, these microscopes allow observations to be made using a low accelerating voltage, 

which is essential for imaging coatings on glass substrates. In order to achieve high spatial 

resolution and to limit aberrations due to the accumulation of electric charges, most 

observations were made with the secondary electron detector located in the lens or column, 

a working distance of 4 to 10 mm and an accelerating voltage of 3 to 5 kV.  

Although SEM offers more beneficial images for showing surface details, they are limited by 

the maximum visible surface. Also, it is difficult to obtain good quality SEM images of the 

nanofiber substrates since the insulating glass substrate induces fast sample charging. 

Hence, to reduce the charging effect, prior the placement of the ZnO nanofibers in the SEM 

chamber, the samples were placed on the substrate holder with silver varnish on the edges 

of the substrate to serve as conducting connection between the holder and the nanofibers on 

top of the isolating substrate as shown in Figure III.8. The samples were ready for 

measurement after the silver varnish was left to dry for 12 hours.  

Figure III.9 illustrates the SEM images of zinc oxide nanofibers deposited on glass substrate 

by the parameters of Table III.3 and annealed at 450°C for 1 hour. The samples were 

visualized at different magnification scales (x 100k; x 50k; x10k) for Figure III.9 (a), (b), (c) 

respectively. 
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Figure III. 9. SEM images showing surface morphology of ZnO nanofibers after annealing at 450 °C for 
1 hour. (d) Histogram showing the diameter size distribution for ZnO nanofibers. 

The fibers show a continuous and homogenous aspect with some apparent difference in the 

diameter size. Measurement of the diameter size was performed over 100 distinct and 

different nanofiber by ImageJ software and the resultant statistics were illustrated in the 
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histogram of Figure III.9. The nanofibers showed to fit with a Gaussian distribution of 

diameter ranging from 10 nm to 70 nm with an average of 37 nm. Hence, the nanofibers have 

a very thin diameter which seems interesting for the improvement of optical properties. The 

advantage of this aspect will be detailed in section 3.3. 

2.2.3 Transmission Electron Microscopy 

As with scanning electron microscopy, transmission electron microscopy (TEM) also probes 

sample structure by making use of interaction with electrons. Although transmission 

electron microscopy (TEM) uses the interaction matter-electron as scanning electron 

microscope, this technique requires very thin samples (< 100 nm) for the electrons to be 

transmitted through for imaging and diffraction. Therefore, TEM is a destructive technique 

since it involves delicate sample preparation.  

Transmission electron microscopy (TEM) observations were performed utilizing a Jeol 2010 

instrument with a 200 kV acceleration voltage, LaB6 electron gun and 0.194 nm resolution.  

The samples were prepared by etching then they were deposited on the TEM grid using 

ethanol droplets. The nano-objects were disseminated in ethanol by ultrasonic for the 

observation of nanofibers. The suspension is then dropped onto a grid that serves as an 

observation support.  

Single electrospun ZnO nanofibers were visualized by TEM and are shown in Figure III.10. 

 

Figure III. 10. (a) (b) High resolution TEM images showing ZnO nanofibers morphology. (c) TEM 
diffraction pattern on ZnO nanofibers matching well with hexagonal wurtzite structure of zinc oxide. 
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High resolution images of the sample shown in Figure III.10 (a) and (b) indicate a 

polycrystalline structure of the annealed nanofibers consisting of nanosized ZnO grains of 5 

nm dimension shown in the bright field TEM images of ZnO nanofibers. In addition, the 

measured diameter of some nanofibers ranged from 20 nm to 63 nm. Moreover, the electron 

diffraction pattern of Figure III.10 (c) indicates the hexagonal structure of the annealed zinc 

oxide nanofibers. 

In this section, the structural and morphological properties of the zinc oxide nanofibers were 

studied since they will be the base of the nanostructured samples to be fabricated. Moreover, 

as the purpose of this study is to improve optical and electrical properties of the transparent 

electrode, after the initial characterizations, FTO thin film will be deposited in the next step 

on these nanofibers to form the nanocomposite samples. 

3. Fabrication of nanocomposite samples 

3.1 Deposition of FTO thin films by Ultrasonic Spray 
Pyrolysis 

3.1.1 Sample preparation 

The ZnO nanofiber substrates prepared by electrospinning were then coated conformally 

with FTO film by ultrasonic spray pyrolysis at the LMGP laboratory in Grenoble with the 

setup and schematic shown in Figure III.7 of Chapter II. The resultant samples are termed 

FTO_ZnO nanocomposites.  

The ZnO nanofiber samples were placed in different batches for coating, two at a time with 

a reference sample of flat FTO in each batch as noted on Figure III.11. All the coatings were 

performed following the same deposition conditions. 
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Figure III. 11. Samples in the Spray pyrolysis apparatus. 

The precursor solution for FTO deposition was prepared by dissolving 0.16 M of SnCl45H2O 

(Sigma Aldrich) and 0.04 M of NH4F (Sigma Aldrich) in methanol (VWRTM). The precursor 

solution was placed over a piezoelectric ceramic which vibrates at its resonance frequency 

(700 kHz). Due to the strong vibration of the underlying piezo-ceramic, an aerosol was 

formed and sent to the hot substrate by compressed air (carrying gas) resulting in a constant 

flow rate of 1.36 mL/min. The growth temperature was 420 °C and the moving heating plate 

results in large area deposition. The resulting FTO thin film thickness is around 300 nm with 

deposition rate as high as 15-20 nm/min. A bare glass substrate was positioned in the same 

deposition batch of nanocomposites resulting in the reference flat FTO (named FTOstd_ref).  

In the meantime, ZnO nanofibers were also deposited on commercial bought FTO 

samples (Solaronix-Switzerland). The ZnO nanofibers deposition conditions were identical 

to those mentioned in section 2.1. These samples provide the opposite configuration (termed 

as ZnO_FTO) and serves as a comparison to FTO_ZnO in optical and electrical 

characterizations. 
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3.1.2 Evaluating the thickness by profilometer of FTO thin films 

 

Figure III. 12. Scheme representing the working mechanism of a profilometer. 

A profilometer is an instrument used to measure the profile and surface finish of a thin film 

on a small scale. During the measurement process, it provides information about height 

variation, depths and spacing as represented in Figure III.12. Film thickness measurement 

for the FTOstd samples with placed in the different deposition series was carried out by 

mechanical profilometer Bruker Dektak XT which makes a line scan of 2 mm and optical 

profilometer Profilm 3D which makes a surface scan of 400 µm x 400 µm. 

Profile measurement performed on the edge of the deposited film was recorded for the three 

reference samples to make sure that all the nanocomposite samples have uniform FTO 

thickness. 

Scans deeper into the samples, up to 2 mm, where made using a mechanical profilometer. 

The profiles for the three reference samples are reported in Figure III.13 (a). In Figure III.13 

(b) we report a 3D image of the optical profile scanned at the edge of FTO thin film with a 

400x400 µm² area. 
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Figure III. 13. (a) Graph showing the thickness variation of FTOstd thin films with different deposition 
time. (b) Optical profilometer 3D profile of FTOstd_ref2 sample edge showing a thickness of 100nm.   

As shown in Figure III.13 (a), a little variation in the thickness of the three samples turned 

out to be 115 nm. Moreover, in the 3D image in Figure III.13 (b) the measured thickness is 

about 100 nm.  

This preliminary measurement confirmed that all the nanocomposite samples were covered 

by a uniform FTO film with almost no variation in thickness between different deposition 

series. In this way, the effect of nanofiber deposition time is considered to be the only 

changing parameter for the different samples.  
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3.2 Morphological characterization of FTO_ZnO 
nanocomposite samples  

3.2.1 Sample imaging by Scanning Electron Microscopy 

Morphological characterization was carried on by scanning electron microscopy for the 

group of elaborated samples. Figure III.14 (a), (b) shows the ZnO nanofibers deposited on 

glass substrate, the standard FTO deposited by spray pyrolysis as reference are represented 

in Figure III.14 (c), (d) and the nanocomposite samples FTO_ZnO are shown in Figure III.14 

(e), (f), (g), (h) respectively. In this part we choose to represent the 15 min deposition time 

for ZnO nanofibers on glass substrate in Figure III.14 (a), (b) and for the nanocomposite 

samples, the 25 and 35 min nanofiber deposition time in Figure III.14 (e), (f) and (g), (h) 

respectively. All showed images were taken with low magnification (x10k) for a scale 1 µm 

and high magnification (x100k) for a scale 100 nm.  

Prior to imaging, the samples were attached on the sample holder by conductive carbon 

adhesive tape specifically for SEM. The tape was placed on the back side of the substrate and 

a small connection was made between the deposited layer and the holder. Here we didn’t 

use silver varnish as in the previous sample preparation for SEM imaging because it is easy 

to take off the carbon tape without causing any damage to the samples since they were also 

used for other characterization techniques. 
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Figure III. 14. SEM images of FTO_ZnO nanocomposites with ZnO nanofibers deposited for: (a)-(b) 
15min; (c)-(d) FTOstd reference sample; (e)-(f) 25 min and (g)-(h) 35 min. 

The zinc oxide nanofibers present a homogeneous aspect on the substrate surface and show 

to have very low surface coverage; the sample is composed of bare areas where no presence 
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of nanofibers could be seen and of nanofibers that appear to be continuous nanofibers with 

long length having a lot of cross sections. For the FTO thin film deposited as reference, the 

grains have pyramidal shape with homogenous distribution on the substrate. Even when the 

deposition of FTO thin film is performed on the nanofiber substrates for nanostructuration, 

the grain shape and size remained unchanged. However, the nanofibers changed in form, 

they appear to be broken at some places and floating above the FTO thin film. It is also 

noticed that the nanofibers of Figure III.14 (g) are more dense then those of Figure III.14 (e) 

considering the increased deposition time of the zinc oxide nanofibers by electrospinning. In 

addition, we can also note that the nanofibers are all cover by the FTO thin film. This 

observation is normal and consistent with the measured layer thickness by profilometer of 

the FTOstd sample.  

3.3 Optical properties of nanocomposite TCO  

3.3.1 UV-Vis-NIR Spectrophotometer 

 A Perkin Elmer Lambda 950 spectrophotometer (Figure III.15) was used to study the optical 

properties of the composite samples which allows the measurement of transmittance and 

reflectance. The spectrophotometer is equipped with two light sources, a deuterium arc 

lamp for ultraviolet (UV) light and a tungsten-halogen lamp for visible and infrared (IR) light. 

Hence, a total wavelength range of 250 nm to 2500 nm is possible with this setup. This setup 

uses a set of optical elements to direct the incident light to the sample where it gets absorbed, 

reflected or transmitted. For the collection of transmitted and reflected light, the 

spectrophotometer is equipped by two detectors: one photomultiplier (PM) for UV and 

Visible regions of the spectrum and an InGaAs sensor for the near infrared range. The 

detectors switch at 850 nm. An additional 150 mm diameter integrating sphere covered with 

spectralon, can be mounted as accessory on the spectrophotometer, With the integrating 

sphere mounted, the total (Ttot) and specular (Tspec) transmitted light can be measured with 

the geometry shown in Figure III.16. 
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Figure III. 15. The Perkin Elmer Lambda 950 spectrophotometer equipped with integrating sphere. 

 

Figure III. 16. Schematic representation of the geometry for measuring (a) total transmittance (Ttot), 
(b) specular transmittance (Tspec). 152 

3.3.2 Optical transmission and Haze Factor (HF) 

The total transmittance is particularly well suited to the transparent character evaluation of 

a layer to be integrated as electrode onto a solar cell. Indeed, for this type of application, all 

the light power transmitted to the absorber material should be considered. Besides, the Haze 

Factor is a quantification of the amount of incident light scattered towards the absorber 

layer, which enhances the light path length and thus the short circuit current density of the 

solar cell. For instance, the case of Ag nanowires was reported in literature. Research teams 

such as the LMGP in Grenoble-France 221,222 or else the teams of S. Suyitno et al. 219, and S. M. 

Bergin et al. 223 showed that the geometry of the nanowires and more precisely the diameter 

and the length are associated with the amplitude of light scattering in the nanowire layer of 

a transparent conductive material. For example, J. Ray showed that the performance of Ag 

nanowires was better optimized for the realization of transparent electrodes by large aspect 

ratios with wires having a large diameter-to-length ratio whereas larger diameter wires have 

larger scattering cross sections. Nevertheless, despite that transmittance of larger diameter 
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nanowires is less by 30% than the transmittance of smaller diameter nanowires, both have 

transparencies that are suitable for the use as transparent electrode. 224  

The measurement of total and diffuse transmittances was carried on for ZnO nanofibers 

deposited, FTO thin film and nanostructured FTO_ZnO samples; all the samples were 

deposited on the same type of glass substrate which was also analyzed. The total 

transmittance is particularly well suited to the transparent character evaluation of a layer to 

be integrated into a solar cell. Indeed, for this type of application, all the light power 

transmitted to the absorber material should be considered. 

The Haze factor in the transmission range is calculated for the composite samples, the bare 

glass substrate and the FTOstd using the following equation 152 : 

𝐻𝑇(𝜆) =
𝑇𝑑𝑖𝑓𝑓(𝜆)

𝑇𝑡𝑜𝑡(𝜆)
         Equation (1) 

where 𝑇𝑡𝑜𝑡 is the sum of specular and diffuse transmittance: 𝑇𝑡𝑜𝑡(𝜆) = 𝑇𝑠𝑝𝑒𝑐(𝜆) + 𝑇𝑑𝑖𝑓𝑓(𝜆) 

A coating that has a high haze factor will appear blurry, whereas a coating with a low haze 

factor will appear transparent due to low scattering.225 The required value oh haze factor 

depends on the application of the material; for example low haze values are required for the 

fabrication of transparent electrodes to be used in touch displays and screens for them to 

give good clarity of the beneath display. Nonetheless, an increase in the light path length 

within the active layer reached by the increased scattering of the surface electrode is 

optimum for solar cells.226 Consequently, a high haze value is preferable for applications 

relating to the production of devices associated with the conversion of light energy into 

electricity of the photovoltaic cell type. Therefore, the evaluation of the haze factor becomes 

of great importance for the design and characterization of transparent electrodes. 

We report in Figure III.17 the total and diffuse transmittances of the nanocomposites in the 

250-2500 nm range with the corresponding Haze factor calculated in the 350-1500 nm range 

for the ZnO nanofibers with different deposition time.  
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Figure III. 17. Total and diffuse transmittance of the nanocomposites in the 250-2500 nm range with 
corresponding Haze factor calculated in the 350-1500 nm range for the ZnO nanofibers at different 

deposition time. (a),(b) ZnO nanofibers deposited on glass substrate; (c),(d) ZnO nanofibers on 
commercial FTO substrate; (e),(f) FTO thin film by spray pyrolysis on ZnO nanofibers. 
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We first considered the transmittance of the so-built layers. The total and diffuse 

transmittance spectra for the ZnO nanofibers follow a similar behavior as the spectra 

recorded for the bare glass substrate in Figure III.17 (a). As previously seen and discussed in 

the previous section (Morphological properties of FTO_ZnO nanocomposites), the ZnO 

nanofibers do not ensure a total coverage of the glass substrate. In addition, the nanofibers 

are very small in size with an average diameter of 37 nm. All these factors explain the similar 

transmittance spectra for the ZnO nanofibers and the glass substrate no matter the 

electrospinning time. The same concept applies to the ZnO nanofibers deposited on the 

commercial FTO substrate where the contribution of the fibers goes discrete when compared 

to the transmittance and diffuse spectra of the commercial thin film. Hence, for the first two 

cases which graphs are in Figure III.17 (a), (b) and (c), (d), the detected transmittance and 

diffuse spectra could be considered as the response of the used substrate with no effect or 

contribution of the fibers no matter their deposition time.  

For all the samples, the total transmittance increases sharply until reaching its maximum. 

This maximum for the nanocomposite samples achieves a value between 65 % and 85% in 

the visible range (> 400nm). For the FTOstd samples, we notice some oscillations in the 

spectra in the 300-750 nm range, these oscillations are due to the constructive and 

destructive interference effects caused by the multiple reflections at the air/thin film and 

thin film/substrate interfaces. However, in the presence of nanofibers, this effect is no longer 

observed since the specular reflectance is less privileged. 227 We also observed very low 

values of the total transmittance in the UV range, between 250 nm and 365 nm. This 

observation is attributed to the band gap absorption of the FTO thin film (𝐸𝑔 ≈ 3.7 𝑒𝑉) 

combined with the ZnO nanofibers (𝐸𝑔 ≈ 3.4 𝑒𝑉). Indeed, the presence of ZnO nanofibers 

increases the absorption for short wavelengths (UV range). In  Figure III.17, we also notice a  

decrease in the transmittance beyond 1250 nm (IR range). 

The drop-in transmittance at shorter wavelengths is due to the absorption of light by the 

glass substrate and FTO. The absorption of light in the UV range is linked to electronic 

transitions from the valence to the conduction band of the FTO thin film. As for the decrease 

in transmittance for longer wavelengths, in the infrared region, this is attributed to the 

interaction of photons with the free electrons of FTO.  
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The diffuse transmittance spectra increase gradually until reaching their maximum in the far 

UV then an exponential decrease is observed to occur for the whole remaining spectral range. 

The FTOstd samples have a very low Tdiff (being approximately 5%) while for the FTO_ZnO 

samples higher Tdiff values are recorded, between 10% and 45%. This is straightforwardly 

linked to the presence of nanofibers and is a common behavior for surface having random 

rugosity which is the case of FTO_ZnO nanocomposite samples.228 

Now, consider the haze factor calculated in the range 350 nm to 1500 nm for all 

samples. For ZnO nanofibers deposited on glass substrates, HF is very low with maximum 

values of 5% at 350 nm. For all the sample types, HF is highest at 350 nm then consistently 

decreases until 1500 nm. This is a common observed behavior in the case of fixed size 

scattering centers that diffuse more effectively at shorter wavelengths owing to larger ratios 

of scatter size and the wavelength.229 However, HF varies significantly with the ZnO 

nanofiber deposition time, as seen in Figure III.17 (d), (f), due to the increase in mass density 

of the nanofibers which will in its turn increase the light path length.  

We report in Figure III.18 the haze factor at 635 nm plotted as function of nanofiber 

deposition time for the three sample types. 
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Figure III. 18. Haze factor at 635 nm plotted as function of nanofiber deposition time for the three 
sample types. 
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It is interesting to note that the ZnO nanofiber samples already show non-zero haze values 

(around 5%) even if when compared to their nanocomposite counterpart. In all ZnO 

nanofiber samples, the haze values are consistently lower. Similar observation can be noted 

for the ZnO_FTO nanocomposites with slightly increased haze factor. However, the FTO_ZnO 

samples record significantly higher values. This approves the assumption that rough surface 

morphologies in the FTO nanocomposites play a crucial role in light scattering. For the 

nanocomposites studied here, the nanofibers show a very thin diameter. Moreover, the 

resultant samples have different configurations. It is thus less proper to treat the three series 

of FTO nanocomposites as homogenous substrate. However, the ZnO nanofibers 

encapsulated by the FTO thin film exhibit the highest haze percentage among the other two 

sample configurations. Besides, we can consider that optical scattering of the 

nanocomposites can thus be modeled as collective scattering by all the present nanofiber. 

From this we can assume that HF is related to the surface coverage and density of the 

nanofibers present within the sample. This suggestion is supported by the quasi linear 

dependence between HF at 635nm and the nanofiber deposition time enlighten by the plots 

of Figure III.18.  

Finally, the different configurations of nanocomposites used in this study have relatively 

high haze factor (specifically in the red and near infrared regions) and could be used to 

improve the performance of Si-based thin film solar cells by enhancing interface light 

scattering, hence increasing the light path length. 230 

3.4 Electrical properties of FTO_ZnO nanocomposites 

3.4.1 Four-point probe measurements 

The resistivity measurement of the samples was made using a Signatone 302 Resistivity 

Probe Stand. This apparatus is designed to measure sheet resistivity on flat surfaces with a 

requirement that the 4-point probe make even pressure on each point and move straight up 

and down. The main components of the setup are: a stand; the probe head mounting block 

and the sample chuck.  
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Figure III. 19. Schematic of the in-line 4point probe to measure Rs. 

 

In theory, measuring the sheet resistivity of a sample applies the following formula: 

𝑅𝑠(𝛺/𝑠𝑞) = 4.5324 
𝑉(𝑉)

𝐼(𝐴)
        Equation 2 

The constant is derived from the original theory published in 1957 by LB Valdes in the 

article entitled “Resistivity measurements on Germanium for Transistors”. The theory 

makes 6 assumptions that are important for consistent good measurements: 

- The spacing between probe tips is the same between each probe tip. 

- The contact pressure on all four probe tips is uniform. 

- The edge of the sample is at least 10 times the spacing between probe tips. 

- The thickness of the sample is less than 0.4 times the spacing between probe tips. 

- The current is forced until a voltage reading between 1 and 100 mV is achieved. 

- The measurement takes place at room temperature. 

The current (I) is injected in the 2 outer probes, the voltage (V) in the 2 inner probes is then 

measured and Rs is calculated according to the given equation 2 (see the scheme in Figure 

III.15).  For the FTO_ZnO nanocomposites, the sample size is 25x75 mm² and the probe 

spacing,  much smaller than the sample size is s=1.02 mm.. The Rs of each sample in this 

study is averaged over nine measurements in different locations on the sample.  
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Table III. 4. Resistivity of the different configurations for nanocomposites samples. 

Sample ID Resistivity (Ω.cm) 

FTOstd_ref 6.4 x10-04 

FTO_ZnO_15min 3.9 x10-03 

FTO_ZnO _25min 4.4 x10-03 

FTO_ZnO _35min 2.9 x10-03 

 

FTOcom 8.9 x10-05 

ZnO_FTO_15min 9.5 x10-05 

ZnO_FTO_25min 9.7 x10-05 

ZnO_FTO_35min 9.6 x10-05 

 

The resistivity of the FTO_ZnO nanocomposites with variation in the deposition time of the 

zinc oxide nanofibers (15, 25 and 35 min) and the resistivity of ZnO_FTO nanocomposites 

are plotted in Figure III.20. In the inset of Figure III.20, a zoom of the resistivity of the 

ZnO_FTO nanocomposites is proposed for clarity.  

 

Figure III. 20. Resistivity of the FTO_ZnO and ZnO_FTO nanocomposite samples along with their 
corresponding reference samples. 
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For each series, the resistivity of the corresponding reference sample (FTOstd_ref and 

FTOcom) was also plotted. 

For the samples where FTO thin film was deposited over the ZnO nanofibers the resistivity 

values increased from 6.4 x10-04 Ω.cm for the standard reference to 3.9 x10-03, 4.4 x10-03 and 

2.9 x10-03 Ω.cm for the nanofiber deposition time of 15, 25 and 35 min respectively. However, 

regardless of the fiber deposition time, the presence of zinc oxide increased the resistivity of 

FTO thin film by a factor of 10. For the configuration where the ZnO nanofibers were 

deposited over a commercial FTO thin film for varying deposition time, almost no change in 

the resistivity was observed (check Table III.4 for detailed values); All the samples exhibit 

values in the order of 10-5 Ω.cm. Although in the zoom inset of Figure III.20, a slight difference 

is noticed between the nanocomposite samples and the commercial film. In both 

configurations, the presence of zinc oxide increased the resistivity when compared to the 

corresponding reference. As explained by Minami et al. 231 and Caglar et al. 232 this behavior 

is common with nanostructuration specifically in the case of zinc oxide nanostructure due to 

its high resistive properties. Besides, it is also important to mention that the case of 

nanofibers deposited on commercial films, the probe tips have more chance to assume a 

good electrical contact with the film then to be placed on the nanofibers as their diameter in 

very small. For this reason almost no variation in the resistivity is noted. However in the case 

where the nanofibers are covered by the thin film, an important increase in resistivity occurs. 

In fact, as explained by Zhang et al., 233,234 when the nanostructure (in our case ZnO 

nanofibers) are very resistive, the current has more tendency to flow through the FTO thin 

film. But, since the structure has a very rough aspect compared to a thin film, then the charges 

have to travel a longer path, that means higher resistance. Consequently, the following 

nanocomposites would have higher resistance than that of a simple thin film.  
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4. Conclusions 

This chapter was divided into three main parts: the electrospinning technique with a 

presentation of its principle and different parameters to be considered during deposition, 

then the elaboration of zinc oxide nanofibers by electrospinning and finally the 

nanocomposite fabrication consisting of combined FTO thin film and ZnO nanofibers.   

Electrospinning is considered one of the simplest and cheapest deposition techniques. Since 

the observation of cone-shaped water droplet in the presence of an electric field in the 1600s, 

the concept of electrospinning started its development through the years until reaching the 

setups that we have today either lab machines or even industrial scale operating machines. 

This massive development made the nanofibers fabricated by electrospinning of great 

usefulness for w variety of application domains. Although it appears simple, many 

parameters have to be considered simultaneously during the spinning process since they 

have big influence on the produced nanofibers. Zinc oxide nanofibers were successfully 

deposited by electrospinning and showed to have thin diameters, around 40 nm, and 

hexagonal structure compatible with that of ZnO. Different sets of nanofiber samples were 

elaborated by increasing the deposition time, meaning the surface coverage.  

Afterwards, a thin film of fluorine doped tin oxide was deposited on the nanofiber sample to 

form the FTO_ZnO nanocomposites samples. The resultant samples were subject to 

morphological, optical and electrical characterizations. In the SEM images, the samples 

showed a nanostructured aspect with uniform grain size distribution even when compared 

to the standard reference FTO.  Optical properties, more specifically, transmission and haze 

factor were measured by UV-vis spectrophotometer. A comparison between different 

sample configuration was made. The samples showed good transmission values regardless 

of the nanofiber deposition time for the case were the thin film was deposited over the 

nanofibers. However, the recorded spectra for both cases where nanofibers were deposited 

over glass substrate and commercial FTO showed no significant contribution caused by the 

nanofibers; instead the results were similar to the corresponding reference substrate. 

Moreover, an improvement in the calculated haze values was also recorded which means 

that we succeeded at increasing the light path length in the nanocomposite samples without 
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affecting its transparency. As for the electrical properties, it was possible to measure the 

resistivity of the nanocomposite samples where the values recorded an increase in resistivity 

values after the integration of ZnO nanofibers with the FTO thin film, but still the obtained 

values of the order 10-3 remains acceptable.  

As final outcome, the fabrication of nanocomposite samples of FTO_ZnO showed to 

remarkably improve the haze factor of a simple FTO thin film or ZnO nanofibers, 

nevertheless a little degradation in the conductivity of such samples was noted.  

Since ZnO is known for its high resistivity, adding dopant element to this material is efficient 

in increasing its conductivity. In this context, the next chapter will be dedicated for the 

fabrication of Al doped zinc oxide nanofibers, to be also used as nanocomposites along with 

FTO thin film, in the intention of improving the electrical properties mainly the conductivity 

that showed a downgrading for the undoped fibers.   
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The combination approach of nanostructures with thin films to give what we call 

nanocomposite samples was discussed in chapter III. The integration of zinc oxide 

nanofibers to a fluorine doped tin oxide thin film showed to have unique properties which 

are not achievable for the nanofibers or thin film alone. In fact, an improvement in the optical 

properties was noticed. Specifically the haze factor has been increased with the development 

of the nanocomposite samples compared with the bulk form of the samples. Nevertheless, 

the electrical behavior of the nanocomposite samples didn’t show an upgrade. As a matter of 

fact, the integration of ZnO nanofibers reduced the conductivity of the FTO thin film.  

It is known that zinc oxide, in the form of thin film or as nanomaterial, has poor conductivity 

compared to FTO and the previous findings concerning the electronic properties of the 

nanostructured pure ZnO-FTO electrodes that we have developed were expected. We 

remember that one main goal of the current work was the development of a simple technique 

for the creation of flexible TCO, what has been achieved and presented in the previous 

chapter. To overcome this aspect, many dopants of zinc oxides, as Al, Ga, Li, Mg, In, Cu,  to 

name a few, 235–238 had been used to enhance its electrical properties. Particularly, aluminum 

is considered as one of the best doping elements to be associated to zinc oxide that render 

remarkable effects more precisely in terms of electrical properties. 239–241  

However, in the electrospinning process, the dopant addition into precursor solutions of PVA 

and zinc acetate and its effect on the morphological, structural and electric properties of ZnO 

nanofibers was poorly investigated by authors. 242–244 

In this chapter, we focus on the synthesis of precursor solutions for the fabrication of 

aluminum doped zinc oxide nanofibers with PVA as polymer matrix. We also discuss the 

different effects produced by this doping on many levels as well as an optimization process 

in order to have well shaped and structured nanofibers. First results of optical and electric 

characterizations of the so obtained TCO are finally also presented.  
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1. Experimental procedure for AZO nanofiber 
deposition 

1.1 General principles used 

The full methodology used for the fabrication and characterization of doped nanofibers is 

shown in Figure IV.1. Two aluminum precursors were used. After explanation of the reason 

in the paragraphs below, more details about each precursor and obtained samples are 

discussed in the next sections. 

 

 

 

Figure IV. 1. Diagram showing the methodology used for Al:ZnO nanofibers. 

 

For the doping of zinc oxide nanofibers, two precursors were tested during this work. At 

first, following the work of a team from the University of Surakarta in Indonesia 245,246we 
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have started by the use of aluminum chloride hexahydrate (AlCl3.6H2O) as precursor, added 

into the initial solution at different weight concentrations.  

𝑍𝑛𝑂 + 2𝐻𝐶𝑙 →  𝑍𝑛𝐶𝑙2 +  𝐻2𝑂 

𝑍𝑛𝐶𝑙2 ↔  𝑍𝑛2+ +  2𝐶𝑙− 

The after annealing result was a substrate with almost no nanofiber trace. After searching 

for the causes of the fibers disappearance, it turned out the presence of chloride makes the 

solution acidic and attacks the zinc oxide nanofiber hence ending up with residual random 

nanoparticles on the substrates. In fact, zinc oxide remains intact in a neutral media or 

biological pH, however, it rapidly dissolves and decomposes under acidic conditions as 

described by the chemical reactions above.  247,248 

Thus a replacement of the precursor was required. So, for the second phase, aluminum 

acetate was used for doping at same weight concentration as for aluminum chloride and with 

same procedure. An improvement in the fiber morphology was observed as it will be shown 

later on. After annealing, aligned nanoparticles were observed that could be linked visually 

to form nanofibers.  

1.2 Materials and methods 

To produce the aluminum doped zinc oxide nanofibers, we used the same procedure 

mentioned in chapter III for the production of zinc precursor. To introduce aluminum, 

aluminum chloride hexahydrate (AlCl3∙6H2O, Merck) as precursor 1 then aluminum acetate 

(C6H9AlO6, Merck) as precursor 2 was mixed, at different weight % (1, 2, 3, and 4 wt%), with 

4g of the zinc acetate solution (prepared as mentioned in chap III) and stirred for 2 hours at 

70 °C. Homogenization of the zinc acetate-aluminum chloride (then aluminum acetate) 

solutions with PVA solution was carried out separately at a weight ratio of 1:4 and then 

stirred at 70 °C for 8 hours. The resulting solutions were allowed to rest at room temperature 

until the formed foam was clear and then used the next day for electrospinning. The 

electrospinning parameters used for deposition of AZO nanofibers are mentioned in Table 

IV.1. 
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It is important to note that after modification of the aluminum precursor, calculations were 

carried out to find whether the doping percentage is still the same. In other words, a change 

in the precursor means that a different molecule was used; although both of them contain 

only one aluminum atom per molecule, it is possible that upon adding the same mass one 

precursor may contain more molecule than the other (by considering the molecular mass of 

each). However, From the calculations it was found that the number of aluminum atoms in 

both precursors used with mass percentages of 1, 2, 3, and 4 wt%, is almost the same of the 

order of 1021 . Thus the change of precursor did not alter the amount of Al present in the 

fibers.  Detailed values are shown in Table IV.2.  

Table IV. 1. Elaboration parameters used for the electrospinning of AZO nanofibers. 

Elaboration parameters 

Deposition time 35 min 

Voltage (kV) 13 

Distance (cm) 13 

Flowrate (ml/h) 0.18 

 Annealing 400°C for 1 hour 

Individual sample size 25x25 mm 

 

Table IV. 2.Number of Al atoms in both precursor solution for each wt% of doping. 

wt% Mass (g) Number of Al atoms 

Aluminum Chloride Aluminum Acetate 

1 0.4 1.08 × 1021 1.18 × 1021 

2 0.8 2.17 × 1021 2.36 × 1021 

3 1.2 3.26 × 1021 3.56 × 1021 

4 1.6 4.35 × 1021 4.72 × 1021 

 

1.3 Pure ZnO nanofibers as reference 

1.3.1 Morphological characterization of pure ZnO nanofibers 

Morphological changes of pure and Al doped ZnO nanofibers before and after annealing were 

analyzed by Scanning Electron Microscopy, SEM. The images of pure ZnO nanofibers are 
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presented in Figure IV.2 as reference for the discussion. An image of ZnO nanofibers by 

optical microscope is also shown.  

SEM experiments were done at LEM3, Université de Lorraine – France, and at LMGP, 

Université de Grenoble-Alpes – France.  

 

Figure IV. 2. Pure ZnO nanofibers after annealing. 

In Figures IV.2, for PVA-ZnO fibers, we observe during all the experimental process a regular 

distribution of nanofibers on the surface. After annealing, we observe regular ZnO fibers with 

a mean diameter equal to 40 nm.  

1.4 AZO nanofiber elaborated with precursor 1 

1.4.1 Morphological characterization  

Morphological changes of Al doped ZnO nanofibers obtained from aluminum chloride before 

and after annealing were analyzed by SEM. These SEM images of AZO nanofibers are 

presented in Figure IV.3 . (SEM image recordings for 3% Al doped ZnO nanofibers will be 

also reported later on in this section (Figure IV.4 and IV.5)). The images of Figure IV.3 show 

the doped nanofibers after annealing. We can observe the remaining traces of nanofibers 

having a nanoparticle like appearance. Moreover, the residuals are seen to be randomly 

dispersed on the substrate with no possibility of being visually linked back into lines of 

nanofibers. 

 

Optical microscope image (x50) 
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Figure IV. 3. SEM images of Al doped ZnO nanofibers after annealing (Aluminum chloride was used as 
precursor). 

1.5 AZO nanofiber elaborated with precursor 2 

1.5.1 Morphological characterization  

Morphological changes of Al doped ZnO nanofibers obtained from aluminum acetate before 

annealing were analyzed by SEM. These SEM images of AZO nanofibers doped with 3 wt% 

are presented in Figure IV.4 at two scales. 

 

Figure IV. 4. ZnO:Al nanofibers Al[3%] before annealing (Scales: Left 2 µm, Right 1 µm) 

In Figure IV.4, images of the doped nanofibers then before annealing are shown. We observe 

a regular distribution of the fiber on the substrate as observed previously with pure ZnO 

nanofibers. As for PVA-ZnO fibers, the images clearly indicate that all nanofibers exhibit a 

cylindrical, branched structure.  
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 We present in Figure IV.5 SEM micrographs of ZnO:Al [3%]nanofibers after annealing  

deposited from precursor 2, at two scales.  

 

Figure IV. 5. ZnO:Al nanofibers Al[3%] after annealing (Scales: Left 2 µm, Right 1 µm) 

On contrary, after the annealing process, in image of Figure IV.5, even if the general shape of 

fibers still exist, we observed a merge of the nanofibers between them with an enlargement 

and a rupture in the nanofiber structure of the layer giving rise to a highly irregular surface. 

As a result, when we observe the SEM images obtained after annealing and when we 

compare with images obtained after annealing for pure ZnO, Figure IV.2 and Al doped ZnO, 

Figure IV.3 and IV.5, we clearly see the straightforward influence of aluminum in this 

annealing process and by consequence in the realization of nanostructured TCO even if the 

same process is used in both cases. It seems that Al opposes the crystallization phase of the 

expected crystalline nanofibers. Nevertheless, in Figure IV.5-right, at the scale of 1 µm, it is 

obvious that the fiber structure persists but discontinuously in the form of nanoparticles 

aligned along the fibers initially deposited. For these reasons, it is important to deepen the 

study in temperature in order to analyze the influence of aluminum in the process of creation 

of nanofibers by the technique of electrospinning. 

2. Thermal analysis (TGA-DSC) 

Thermogravimetric analysis (TGA) is an analytical technique used to determine a material’s 

thermal stability and its fraction of volatile components by tracking the weight change that 

occurs as the sample is heated at a constant rate and is subjected to a controlled atmosphere 
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and temperature program. Differential Scanning Calorimetry (DSC) is an extensively used 

thermal analysis technique. It measures enthalpy shifts in samples as a result of changes in 

chemical and physical properties as a function of temperature and time. Thus, by using 

coupled techniques TGA-DSC both physical and chemical information could be provided by 

this measurement such as phase transitions or thermal decomposition.  

 

Figure IV. 6. Apparatus used for TGA-DSC analysis of nanofibers at LERMAB. 

Figure IV.6 show the coupled Thermogravimetric Analysis and Differential Scanning 

Calorimetry, TGA/ DSC apparatus used for the characterizations of AZO nanofibers 

performed at LERMAB, Université de Lorraine – France. The used apparatus is a 

simultaneous thermal analyzer NETZSCH STA 449 F3 Jupiter that allows the measurement of 

mass changes and thermal effects between -150 °C and 2400 °C. The six dried nanofiber 

samples were characterized from room temperature to 700°C under 50 mL/min of air with 

a constant heating rate of 10°C/min followed by a natural free temperature decrease. The 

weight loss and the heat flow were jointly recorded and results are presented in Figure IV.7 

respectively. 
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Figure IV. 7. (a) TGA; (b) DTG and (c) DSC graphs of dried PVA, PVA-ZnAc and PVA-ZnAc-Al composite 
nanofibers. 
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The general shapes of TGA and DSC characteristics confirm results of literature obtain with 

nanofibers of pure PVA 249, PVA-ZnO 250 and PVA-ZnO-Al 251. For all samples we observed in 

TGA characteristics, Figure IV.7 (a), that the weight loss can be decomposed in three steps. 

However, some differences exist in the variation of the mass with the temperature between 

samples. Referred to the pure PVA sample, addition of ZnO induces a shift of the TGA 

characteristic to the low temperature whereas supplementary addition in PVA-ZnO samples 

of Al induces a shift to an intermediary temperature position for all PVA-ZnO-Al samples. It 

can be seen that the initial mass loss at low temperature is mainly due to the release of water 

(up to 125°C). Beyond this temperature, the weight loss corresponds to the decomposition 

of the polymer.  

The DTG analysis, Figure IV.7 (b) shows that the observed degradation can be considered in 

2 distinct phases. In phase 1, we observe that the degradation temperature of pure PVA is 

equal to 223°C and a shift of this degradation towards low temperatures when zinc acetate 

is added in the initial mixture. To explain this disparity, Chih-Cheng et al. 252 consider that 

the thermal process related to zinc acetate dihydrate can be considered as a phenomenon of 

dehydration favoring the vaporization/decomposition of the solution and thus, in phase 2, 

favoring the formation of crystalized ZnO. For this reason, adding zinc acetate to the initial 

PVA solution allows degradation to start faster and therefore at a lower temperature. 

Now, when doping with aluminum acetate, the position of the DTG peaks of the first phase is 

located between those of PVA and PVA-ZnAc. Among this observation, the position of this 

peak and the rate of degradation appear to be relatively independent of Al concentration. 

Lopez-Juarez et al. 253 indicate that the decomposition of aluminum acetate by the formation 

of gamma alumina already begins in this first phase. 

Finally, the positions of the DTG peaks in phase 2 for all, appear beyond 470°C within a range 

of a few degrees, except for PVA-ZnAc which is at a much lower temperature, 420°C, which 

would confirm the degradation process favored by the introduction of zinc acetate in the 

solution and then blocked with the introduction of aluminum acetate. In Ref. 254, Ayral et al. 

show that this shift is explained by the departure of carboxylate groups only up to a 

temperature of 475°C. 
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Thus, the TGA/DSC-DTG analyzes indicate that during annealing for the crystallization of 

nanofibers following electrospinning deposition, it is possible to obtain at lower 

temperature, in well-defined phases, ZnO nanofibers, in fact better crystallized than 

aluminum-doped ZnO nanofibers. This analysis thus confirms the observations made by 

SEM, shown in Figures IV.2 and IV.5, for ZnO and AZO nanofibers, respectively  showing after 

annealing the quality of the nanofibers obtained in this study. 

We plot in Figure IV.8 the residual mass % at 700°C and the temperature at which the mass% 

becomes stable for all the samples. Total residues, as reported in Figure IV.8, equal to 1.49%, 

15.03%, 5.14%, 5.03%, 5.47% and 4.83% for pure PVA, PVA-ZnO, PVA-ZNO-Al samples at 

1%, 2%, 3%, and 4%, respectively.  

Thus, with reference of the pure PVA sample, we clearly observed in Figure IV.8 the influence 

of each added element in the solution on the residual mass and the associated temperature.  
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Figure IV. 8. Residual mass % of PVA, PVA-ZnAc and PVA-ZnAc-Al composite nanofibers at the end of 
heating process. 
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Figure IV. 9. Temperature of the main DSC peak for PVA, PVA-ZnO and PVA-ZnO-Al composite gels. 

Consider as a reference the pure PVA sample. For this sample, at the end of the annealing 

process, the mass is associated to the residual elements of the initial PVA solution. This value 

has to be found in all samples as the same PVA solutions were used as precursor in the others 

samples. In the case of the PVA-ZnO sample, the residual mass hugely increases up to 4 times 

more than that of the pure PVA one. This difference corresponds to the contribution of the 

mass of ZnO remaining at the end of the annealing process. However and surprisingly, as 

soon as aluminum is added into the initial mixture, the residual mass is hugely reduced 

falling down for the sample with Al 2%. Beyond this threshold concentration, the residual 

mass increases again to reach 94% for the most aluminum-doped sample. The graph 

showing the residual mass of the samples is illustrated in Figure IV.8. 

The weight behavior observed in the TGA characteristics can be analyzed by observation of 

the DSC characteristics, Figure IV.7 (c), with the consideration of the intensity and position 

of the endothermic or exothermic peaks with temperature. At low temperature, we observe 

an irregular decrease of the DSC response associated to the water evaporation.250 We also 

observe a main exothermic peak in all samples corresponding to the combustion 

temperature. 251 The temperature related to this peak is plotted in Figure IV.9. It is noted that 

after the addition of zinc acetate, this temperature decreases remarkably to increase again 
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with the addition of aluminum doping. These peaks are simultaneous with the sudden 

decrease of mass % with increasing temperature and comes in compliance with 

decomposition of organic residues at the end of the process which seems to be the result of 

organic material combustion at high temperatures specifically that the measurement 

process is done under air atmosphere.  

To summarize the main results obtained by TGA-DSC, it appears that the Zn element is only 

present in the undoped sample. As soon as Al is introduced into the fibers, whatever its 

concentration, it has no influence on the residual mass of the samples.  The same is true for 

the peak temperature of DTG max which is not influenced by the Al concentration: the 

addition of Zn to pure PVA decreases the degradation temperature but the addition of Al 

decreases this effect. For the temperature of the DSC peak there is no particular trend except 

that when there is Zn or Al this temperature is higher than in the case of pure PVA. 

This unexpected behavior and the new results that were never observed in literature before, 

raises a question concerning the doped samples. Logically, after the addition of Al, the 

residual mass after heat treatment should be equal or slightly higher than that of pure ZnO 

sample, and that was not observed within our experiments with the aluminum doped zinc 

electrospun nanofibers. To help understand  this behavior, elemental analysis of the as spun 

fibers (immediately after deposition with no heat treatment) was performed by fluorescence 

X-ray to control the presence of Zn and Al in the fibers.  

3. Elemental analysis by X-Ray Fluorescence (XRF) 

After TGA-DSC characterizations of pure and doped nanofibers, the purpose of XRF analysis 

is to complete, understand and validate the results of TGA-DSC measurements. In fact, this 

new set of measurements was made for nanofibers immediately after deposition to detect 

the various element present in the samples before annealing. 

X-Ray Fluorescence spectroscopy is a technique that identifies the elemental composition of 

a substance using the interaction of X-rays with  the material. It is a non-destructive 

technique suitable for all kind of samples, solid, liquids and powders. XRF is thus an effective 
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technique for a qualitative and quantitative analysis of material composition. The range of 

detectable elements typically covers all elements from sodium to uranium.  

 

Figure IV. 10. Scheme showing XRF mechanism. 

X-rays form part of the electromagnetic spectrum, and are characterized by energies lying 

between ultra-violet and gamma radiation. Wavelengths are typically in the range 0.01 to 10 

nm, which is equivalent to energies of 125 keV to 0.125 keV. XRF describes the process where 

X-ray radiation excites atoms by pulling electrons from the innermost orbitals. When the 

atom expands, i.e. when outer electrons fill the inner shells, X-ray fluorescence radiation is 

emitted (Figure IV.10). 

The radiation emitted looks very much like a fingerprint of the atom. Each element has a 

specific and unique fluorescence. This is why XRF is one of the simplest and most practical 

ways to find the elemental composition of a specimen and is currently used for a large 

number of industrial, research and educational applications.  

The equipment used for the elemental qualification of the nanofiber samples is Micro-

fluorescence X : XGT – 7000 available at the LMOPS laboratory. It consists of the analysis unit 

and a computer for analysis process control. The analysis unit chamber is equipped by an X-

ray source, detectors and sample holder controlling box. The XGT-7000 is made up of a 

silicon semiconductor detector which will capture the energy of each photon. This type of 

detector must be cooled with liquid nitrogen. It only consumes it when the machine performs 
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a measurement. The XGT-7000 has a 3L liquid nitrogen tank. A camera is located above the 

plate when it is on the edge. It gives an overall picture of the sample. A second camera is 

located in the center of the device, near the source X to view the sample in detail and a third 

camera is located in front of the user to control the height of the sample. 

 

Figure IV. 11. As recorded spectrum for PVA-ZnAc sample. 

As spun nanofibers of PVA-ZnAc, PVA-ZnAc-Al (1%, 2%, 3% and 4%) were deposited on 

glass substrates of size 1x1 cm² specifically prepared for the measurement. They were placed 

one by one in the chamber with identical measurement parameters: X-ray tube voltage (30 

kV) and acquisition time 900 s. Figure IV.11 shows the spectrum as recorded and displayed 

by the software for the PVA-ZnAc sample. For clarity, the obtained spectra for all samples 

are plotted in one graph of Figure IV.12.  

The atomic percentage of Zn and Al are reported in Table IV.3. They show barely detectable 

values in the samples. This is justified by the fact that the measurements were made before 

annealing, thus an important amount of water coming from the spinning solution is still 

present in the nanofibers. In addition, the measured samples are in the form of nanofibers 

and not uniform layers, thus the density of material is low. However, these results could be 

considered in a relative way. 
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Table IV. 3. Atomic percentage of zinc and aluminum present in the nanofibers samples. 
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Figure IV. 12. Plotted data for all the samples with elemental identification. 

The most significant elements detected in this measurement are Si and Ca originate from the 

glass substrate used for nanofibers deposition. In compliance with previous results, the XRF 

measurements showed that zinc disappeared and is no longer detectable as soon as the 

aluminum is added as precursor. Moreover, the Al presence appears to be independent of 

the initial dopant solution concentration.  

 
atomic % 

Sample Zn Al 
ZnAc 0,14 0 

ZnAc-Al1% 0 0,61 
ZnAc-Al2 0 0,57 
ZnAc-Al3 0,02 0,41 
ZnAc-Al4 0,01 0,56 
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The drop in Zn quantity measured by XRF could justify the mass loss observed at 700°C in 

the TGA-DSC measurements between the Al-doped Zn samples and the pure Zn sample. 

However, this does not give a complete explanation for what happens to the Zn in the 

presence of Al during the creation of the nanofibers.  

For recall, electrospinning uses an electric field to eject the precursor solution from the 

needle to the collector plate. We suggest that the phenomena concerning the Zn and Al 

presence in the nanofibers could be related to the difference of  conductivity for both 

elements (the conductivity of Al is twice that of Zn) which fully modify the elaboration 

process of nanofibers during deposition for pure ZnO and Al doped ZnO fibers. 255 

4. First approach by TEM for AZO nanofibers 

In the previous chapter, we showed TEM characterization for the ZnO nanofibers performed 

in LMGP at University of Grenoble-Alpes. The apparatus was coupled with XRD which 

enabled the identification of the material crystal phase. In this chapter, the characterization 

of AZO nanofibers by TEM was made at LEM3 laboratory at the University of Lorraine. This 

microscope is not coupled with XRD. Nevertheless, as TEM apparatus is devoted for, these 

experiments were able to indicate the crystallization of the nanofibers after annealing, even 

if the nature of crystallized elements is not confirmed as when TEM characterization is 

coupled to XRD. Obtained results for AZO nanofibers as function of Al content are 

summarized in Figure IV.13.  

As observed on the images of Figure IV.13, the ZnO nanofibers conserve their shape after 

annealing. That is not the case for AZO nanofibers as we can only observe random 

polycrystalline grains except for the lowest Al doping (Figure IV.13 (b)) where a small fiber 

shaped link is observed between two grain groups. The associated diffraction patterns of 

some samples illustrated in Figure IV.14 show that these grains, in some cases, are 

polycrystalline, but no clear link could be established for the influence of Al content on our 

observation.  
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Figure IV. 13. TEM images of nanofibers after annealing; (a) ZnO, (b), (c), (d) and (e) for AZO 1wt%, 
2wt%, 3wt% and 4wt% respectively. 
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4.1 Qualitative analysis of ZnO-AZO samples as function 
of substrate 
During the elaboration process of doped nanofibers and in addition to the glass substrate 

used for all previous depositions, we made electrospinning deposition on silicon substrate.  

 

Figure IV. 14. Photo showing the difference in density for silicon and glass nanofibers during 
deposition. 

 

For the spinning process to occur, a high voltage is applied between the needle and the 

collector plate where the substrates are placed for deposition.  Since glass is an insulator, the 

electric field may not be homogenous and the deposition of fibers not uniform, on the 

contrary silicon substrates are conductive and do not cause any distortion of the electric 

field, thus the deposited fibers. By consequence, a remarkable difference is observed 

regarding the density of deposited fibers, when placing both silicon and glass substrate on 

the plate. This is observed in the images of Figure IV.14.      
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Figure IV. 15. Optical microscopy images at (x100) after annealing of (a) ZnO and (b) AZO 1% 
nanofibers. the red marks show the chosen places for spectra acquisition. 

Concerning the fibers aspect deposited on silicon substrate, as observed by optical 

microscopy, no remarkable change was noted for the fibers aspect before annealing if 

compared to the ones deposited on glass substrate. In addition to the reasons mentioned 

above, the choice for depositing nanofibers on silicon substrate was planned for Raman 

structural characterization. Even though the density is more important on such substrate, 

the fibers do not ensure a complete coverage of the substrate, and in addition, the diameter 

of the fibers is still very thin. Moreover, during the spectra acquisition, whatever the place 

that we choose for measurement (dark or bright spots), the peak coming from the substrate 

was always dominant. In Figure IV.15 the red marks show the selected places of the spectra 

acquisition on a sample of ZnO nanofibers (a) and Al doped ZnO (b) after annealing.  Whether 

the nanofibers were deposited on silicon or glass, the dominant peak was that of the 

substrate thus masking the possibility of going back to the structural properties of the fibers. 

Hence, the detection of zinc oxide peaks by Raman was unfortunately not successful and 

unable to provide any conclusive points.  
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5. Conclusions  

In the purpose of improving the conductivity of zinc oxide nanofibers, the doping approach 

with aluminum was discussed in this chapter. At first, aluminum chloride was used as a 

precursor; it was added in different concentrations to the initial precursor solution used for 

the fabrication of zinc oxide nanofibers. The deposited fibers went through annealing 

process only to discover after SEM imaging that the fibers completely disappeared from the 

substrate. It turned out that the precursor used for doping (aluminum chloride) was at the 

origin of this phenomenon. In fact, the acidic media coming from the use of a chloride 

precursor, directly affect the zinc oxide nanofibers formation since the latter remains intact 

in around neutral pH but is immediately dissolved under acidic one, and that was our case. 

Hence, a swap for aluminum acetate was made to maintain as possible an almost neutral pH 

solution. After precursor change, a refinement in the nanofibers morphology was observed: 

perfectly shaped before annealing and improved structure after annealing.  

The thermal behavior of a series of nanofibers samples produced by the electrospinning 

method has been studied. Starting from a PVA solution, these nanofibers are zinc oxide and 

zinc oxide doped with 1%, 2%, 3% and 4% aluminum.  

The main objective was to analyze the behavior of nanofibers during the post-growth 

annealing phase. This is why, beyond the electrospinning method used for fiber growth, 

scanning electron microscopy which allowed a qualitative analysis of the samples, and 

complementary studies that contribute in the understanding of such modified structure 

upon heat treatment were carried on, precisely thermogravimetric analysis and X-ray 

fluorescence.  

The particular role of aluminum doping in the solution with a strong dependence of the 

melting temperature on the concentration was showed. These variations in degradation 

temperature as a function of zinc and aluminum can be explained by a strong interaction at 

the interface of ZnO and PVA, attenuated by the aluminum in the doped nanofibers. 

These analyzes also clearly show that the degradation temperature is relatively low 

compared to the temperature necessary for the crystallization of nanofibers based on ZnO 
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and ZnO-Al, but also that the residual mass in the doped fibers approaches the residual mass 

of the pure PVA. Thus, we point out that ZnO being vaporized beyond this melting 

temperature, the production of ZnO-Al (AZO) nanofibers is particularly difficult or even 

impossible by the electrospinning method with annealing in air. 



 

156 

 

 

 



 

157 

 

  

  

  

  

  

  

  

 General Conclusions and Perspectives 

  



 

158 

 

  
 



  General Conclusions and Perspectives 

159 

 

General Conclusions and Perspectives 

In this manuscript, we have presented the work accomplished during my thesis at LMOPS. 

This work focused on the development of nanocomposites based on ZnO and FTO for their 

use as transparent conductive electrodes. The nanocomposites used during this work have 

two different configurations and are designed as follows: ZnO nanofibers with a thin layer of 

FTO. The choice of nanofibers as a nanostructure offers the possibility of realizing 

transparent, conductive and flexible electrodes at the same time. In this work, the targeted 

applications for the use of the as developed transparent conductive electrodes based on 

nano-fibers are those related to the recent development of sensors - photovoltaic cells, for 

example new perovskite or dye cells allowing their integration on flexible substrates. 

The first chapter begins by a general introduction about the transparent conductive oxides 

that states their unique properties with the different types of applications that they can be 

used for in addition to the different elaboration methods used for their fabrication. More 

specifically, a presentation of three TCO families (ITO, ZnO and FTO) were chosen due to 

their potential as transparent electrodes and importance in the market of opto-electronic 

devices. Nevertheless, the required properties of TCO are going beyond transparency and 

conductivity, to increased performance, cost effective and environmental friendly. Fulfilling 

these new requisites demands some changes in the traditional conception of TCO. Hence the 

integration of nanomaterials to manage and control functional capabilities became a 

challenge of today.  We discussed in the second part of this chapter this new approach by 

giving a specific attention to Zinc Oxide nanofibers which appear to have great potential for 

transparent electrodes. 

The second chapter is considered as an intermediate step and building block since it enables 

us to establish reference results without the nanostructuration which will be discussed in 

the following chapters. In this chapter, we give a detailed morphological and structural 

characterization of two thin films (ZnO and FTO). Firstly, in the ZnO thin film, we showed the 

particular link between the substrate position during the deposition process and the 

morphological properties of the film notably the grain size and texture. These parameters 

have direct influence on the generation of excitons with light and hence the optical 
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properties, specifically absorption and transmission of the film. Secondly, we have 

experimentally developed FTO thin films deposited by ultrasonic spray pyrolysis with 

different carrier gas flow rate and used a commercial FTO sample as reference sample.  The 

discussions on structural characterization by Raman spectroscopy and morphological by 

AFM were carried out in this part. Through these techniques, we showed that the films are 

dense nanocrystallized and rough. In addition well defined characteristic peaks of FTO were 

found in the Raman spectra which indicates the good quality of the developed samples 

during this work in compliance with commercial one.  

 The third chapter presents the various aspects occurring in the electrospinning technique 

used for the elaboration of transparent conductive electrodes developed on the basis of ZnO 

nanofibers. This technique, generally used for the manufacture of films in the form of 

polymer or organic nanowires, is an original and challenging technique for the development 

of transparent conductive electrodes. Indeed, as indicated in the manuscript, our work is 

based on a very limited number of publications relating to ZnO nanofibers from water based 

solutions, obtained by electrospinning.  

First of all we give a presentation of the electrospinning technique with all parameters 

having influence on the nanofiber elaboration. Along this chapter, we successfully deposited 

Zinc Oxide nanofibers by the electrospinning technique and showed the nanometric 

diameter and well crystallized structure through Transmission Electron Microscopy (TEM). 

We also made nanostructured samples by covering the ZnO nanofibers with a FTO thin film 

by the spray pyrolysis technique. The resultant samples were subject to morphological, 

optical and electrical characterizations. In the SEM images, the samples showed a 

nanostructured aspect with uniform grain size distribution even when compared to the 

standard reference FTO.  Optical properties, more specifically, transmission and haze factor 

were measured by UV-vis spectrophotometer. We realized two sample configurations: 

FTO_ZnO and ZnO_FTO. The samples showed good transmission values regardless of the 

nanofiber deposition time for the case were the thin film was deposited over the nanofibers. 

However, the recorded spectra for both cases where nanofibers were deposited over glass 

substrate and commercial FTO showed no significant contribution caused by the nanofibers; 

instead the results were similar to the corresponding reference substrate. Additionally, an 
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enhancement in the predicted haze values was also seen, indicating that we were successful 

in prolonging the light path in the nanocomposite samples without degrading their 

transparency. As for the electrical qualities, it was possible to test the resistivity of the 

nanocomposite samples where the results recorded an increase in resistivity values 

following the integration of ZnO nanofibers with the FTO thin film, but nevertheless the 

acquired values of the order 10-3 stays acceptable. Finally, even though we noted a 

degradation in the conductivity of the nanocomposite samples, that was expected and 

explained by the difference of conductivity between ZnO and FTO, we pointed out a 

remarkable increase in the haze factor for the nanocomposite FTO_ZnO samples.  

To overcome this drawback related to conductivity, adding Aluminum as dopant to the ZnO 

nanofibers is suggested in the last chapter. The number of publications relating to these new 

works is still clearly reduced in the literature. The addition of doping elements showed to 

have efficient contribution in the increase of conductivity. However, in the electrospinning 

process, the dopant addition into precursor solutions of PVA and zinc acetate and its effect 

on the morphological, structural and electric properties of ZnO nanofibers was poorly 

investigated by authors. That being the case, we concentrate in this chapter on creating the 

precursor solutions needed to produce aluminum-doped zinc oxide nanofibers with PVA 

serving as the polymer matrix. We also go over an optimization procedure to produce well-

shaped and organized nanofibers as well as the many implications this doping has on various 

levels. On a first level, we made a change in the aluminum precursor, initially aluminum 

chloride by aluminum acetate to maintain a solution pH suitable for ZnO nanofibers. After 

the precursor swap we observed a significant improvement in the nanofibers shape 

specifically after annealing. On another level, we made optimization through the annealing 

process and for this reason, we recorded the thermal behavior through TGA-DSC of 

nanofiber samples having different Al concentrations. This complementary study was 

chosen to contribute to the understanding of the modified nanofiber structure after heat 

treatment. Through this analysis we showed that the degradation temperature is relatively 

low compared to the temperature necessary for the crystallization of nanofibers based on 

ZnO and ZnO-Al, but also that the residual mass in the doped fibers approaches the residual 
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mass of the pure PVA. Thus, we point out that the production of ZnO-Al (AZO) nanofibers is 

particularly difficult or even impossible by the electrospinning method with annealing in air. 

This final outcome opens up new doors for the future. Concerning the electrospinning part, 

knowing that our work has shown the disappearance of Zn in the nanofibers from the 

beginning of Al doping, it seems strongly necessary to have to deepen the study of the deposit 

to understand the fate of Zn in the Al doped fibers. In the work presented in this thesis, we 

have focused on the characterizations of nanofibers from their prints to their crystallization 

by annealing. Our next short-term work will consist in carrying out deeper characterizations 

of the precursor solution to verify its composition after addition of aluminum acetate. It is 

hoped that these new measurements will allow an adaptation of the methodology followed 

in the preparation of the initial solution with, at the end, many tests in temperatures, in 

controlled atmosphere or not, or other changes which could be highlighted. by these new 

measures. 

Regardless of the final electrical and optical properties expected in the nanofibers, we 

propose to also try another metal dopant for the zinc oxide nanofibers, especially using the 

same methodology and approach presented here to understand if the phenomenon is bound 

only to aluminum. This new study, complementary to that proposed above in first 

perspective, should make it possible to understand the role of aluminum but also to consider 

a new dopant to improve the conduction of nanostructured electrodes by spun nanofibers. 

In addition to the physico-chemical characterizations considered as perspectives, 

perspectives concerning more technical processes on nanofibers are also imagined for this 

work. One new approach was suggested by Pr. D. Bellet and Dr. C. Jiménez of the LMGP 

laboratory-Grenoble.  As an alternative for doping to increase the conductivity, they have 

shown that cold welding is a promising technique for silver nanowires. It consists of applying 

moisture on the nanofiber film, without any technical support like the addition of materials 

or the use of specific facilities. This moisture induces a powerful driving capillary force which 

will be at the origin of fiber to fiber junction welding. This way a reduction of the junction 

resistance occurs by using a very simple technique without the need of doping elements. We 
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plan in a near future to use this cold welding technique to increase the conductivity of 

electrospun ZnO and ZnO nanofibers doped with metal ions.  

Our work carried out during this thesis, is relatively upstream compared to the planned 

applicative purpose concerning the realization of photovoltaic cells. In the continuity, it is 

then considered to extend our work by moving towards the devices and in particular, by the 

realization of a photovoltaic cell of the perovskite type integrating this type of electrode. The 

cells could, for example, be produced in partnership with a laboratory such as XLIM in 

Limoges with which the laboratory collaborates. 

Finally, as a new perspective opened by our work, zinc oxide nanofibers have the potential 

to be used in many devices and for many types of applications. We can cite, apart from their 

use as transparent conductive electrodes, they can be potentially interesting in biomedical 

applications where they can be used for dressing and healing (thanks to their non-toxicity) 

or as gas sensors for the detection of toxic substances and combustible gases. We do not plan 

to work directly on new developments, except within the framework of a collaboration, but 

the results that we have presented represent a possible contribution to this work by other 

teams.
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