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RESUME

Cette theése consiste a développer une cellule solaire photosensibilisée (DSSC) a base d’un nouveau
matériau d’oxyde de zinc (ZnO) dopé a I’aide d’acide tungstique (HWO4) que nous avons
synthétisé par la méthode sol-gel. Les DSSC sont des cellules solaires photovoltaiques de dernieres
générations qui connaissent de nos jours un essor rapide de performance dans les recherches et
développement. Le développement des DSSC a base d’oxyde de zinc présente des intéréts a cause
de la disponibilité et des propriétés opto-électronique de ce matériau. L oxyde de zinc peut étre
synthétisé a partir de plusieurs précurseurs (zinc, acétate de zinc dihydraté, ....) en empruntant

plusieurs voie de fabrication (sol-gel, hydrothermal, ...).

L’objectif de ce travail est de synthétiser un matériau susceptible de contribuer a I’amélioration de
la performance des DSSC a base de ZnO. Si nous introduisons deux semi-conducteurs comme
photo-anodes ayant tous les deux des niveaux de bandes de conduction en dessous du niveau de
1'état excité du sensibilisateur (LUMO) dans une configuration d'une pile solaire photo sensibilisée,
on augmenterait de deux fois la possibilité de transfert des électrons du sensibilisateur vers les
semi-conducteurs. Ceci pourrait fortement contribuer a augmenter les performances du la pile par

rapport a un seul semi-conducteur.

La méthode sol-gel a été utilisée pour la synthése de I’oxyde et son dopage a I’acide tungstique.
Les solutions a base d’oxyde de zinc ont été déposées sur un substrat en FTO par spin-coating ou
doctor blade. Ces échantillons sont séchés et recuits pour éliminer les composants organiques,
améliorer la cristallinité et la conductivité du matériau. L’oxyde de zinc et I’oxyde de zinc dopé

obtenus ont été caractérisés par :

e la diffraction au rayon X (XRD) pour confirmer la cristallinité hexagonale de 1’oxyde de
zinc et le calcul des tailles des grains;

e la microscopie ¢électronique a balayage (MEB) pour I’observation de la morphologie des
grains ;

e La spectroscopie UV-visible pour les mesures de transmittance et d’absorbance afin
déterminer différentes bandes gap des échantillons dopés allant de 3,24 4 3,57 eV.

e La spectroscopie photoélectronique a rayons X ou XPS ;
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e la spectroscopie par la transformée de Fourier ont confirmé les liaisons chimiques telles
que Zn-O, W-O dans les échantillons ;

e la méthode de courant de Foucault pour évaluer les résistances surfaciques;

e la spectroscopie dispersive d’électrons (EDS).
Les échantillons d’oxyde de zinc et d’oxyde de zinc déposé sur le FTO ont été utilisés comme
anode dans la fabrication des DSSC. L’anode a été trempée dans une solution de 0,3 mM de
colorant N719 pendant 30 minutes avant d’étre retirée et séchée : c’est la photoanode qui donne
une réponse spectrale dans le domaine de spectrale de I’UV-visible. La cathode a été élaborée en
déposant une couche mince de la solution platisol sur le FTO. La solution déposée a été séchée et
recuite a 450°C et on obtient la cathode en platine. Les deux électrodes ont été assemblées en
insérant entre eux I’électrolyte en ion iodure et ion triiodure (I'/I37). Les mesures courant-tension
ont permis d’évaluer d’autres performances électriques des DSSC : courbe puissance-tension, les
résistances série et shunt pour les différentes DSSC fabriquées.
Pour les différentes cellules solaires DSSC ¢laborées et éclairées dans les conditions standards
(STC), la tension en circuit ouvert est de 0,75 +0,02 V alors qu’on a une augmentation significative
de 24,6 % pour le courant de fonctionnement optimal (12,2 £0,001 mA/cm?) pour les DSSC dopé
par rapport a celle non dopé (9,2+0,001 mA/cm?). Cela engendre des rendements de conversion
photovoltaique de 5,52 % pour les DSSC non dopés et 7,1 % pour les DSSC dopés a 10* M de
HoWOs. Par rapport a ZnO seul, ces améliorations sont attribuées a plusieurs raisons séparées ou
concomitantes. La premiere qui serait probable est I’ajout de WO3 a ZnO. Ceci favoriserait plus de
transferts d’¢électrons du niveau d’énergie du LUMO du sensibilisateur aux bandes de conduction
de WOs et de ZnO. La deuxiéme raison serait éventuellement due a une plus grande adsorption du
colorant et a une diminution des centres de recombinaisons des électrons photoexcités. La troisieme
raison pourrait étre due a un effet synergétique entre les deux raisons ci-dessus.
Par ailleurs, I’effet de ’acide tungstique (pour 10* M de dopant) a contribué a diminuer la taille
des cristallites (de 27,42 nm jusqu’a une valeur minimale de 17,14 nm) ce qui correspond a une
diminution des résistances surfaciques (de 2,29 Q/sq a 1,45 Q/sq) et séries (de 8,19 Q.cm? 4 5,5
Q.cm?) de la cellule DSSC dopée.
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ABSTRACT

This thesis consists in developing a photosensitized solar cell (DSSC) based on a new material of
zinc oxide (ZnO) doped with tungstic acid (H2WO4). DSSCs are the latest generation of
photovoltaic solar cells that are experiencing a rapid increase in performance in research and
development. The development of DSSCs based on zinc oxide is of interest because of the
availability and opto-electronic properties of this material. It can be synthesized from several

precursors (zinc, zinc acetate dihydrate, ....) using several fabrication routes (sol-gel, hydrothermal,
)

The objective of this work is to synthesize a material that can contribute to the improvement of the
performance of ZnO-based DSSCs. If we introduce two semiconductors as photoanodes both
having conduction band levels below the excited state level of the dye (LUMO) in a photo-
sensitized solar cell configuration, we would increase the possibility of electron transfer from the
dye to the semiconductors by two factors. This could strongly contribute to increase the

performance of the battery compared to a single semiconductor.

The sol-gel method was used for the synthesis of the oxide and its doping with tungstic acid. The
zinc oxide solutions were deposited on an FTO substrate by spin-coating or doctor blade. These
samples were dried and annealed to remove organic components, improve the crystallinity and

conductivity of the material. The obtained zinc oxide and doped zinc oxide were characterized by:

e X-ray diffraction (XRD) to confirm the hexagonal crystallinity of zinc oxide and calculation
of grain sizes;

e Scanning electron microscopy (SEM) for the observation of the grain morphology.

e UV-visible spectroscopy for transmittance and absorbance measurements to determine
different gap bands of doped samples ranging from 3.24 to 3.57 eV.

e X-ray photoelectron spectroscopy (XPS);

e Fourier transform spectroscopy confirmed the chemical bonds such as Zn-O, W-O in the
samples;

e Eddy current method to evaluate the sheet resistance;

e Electron dispersive spectroscopy (EDS) characterization.
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Zinc oxide and zinc oxide samples deposited on the FTO were used as anode in the fabrication of
DSSCs. The anode was soaked in a 0.3 mM solution of N719 dye for 30 minutes before being
removed and dried: this is the photoanode that gives a spectral response in the UV-visible spectral
range. The cathode was elaborated by depositing a thin layer of the platisol solution on the FTO.
The deposited solution was dried and annealed at 450°C to obtain the platinum cathode. The two
electrodes were assembled by inserting between them the iodide ion and triiodide ion electrolyte
(I'/I3"). The current-voltage measurements allowed to evaluate other electrical performances of the

DSSCs: power-voltage curve, series and shunt resistances for the different DSSCs manufactured.

For the different DSSC solar cells developed and illuminated under standard conditions (STC), the
open circuit voltage is 0.75 £0.02 V while there is a significant increase of 24.6 % for the optimum
operating current for the doped DSSCs (12.2 mA/cm?) compared to the undoped one (9.2 mA/cm?).
This results in photovoltaic conversion efficiencies of 5.52 % for undoped DSSCs and 7.1% for
DSSCs doped with 10% M HoWOu. These improvements can be attributed to several reasons. The
first could attributed to the addition of the WOs3 to ZnO. This would easier more electron transferts
from the LUMO band level of the photosensitizer to the WO3 and ZnO conduction band levels.
The second reason could be the possibly greater dye adsorption and a decrease in photoexcited
electron recombination centers. The third reason could be the synergetic effect of these two above

reasons.

Furthermore, the effect of tungstic acid (for 10* M dopant) contributed to decrease the crystallite
size (from 27.42 nm down to a minimum value of 17.14 nm) which corresponds to a decrease in
the sheets resistances (from 2.29 Q/sq to 1.45 Q/sq) and series resistances (from 8.19 Q.cm? to 5.5
Q.cm?) resistances of the doped DSSC.
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LISTE DES SIGLES ET ABREVIATIONS

a-Si : silicium amorphe

DSSC ou DSC : dye-sensitized solar cell

CBD : « chemical bath deposition ». Dépdt chimique de bain ou procédé a la solution contenant
des précurseurs pour le dépot des nanomatériaux sur un substrat.

CVD : « chemical vapour deposition ». Dépot chimique en phase vapeur est une technique de dépot
sous vide de couches minces a partir des précurseurs gazeux. Le substrat est exposé aux
précurseurs en phase gazeuse qui réagissent a sa surface pour générer le dépot désiré.

DCM : “dip coating method”. Technique de revétement du substrat par immersion dans la solution
du matériau de revétement. Ensuite le substrat est retiré a vitesse constante de la solution pour avoir
un dépot de couche mince. La vitesse de retrait détermine 1’épaisseur de revétement requise.
DBT: « Doctor-blade technique ». Technique de revétement des couches minces controlé a I’aide
d’une lame/couteau.

DFT : density functional theoritical

EBPVD: Electron Beam PVD

EDM : « electrodeposited method ». L’électrodéposition est une technique électrolytique de dépot
des couches minces dans laquelle les ions métalliques présents dans 1’électrolyte subissent un effet
¢électrique pour aller se déposer sur le substrat.

FF : facteur de forme

FTIR : la spectroscopie par la transformée de Fourier Infra-rouge

FWHM: full width at half maximum désigne la largeur a mi-hauteur.

HTM : « hydrothermal method ». Technique de synthése de nanocristaux a partir d’une solution
aqueuse. Conditions d’opérations : hautes températures, fortes pressions de vapeur.

HPAs : hétéropolyacides

IR : Infra-rouge

Isc : courant de court-circuit est le courant qui traverse la cellule lorsque la tension aux bornes la
cellule est nulle. Pour une cellule solaire, le courant de court-circuit résulte de la génération et de
la collecte des porteurs de charges générés par les rayons lumineux. Pour une cellule solaire idéale

(aucune pertes résistives) , le courant de court-circuit est identique au courant généré par la lumicere.
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Jsc : densité de courant de court-circuit est le rapport du courant de court-circuit par la surface a
I’électrode.
MEB : microscope ¢électronique a balayage
PEN: polyethylene naphthalate
PVD : « physical vapour deposition ». Dépot physique par vapeur consiste a transformer le solide
ou liquide de revétement en vapeur et ensuite cette derni¢re est conduite et condenser pour dépot
sur le substrat.
PCE : power convertion effeciency or the ratio of incident light power to output electrical power.
PV : photovoltaique
SGM : sol-gel method
sccm : standard centimétre cube par minute (ou systéme métrique centiméetre cube par minute)
SP: screen-printing
S’ Sputtering
SWCN : single wall carbon nanotubes
SCM : « spin-coating method ». Technique de déposition des couches minces a 1’aide d’une
machine tournante appelée “spinner” ou « spin coater ».
SGM : “sol-gel method”. Solution — gélification.
StSt : stainless steel
STC: standard test conditions
TCEF : transparent conducting films
TCO : transparent conducting oxide
UV : ultra-violet
Vco est la tension en circuit ouvert ou la tension maximale disponible aux bornes d’une cellule
solaire et cela se produit a courant nul.
XRD ou DRX : désigne la diffraction par rayons X

XPS : la spectroscopie photo-¢lectronique a rayons X



CHAPITRE1 INTRODUCTION

Les activités industrielles, résidentielles ou d’approvisionnements de 1'Homme ont atteint un
niveau tel qu'elles perturbent significativement l'environnement et rendent nécessaire de
reconsidérer nos ressources énergétiques, notamment en faisant apparaitre la part des énergies
renouvelables qui, par nature, nous permettent de mieux envisager un réel développement durable.
Cette augmentation des besoins €nergétiques de 1’humanité s’accompagne de 1’épuisement des
sources d’énergies fossiles et causent sérieusement des impacts néfastes sur la santé de I’homme
et sur I’environnement notamment par le changement climatique, la pollution de 1’air par les gaz a
effet de serres contribuant a un réchauffement de notre planéte terre. Pour freiner ces phénomeénes
de changement et réchauffement climatique, de pollution de I’air par les gaz a effet de serre,
engendrés par des sources d’énergie non propre et répondre a cette crise énergétique dans un souci
de développement durable, des nouvelles technologies d’exploitation d’énergie solaire comme
source d‘énergie alternative ont connu un essor ces derniéres années, des plans d’action sont
encouragés par la plupart des gouvernements et des organismes internationaux pour promouvoir
les énergies renouvelables. En guise d’illustration, la filiere solaire photovoltaique a connu une

croissance de production dans le monde d’au moins 50 GW en 2015 et 2018 (Jager-Waldau, 2019).

L’énergie solaire est abondante et est la principale source des énergies renouvelables mais qui reste
sous exploitée par I’homme pour son bien-étre. En effet, si on arrivait a capter une heure
d’ensoleillement de 1000 W/m? incident sur la surface de la terre, cette énergie (4,58 10%° J)
suffirait a couvrir deux fois le besoin énergétique mondial en 2020. L’énergie solaire est exploitable
via des capteurs solaires thermodynamiques a concentration (Fresnel, cylindro-parabolique,
centrale a tour) ou des panneaux solaires pour la conversion en énergie €lectrique. Pour une méme
puissance ¢lectrique produite, les panneaux solaires photovoltaiques (PV) sont trois fois moins
onéreux par rapport aux capteurs solaires thermodynamiques a concentration. Ces cofts sont liés a
quelques atouts que présentent la technologie des panneaux solaires PV dont la facilité
d’installation décentralisée en réseau autonome sur les sites d’exploitations, la facilité de
maintenance et le fonctionnement de ses composantes qui sont fixes contrairement aux capteurs
thermodynamiques qui sont mobiles. Cela permet de supprimer les pertes dans la gestion des
composantes mobiles de la centrale et du transport d’énergie (qui est exigé des grandes lignes

¢lectriques).
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La technologie solaire PV est une application dite verte qui peut apporter des solutions durables
notamment sur la réduction des émissions de GES, sur la disponibilité et I’accessibilité¢ de la
ressource. Mettre en exergue les panneaux solaires dans cette illustration fait mention de I’effet
photovoltaique qui est la capacité que certains matériaux ont a convertir I'énergie contenue dans le

rayonnement solaire en électricité.

Plusieurs technologies des cellules PV regroupées en 3 filiéres PV ont été¢ développées depuis la
découverte de I’effet photoélectrochimique par Becquerel en 1839 pour répondre aux besoins
énergétiques en appoint, en autonomie ou comme centrale électrique. Ces différentes technologies
de cellules solaires présentent des avantages mais aussi des inconvénients et des limites de

performances.

La premicere filiére solaire photovoltaique a silicium qui est une technologie mature et qui domine
le marché du solaire photovoltaique avec plus de 90 % (Bhandari, Collier, Ellingson, & Apul, 2015;
Photovoltaics report, 2021) des panneaux solaires a silicium en production dans le monde (Figure
1.1). Cette maturité peut étre justifiée par le fait que ces cellules PV peuvent étre produits comme
des sous-produits des composants électroniques (diode, transistors, ...) et que leur rendement
maximal de conversion électrique au laboratoire est de 26,7 % (Green et al., 2021); ce qui est
intéressant pour une utilisation quotidienne de 1’électricité. Cependant, la génération des cellules
a silicium pose des problémes qui sont : procédés métallurgiques énergivores, peu respectueux de
I’environnement avec des rejets des matieres toxiques (monoxyde de carbone) durant leur
fabrication. Sur le plan environnemental, pour une tonne de silicium produite, 5000 m* de CO sont

émis (O. Savadogo, cours solaire PV, Polytechnique de Montréal, 2020).
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Figure 1.1 : Pourcentage des parts de marchés des technologies solaires PV (Bhandari et al.,
2015)

La deuxiéme génération des cellules PV est celle des couches minces tels que le tellure de cadmium
(CdTe), séléniure de cuivre indium gallium (CulnGa(Se)2 ou CIGS), silicium amorphe (a-Si). Les
cellules solaires a base de Cd présentent I’inconvénient que le Cd a un impact de toxicité sur la
santé humaine et une écotoxicité alors que les panneaux solaires CIGS sont onéreux a cause de la
rareté de Ga qui est plus rare que I’or. Un autre frein technologique des filieres des cellules PV ci-
haut mentionnées est le temps récupération de 1’énergie investie pour les différentes technologies
pour une irradiation de 1700 kWh/m?*/an a été estimée entre 4,0 ans a 1,0 an (Bhandari et al., 2015;
Photovoltaics report, 2021; Shah et al., 2004).

A la lumiére des inconvénients écologiques et des limites de performances des cellules solaires PV
ci-haut mentionnés, pourquoi ne pas développer des cellules solaires moins énergivores dans leur
fabrication, plus respectueux de I’environnement et avec des meilleures performances comme une
source d’énergie renouvelable ?

Pour répondre a cette question des chercheurs ont opté pour une troisiéme génération des cellules
PV en effectuant des recherches sur des cellules PV organiques et les cellules semi-organiques
telles que les cellules photosensibilisées a colorant constituées de composants renouvelables et
écologiques. Les cellules photosensibilisées a colorant (en anglais « dye-sensitized solar cell » ou
en abréviation DSSC ou encore DSC) sont des cellules solaires de troisiéme génération a couches
minces (d’ordre nanométrique) élaborées a 1’aide des colorants organiques ou synthétisés. On peut

en effet citer quelques avantages de ces types de cellules qui sont:



e Faible colt de fabrication : possibilité¢ des procédés de fabrication moins énergivore et aux
basses températures tels que les DSSC a base de polymeres;

e Flexibilités, facilement adaptable sur une géométrie. Réalisable sur un substrat rigide (verre
par exemple) ou sur un substrat souple (polymere, métal);

e Matériaux avec différents bandes interdites;

e (Cellules potentiellement semi-transparentes;

e Disponibilit¢ des matériaux (colorant extrait des plantes naturelles, semi-conducteurs tel
que I’oxyde de zinc abondant, électrode en carbone);

e Possibilité d’une forte diminution des matériaux (structure nanométrique) utilisés dans la
fabrication;

e Fonctionnement aux faibles éclairements lumineux;

e Angles d’incidence des rayons lumineux peu influents;

e Accés aux cellules de grande surface.

Leur développement est une solution pour réduire la quantité d’énergie consommée lors de la
fabrication des cellules photovoltaiques et protéger I’environnement. C’est sur cette ligne que nous
inscrivons notre axe de recherche doctoral intitulé: « Développement des piles solaires

photosensibilisées flexibles a base d’oxyde de zinc dopé ».

Les cellules photosensibilisées (DSSC) sont des cellules photo-électrochimiques fabriquées a base
des couches minces des matériaux optiquement transparents et ¢lectriquement conducteurs (TCF
ou transparent conducting films) sur les quels un sensibilisateur ou colorant est adsorbé pour
obtenir une photoanode. On distingue les TCF inorganiques communément appelés couche
d’oxyde conducteur (TCO ou transparent conducting oxyde) de celle organique tel que le nanotube
de carbone, le graphéne dans 1’élaboration des DSSC. Les TCO sont des semi-conducteurs d’oxyde
de titane tels que (Ti0O2), d’étain (Sn0O.), de zinc (ZnO), de tungstéene (WO3). Ce sont des semi-
conducteurs a large bande interdite qui joue de rdle de transport des porteurs de charge photo-
induites. Le choix d’une électrode a base de 1’oxyde de zinc se justifie par 1’abondance de zinc,
le faible cotit de fabrication de ZnO, la biocompatibilité de ZnO et la bonne mobilité des électrons
de ZnO. Les DSSC sont respectueuses de 1I’environnement [2].
Toutefois, les DSSC présentent également quelques inconvénients :

¢ Rendement faible notamment les cellules a base de ZnO;

* Durée de vie plus courte par rapport a la cellule a Si;

* La plupart utilise I’¢électrolyte avec une température de stabilité maximale;

* La fatigue de ces cellules ne sont pas encore parfaitement non-maitrisée.



Le tableau 1.1 est le récapitulatif des cellules ci-haut cité avec leurs atouts et limites.

Tableau 1.1: Description de quelques technologies PV avec leur rendement maximal.

Rendement (%) et

Cellule PV Description Filiere Atouts majeurs Limites majeures
(Abréviation) référence
Silicium Structure cristalline Silicium Ressource primaire abondant Fabrication énergivore, 26,7+0,5 (K.
monocristallin ordonnée, rigide, a (silice), Technologie mature, épaisseur : 200-350 pm, Yoshikawa et al.,
(sc-Si) bande directe. bon rendement. Rendement faible sous faibles 2017)
Apparence bleue. éclairements, sensible a
Silicium Multitudes de petits Silice abondante, Bon rapport I’échauffement. 19,8 (J. Zhao,
mutlicristallin cristaux a orientations colt/rendement, production Wang, Green, &
(mc-Si) variées rigide, bande moins délicate que sc-Si, Ferrazza, 1998)
directe. Apparence domine le marché.
bleutée non uniforme.
Silicium Structure désordonnée. Silice abondante, Faible rendement. Effet 10,3% (Lambertz,
amorphe(a-Si) Flexible, bande Fonctionnement aux faibles Wronski-Staebler. Finger, Schropp,
indirecte. Apparence luminosités. Appliqué sur une Rau, & Smirnov,
gris foncé. Peu sensible grande surface 2015)
a I’échauffement <60°C
Tandem (a-Si/sc- Jonction entre Rendement élevé. Cont élevé. 12,3+£0,3 (TEL
Si) matériaux cristallins et Solar, Trubbach
amorphes Labs, 2014)
GaAs Matériau en couche Couche Rendement élevé et peu Eléments rares. Coit élevé. 30,5+ 1 (NREL, 1
mince flexible mince sensible a la chaleur jonction ,2018)
CIGS Matériau en couche Eléments rares. Cott élevé. 23,35+0,5 (Solar
mince flexible Frontier, 2018)
CdTe Matériau en couche Moins sensible a chaleur que Toxicité de Cd. Rendement 22,1+0,5 (First
mince flexible. Si, fonctionne aux faibles panneau commercial faible. Solar, 2018)
luminosités, peu onéreux.

CZTS Hétérojonction entre Matériaux courant et non Rendement faible 11,0+0,2 (UNSW,
Cu,ZnSn(8S,Se), et un toxique. 2017)
semi-conducteur dopé

Multijonctions : Jonctions de plusieurs Trés bon rendement Cofit élevé 47,1£2,6 (NREL,
AlGalnP/AlGaAs/ | (6 ici) semi-conducteurs 2019)
GaAs/GalnAs(3) a spectre d’absorption
complémentaire
Sensibilisée Composants mixtes Coit Coit de fabrication faible, Rendement faible. 7,5% (Vittal & Ho,
(DSSC/DSC) a organique (colorant) et faible acces aux cellules de grandes 2017), (Gerrit
base de ZnO inorganique (¢lectrode), surfaces, fonctionnement aux Boschloo,
flexible. faibles éclairements. Edvinsson, &

Hagfeldt, 2006), (I.-
D. Kim et al., 2007),

(Chauhan, Shinde,

Kumar, Gosavi, &

Amalnerkar, 2016),

(Y.-Z. Zheng et al.,

2010)
DSSC a base de 12,3-14% (Kakiage
TiO, etal., 2015; Mathew
etal., 2014; Yella et
al.,, 2011)
Pérovskite Fatigue non-maitrisée' 26,4+0,8 (Nanjing
U., JET, 2021)
Organique Composants polymeére Cout de fabrication faible, Fatigue non-maitrisée 18,240,2 (SJTU,
fonctionnement aux faibles NREL, 2020)

(couche mince)

et/ou de composé
organique moléculaire
flexible

éclairements.

1 Source:

https://www.pv-magazine.fr/2020/11/25/une-cellule-solaire-perovskite-efficace-a-2517-grace-a-une-
nouvelle-couche-photoactive/




Dans la revue de littérature de Kolodziejczak-Radzimska et al. (Kolodziejczak-Radzimska &
Jesionowski, 2014) portants sur 1’oxyde et ses additifs, il a été notifié I’effet des ions métalliques
sur les propriétés physico-chimiques de 1’oxyde de zinc. Les conclusions des travaux de Weinstock
ont révelé que les hétéropolyacides et les additifs a base de W, O et H sont des excellents accepteurs
d’¢électrons dans leurs bandes de conduction (Weinstock, 1998). L’hypothese de ce travail se
résume a doper 1’oxyde de zinc par des additifs : acide tungstique (H2WOs), oxyde de tungsténe

(WO:3), hétéropolyacides (HPAs), afin d’améliorer ses propriétés électriques.

Les résultats attendus sont le développement des nouveaux matériaux obtenus a base de ZnO
dopé a I’acide tungstique, a 1’oxyde de tungsténe, aux HPAs et le développement d’une nouvelle
cellule DSSC a I’aide de ces nouveaux matériaux. Autrement dit a travers ce projet de recherche,
nous voudrions contribuer a améliorer en rendement des piles solaires a couches minces a base de
ZnO dopé. Cette these entre dans le cadre des recherches dans le domaine du photovoltaique pour
faire baisser le colit des piles solaires photovoltaiques par le développement d’une méthode
fabrication des cellules solaires peu énergivore et plus écologique par rapport a la technologie
silicium. La pertinence de ce projet s’inscrit dans le cadre du développement durable notamment
la réduction des gaz a effet de serre, la protection de I’environnement par une production
d’¢électricité sans émission de COs».

Ce document est reparti en 7 chapitres dont le premier chapitre commence par 1’ introduction.

Le chapitre 2 est Iarticle 1 qui aborde 1’état de I’art sur I’oxyde de zinc dans sa méthodologie de
fabrication, ses propriétés électriques, optiques, structurales et ses différents dopants comme
photoanode en vue d’applications dans les cellules photovoltaiques sensibilisées a colorant

(DSSC).

Le troisiéme chapitre fixe les objectifs de la theése et décrit la méthodologie adoptée (techniques

d’élaboration) pour traiter le sujet.

Le quatriéme chapitre traite les techniques d’analyses physico-chimiques des composants de la

cellule DSSC et la caractérisation courant-tension des cellules DSSC.

Le chapitre 5 est I’article 2 qui traite de 1’élaboration des couches minces de ZnO et ZnO dopé a

I’acide tungstique et leurs caractérisations comme photoanode.



Le chapitre 6 est I’article 3 consacré a la fabrication des DSSC a base de ZnO :HoWO4. Ces DSSC
fabriquées ont été¢ soumises aux mesures courant-tension et leurs performances (rendement, facteur

de forme, résistance série, résistance parall¢le, résistance caractéristique) ont été¢ déterminées.
Une courte discussion a été menée sur 1’ensemble de ces résultats au chapitre 7.

Enfin une conclusion générale de la these a été tirée avec des perspectives dans le dernier chapitre.
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2.1 Abstract

A state of the art is made on the various materials of dye-sensitized solar cells (DSSC) based on
metal oxides. A culmination was put on zinc oxide (ZnO), its properties (structural, electrical,
optical, piezoelectric) and its dopants for use in electricity generating cells such as DSSC and
nanogenerator. A dozen development methodologies (such as sol-gel, Hydrothermal, PVD, CVD,
electrodeposition) and techniques for depositing thin layers in a DSSC cell (spin coating, doctor
blade, dip-coating, pulsed laser deposition) from ZnO /doped ZnO have been reported. Depending
on the technique’s synthesis and doping elements, resistivity, charge carriers, band gap,
morphology and size of crystallite in semiconductor (ZnO) are modified. Flexible and non-flexible
substrates, complex of ruthenium or natural dyes, liquid or solid electrolytes constituting the DSSC
have also been described. These technically assembled electrode, dye and electrolyte materials give
DSSCs. Finally, a discussion was conducted on electrode materials: their performance, their limits

and some development tracks are suggested.

Keywords: zinc oxide, band gap, electrodes, dye-sensitized solar cell




2.2 Introduction

DSSCs are solar cells that allow light to be converted into electricity using the concept of
electrochemical photocell. In such a cell is an anode photo which can be semiconductor oxide
particles shaped into a thin mesoporous layer sensitized using sensitizers such as the complex
ruthenium dye. At the other electrode of the cell is a generally platinum counter electrode which
bathes in an electrolyte containing ions such as the redox couple (I/13"). When the cell is lit,
chemical reactions in solutions and interfaces occur to produce a measurable electrical voltage at
the terminals of the cell: this is the photoelectrochemical effect. After the discovery of the
photoelectrochemical effect in 1839 by Becquerel (Williams, 1960) binary semiconductors
including ZnO, ZnTe, ZnS, CdS, CdTe, Cu,0 immersed in electrolytes were tested as electrodes
of solar cells in 1960 by R. Williams (Williams, 1960). Later in 1970, Tributsch and Calvin
(Tributsch & Calvin, 1971) studied the phenomenon of photoexcitation in a cell based on ZnO
with the sensitized anode with chlorophyll in contact with a platinum counter electrode. Tributsch
and Calvin explained how a solar cell works sensitized by the fact that it is the sensitizer adsorbed
on the ZnO which injects electrons into the conduction band of the semiconductor when the
chlorophyll is excited with sufficient energy. Since then, advances in research and development
have been made to develop new sensitized cells capable of supplying electricity to meet the ever-
increasing energy need of ordinary people. Thus in 1980, by studying photosensitized cells based
on CdS, TiO; or ZnO semiconductor with anode, Matsumura et al. .(Matsumura, Matsudaira,
Tsubomura, Takata, & Yanagida, 1980) reach a record yield of 2.5% for the ZnO cell doped with
aluminum / bengal pink as a dye and the redox (I/I37) torque as an electrolyte. These researchers
revealed the importance of the effect of doping ZnO by aluminum; this doping would have been
the cause of an increase in the porosity of the interior of the semiconductor and the decrease in its
electrical resistance, which would have contributed to the injection efficiency of the dye molecules.
In 1991, O. Reagen and M. Gratzel (O'Regan & Gritzel, 1991) with an anode sensitized to the
complex dye ruthenium (Ru) semiconductor, developed for the first time a DSSC cell with a record
efficiency of 7.1- 7.9%, which is relatively usable as an energy source. This result had raised hopes
that the DSSCs are now an alternative in the production of energy. However, there are some
challenges to be met, apart from the efficiency of the cell to be increased among others: the stability

of the dye and the electrolyte in the cell (in time and / or under heat), the phenomenon of corrosion
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of materials, compatibility between the electrolyte and the electrodes. Liquid electrolyte poses
problems including its volatilization, its influence on the distribution of the dye at the interface of
the photoanode and a low stability of the cell. In response to these challenges, each component of
a DSSC cell has attracted the attention of several research and development groups. Note that in
1993 the Swiss company Solaronix marketed materials to promote research, development, and the
industry of sensitized solar panels. In 2002, the development of polymer gels in place of
electrolytes led to DSSCs reaching a efficiency of 5.6% (P. Wang, Zakeeruddin, Exnar, & Gratzel,
2002). Until recently in 2014, Ahn et al. (Ahn, Kim, Chi, & Kim, 2014) broke this record with an
8.2% yield by developing a DSSC in the solid state. In 2006, thanks to the use of a ‘high haze’
TiO2 anode on which the black dye dye and a platinum counter electrode in contact with the redox
(I/13) torque are adsorbed, the efficiencies of DSSC quickly reached 11.1% (Chiba et al., 2006).
Meanwhile in 2009, using a heteroleptic ruthenium sensitizer incorporating hexylthio-
biothiophenic antennas rich in electrons, Chen et al. (C. Y. Chen et al., 2009) achieved a yield of
11.5%. In the same year 2009, the first commercializations of the DSSC were made by the company
G-24 Power Limited. Shortly thereafter, several other DSSC marketing companies such as Dyesol,
Solar print, Sony Corporation, H. Glass, Exeger Operations AB were created. In 2011, A. Yella et
al. (Yellaetal., 2011) formulated that redox torque shuttles (I'/13°) limit the performance of DSSCs.
They implement DSSCs with a redox electrolyte based on cobalt (II/IIT) and with a dye (organic
without metal) porphyrin reaching a yield of 12.3%. In 2014, other research by M. Gratzel's group
on the use of porphyrin as dye molecules achieved 13% yield (Mathew et al., 2014). The following
year, K. Kakiage et al (Kakiage et al., 2015) achieved 14% efficiency performance by developing
solar cells with joint awareness of silyl anchor dyes (ADEKA-1) and carboxy anchorage (LEG 4).
TiO2-based DSSCs achieved a maximum effiency of 12.3-14% (Kakiage et al., 2015; Mathew et
al., 2014; Yella et al., 2011). This figure increased to 15% thanks to the implementation of the
perovskite pigment in a matrix of TiO2 nanoporous (J. Burschka et al., 2013; Hu et al., 2014; Omar
& Abdullah, 2014). The thermodynamic, kinetic and charge transport properties of TiO2 and ZnO
are comparable (K. Keis et al., 2002). Zinc oxide is considered the best alternative close to TiO»
for DSSC cells since the start of research on TiOz-based DSSCs ; this trend is attributable to the
facts that TiO; and ZnO have the same electronic properties and the same prohibited band energies,

respectively ~ 3.2 eV and ~ 3.3 eV, and ZnO has a much higher electron diffusivity than TiO»
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(Archana, Jose, Vijila, & Ramakrishna, 2009) and also has great electronic mobility (200 cm? V!
s'') (Norton et al., 2004) which is favorable for efficient electron transport in the semiconductor
and for the reduction of the recombination rate. In addition, the morphology and size of the ZnO
crystals can be controlled in a synthesis (K. Keis et al., 2002) according to the conditions of
preparations. However, ZnO-based DSSCs have an uncompetitive effiency which is less than or
equal to 7.5% (Gerrit Boschloo et al., 2006; Chauhan et al., 2016; I.-D. Kim et al., 2007; Vittal &
Ho, 2017; Y.-Z. Zheng et al., 2010) despite the advantages of the properties of this semiconductor.
Zinc oxide is also non-toxic. In view of the above-mentioned assets and its abundance on earth,
several researches intensify around ZnO including the morphology of the material which can
improve the transfer of electrons in the mesoporous semiconductor, a decrease in the size of
particles with high surfaces to increase the size, the amount of dye absorption, minimization of
recombinations of photoexcited electrons, ... The objective of this review is to state the art on:

* The properties of ZnO: structural, optical (band gaps), electrical (resistivity) and

piezoelectrical used in devices of generations of electricity.

* The operating principle of the DSSC cell.

* Some technologies for developing commonly used electrode materials

* The electrode materials used with their limits and challenges corresponding to DSSCs.

* Photo sensitizers used limits and challenges.

* Electrolyte used challenges and limits.

* Resultsand discussions on developed batteries.

* Conclusion and perspectives.

2.3 Materials and Methods

We have illustrated the literature review with some results we have obtained in our laboratory. The
materials used are the following. The Factsage software was used to know the stability and
synthesis range of ZnO. For the sol-gel method and thin film deposition, we had: the precursor zinc
acetate dihydrate (Zn(CH3COO)2 2H>0, 98.0 to 101.0% Sigma Aldrich), the solvent which is an
alcohol: ethanol 95.0%, methanol or isopropanol, catalyst (NaOH >97% Sigma Aldrich, HCI 15%
or KOH) and stabilizer (monoethanolamine HOCH:CH>NH: 99.95% Fisher Chemical,

diethanolamine, tetramethylammonium hydroxide or ethyldiaminetetraacetate). These chemicals
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are used without further purification. The substrate used is a glass on which a layer of fluorine-
doped tin dioxide FTO (SnO2 : F, glass) of the brand Sigma Aldrich TEC7 was applied. The
characteristics (of a good substrate) of the FTO (for a DSSC cell) are:

. transparent to light with a transmittance of 80-82 % visible;
. low electrical resistance to facilitate electron flow; 7 Q/m?;
. This electrical resistance must be independent of temperature up to a temperature of 500°C,

which is the operating temperature of the sol-gel method;

. Cut surface of the substrate: 2 cm x 2 ¢cm for an active surface of deposit of 1 cm?.

A KW-4A spin-coater (8500 rpm & 3.9” max) and Automatic Doctor Blade MSK-AFA-III
equipment are also available for the deposition of solutions on the FTO substrate. The solutions
deposited at room temperature and under an atmosphere were dried in a Thelco Laboratory OVEN
dryer. A VULCAN 3-550 programmable oven was used for annealing ZnO.

The JEOL JSM-7600F SEM was used to observe the surfaces of the ZnO and W doped ZnO

samples.

2.4 ZnO and doped ZnO and its properties in electricity production devices

Zinc oxide is a binary compound belonging to group Il and VI or binary II-VI semiconductor. Zinc
oxide also known as "zinc white", "zinc monoxide" or "permanent white" with the formula ZnO is
an inorganic component that looks like a powder of off-white to yellow and odorless color. This
variation in white color depends on the impurities it contains or when it is heated at high
temperature (a few hundred degrees Celsius) the zinc oxide turns yellow. This thermochromic
effect that we checked during annealing between 400 °C and 500 °C in the laboratory is interpreted
as the presence of the oxygen gaps that form during calcination. In natural form zinc oxide is
presented as zincite containing magnesium and impurities. It is almost insoluble in pure water
which allows in the case of synthesis where there is formation of water to separate it from the
water. Zinc oxide is an amphoteric (acid and basic properties) but its area of stability is between
pH = 5.8 to 14 (see diagram of Pourbaix Figure 2.1) and resists corrosion. The index Zn diagram
(-2) indicates that its field of stability in an aqueous medium for almost neutral and basic pH (Figure

2.1). Its oxidation rate with the electrolyte is minimal which gives it stability and a long service

life to the ZnO-based battery (Kay & Gritzel, 2002). Zinc oxide has a hexagonal wurtzite-type
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crystallographic structure (Norton et al., 2004); this offers the possibility of flexibility of the
material (Belaid et al., 2015). Its isoelectric point (zero load point) is at 9 pH. This justifies the
choice of bases as sodium hydroxide (NaOH) or potassium hydroxide (KOH) as a catalyst in its
synthesis.
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Figure 2.1: Pourbaix diagram of index (-2) of ZnO delimiting the stability zone of ZnO from pH=7

to 13.8 (simulation with data from Factasage 8.1)

Zinc oxide is obtained by purification of zincite or by synthesis from the precursors mentioned
above. The abundance of the zinc precursor on the earth's crust is approximately 132 ppm (Center,
Consulté le 28 Novembre 2021) making it the 24th most abundant element of the earth. Zinc ores
are mined in more than 50 countries, the main ones being Australia, Canada, China, Peru and the
United States (Center, Consulté le 28 Novembre 2021). In the future, we will make a brief history
of ZnO, then we will discuss a state of art on its structural (crystalline), electrical, optical and
piezzoelectric properties which are stressed

in photovoltaic cells and piezzoelectric

nanogenerators.
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2.4.1 Brief history and applications of ZnO

500 years before Jesus Christ, zinc oxide was already used as a balm in traditional Indian medicine
to treat open wounds and eye irritations (Craddock & Museum, 1998). The first factory factories
were created in the 12th century in India before spreading to China, Europe and the world. Thus in
1743 the first European foundry in ZnO was installed in Bristol in the United Kingdom (Center,
Consulté le 28 Novembre 2021). Between 1746 and 1749, Andreas Margaff installed a zinc smelter
using a reduction of zinc oxide in the open air. In 1850, zinc white was manufactured throughout
Europe and applied in the manufacture of oil paints to replace lead for economic and ecological
reasons. Zinc oxide allows color shades to be done in the paint. In 1912, investigations of zinc
oxide as a semiconductor were carried out after the first implementation of the transistors using
semiconductors (Ellmer & Klein, 2008). A few years later, in 1920, the piezoelectric effect of ZnO
was used in the first wireless radios as transducers in receivers. Then in 1935, the first diffractions
of the electrons on the ZnO were observed confirming the crystallinity of the material. Three years
later in 1938, the first Hall measurements dependent on the temperature of the ZnO were carried
out confirming the intrinsic nature of type n of this material. In 1960, its piezolelectric properties
led to the first electronic application (thin layer) in acoustic instruments. Eight years later, in 1968,
zinc oxide was used in the manufacture of varistors.From the 1990s, research and development
was increased in the synthesis of nanometric ZnO contributing to the development of Ipad chargers,
laser devices. In 1995, emissions of UV laser from thin layers of ZnO were observed at room
temperature. Zinc oxide is used in the rubber industry as an additive to resist corrosion. (Center,
Consulté le 28 Novembre 2021) This is a key element in many industrial manufacturing processes
such as paints, pharmaceuticals, plastics, batteries, electrical equipment, rubber, soap, textiles,
flooring (Coleman & Jagadish, 2006). Indeed, zinc oxide has a high refraction index (2.01)
(Sharma, Shukla, Sharma, & Kumar, 2020), high thermal conductivity, antibacterial properties and
UV protection. It acts as an electrode, optical window or catalyst in batteries and electrical
equipment. ZnO is recognized for its biocompatibility and low toxicity, which is why it is used in
pharmaceutical and cosmetic products. The ZnO is inert in contact with the human body and does
not present any danger in the event of a fire because its melting temperature is 1975 © C (Sharma
et al., 2020). The fields of application of zinc oxide nanoparticles are: electrodes of photovoltaic

cells (Gritzel, 1999; Pradhan, Batabyal, & Pal, 2007; Y.-Z. Zheng et al., 2010), photocatalysis
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(Chakrabarti & Dutta, 2004), electro catalysis (M. Singh et al., 2019), in varistors (J. Wu et al.,
2002), photoluminescence (Studenikin, Golego, & Cocivera, 1998), batteries (Zou et al., 2014).
According to data from Futures Market Inc, ZnO nanoparticles are distributed in the following
fields: research and development (4%), electronics (1%), anti-bacteria products (5%), painting and
coating (9%), ointment, cosmetics and sunscreen (80%), others (1%) (Markets & Inc., 2015).

Coleman et al. (Coleman & Jagadish, 2006) pointed out that we are entering an era where devices
based on ZnO material will become more and more functional due to improvements in the growth
technology of ZnO nanostructures, epitaxial layers, monocrystals and nanoparticles. The thin
layers of ZnO based on nanomaterials are interesting in miniaturized technological devices such as

detectors (presence, movement) in electronic security.
2.4.2 semi-conductor properties

2.4.2.1 Structural properties

The zinc atom has a tetrahedral coordination with 4 oxygen atoms and the electrons of zinc
hybridize with the p electrons of oxygen. This tetrahedral coordination of Zn gives a polar
symmetry along the hexagonal axis of ZnO, which polar symmetry is responsible for many
properties of ZnO including piezolelectricity, spontaneous polarization, crystal growth, generation
of faults, the possibility of substitution Zn** by a cation [28]. Zinc oxide is a material that can be
synthesized at low temperature over a wide range of substrates (Coleman & Jagadish, 2006) such

as glass, FTO, flexible polymer.

Structurally, the plan (0 0 0 1) is basal for wurzite zinc oxide and the best known faces are the polar
faces at Zn termination (0 0 0 1) and at O termination (0 0 0 -1) (along axis c) and the non-polar
faces (1 1 -2 0) along axis a) and (1 1 -1 0) both of which contain an equal number of atoms of Zn
and O. Zinc oxide can crystallize in 3 forms: the hexagonal wurtzite structure, zinc cubic blende or
the cubic structure of rock salt which forms under high pressure (10-15 GPa) (Ozgiir & Morkog,
2018).Each zinc atom (Zn) or cation (Zn>" ) is surrounded by 4 oxygen atoms or 4 anions (0% and
vice versa. We have a coordination of 4 which corresponds to a covalent connection of type sp3.
However, ZnO has a great iconicity due to a large difference in electronegativity make the Zn-O
bond an ionic type of bond. Indeed, the electronegativity values of Zn and O are respectively 1.6

and 3.44.
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The mixed nature of the bonds (covalent and ionic) in the ZnO crystal justifies these different
possible configurations of ZnO according to the preparation conditions. Zinc oxide thus places
itself on the border between an ion semiconductor and a covalent polar semiconductor. At room
temperature ZnO crystallizes under a wurzite structure with a hexagonal mesh in the space group

P63mc (Ozgiir & Morkog, 2018) according to the notation of Hermann Mauguin.
P: designates the primitive mode with the network nodes at the top of the mesh;

ni: represents a rotation of 27/n followed by a translation of i/n of the network vector parallel to

the axis;

n = 6: represents the axes of rotation of angle 27/6 with n the order of rotation;
1=3: the degree of translation is noted by an index;

m: the reflection or mirror plane.

Indeed, a group of space is defined from a combination of motif and punctual operations of
symmetry such as reflection, rotation, and inversion to which are added translational operations.
This structure is a stack of compact double layers of Zn and O oriented in the direction [0002] or
along the c axis. The hexagonal wurtzite structure is that which is thermodynamically stable and

technologically interesting (Ozgiir & Morkog, 2018)

The mesh parameters are: a =b = 0.325 nm, ¢ = 0.521 nm; a = B = 109.47 °.(Ozgiir & Morkog,
2018), (Norton et al., 2004)

2.4.2.2 Electrical properties

Several researchers have carried out measurements of the concentration of load carriers, the
mobility and resistivity of zinc oxide but the values differ according to the synthesis technique and
the operating conditions. According to Look (D.C.Look et al., 1998) at 300 K the concentration of
donors in a ZnO massif synthesized by transport in the vapor phase is 6.10'° cm™ with a mobility
of 205 cm?. V! .s7! (Table 2.1) while the concentration of acceptors is lower by approximately
2.10" cm. Nause and Nemeth (Nause & Nemeth, 2005) concluded in their work that the synthesis
of ZnO by fusion of Zn and O leads to a type n material with a density of 5.045.10'7 cm™ and a
mobility of 131 cm?. V1. S to T =296 K. The authors measured a decrease in load carrier density

(3.64.10'% cm™) and an increase in mobility (298 cm?.V-!.s!) of these load carriers at 78 K. Through
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a laser deposition process (PLD), Kaidashev et al. (Kaidashev et al., 2003) deposited a layer of
ZnO from 1 to 2 um on plan-oriented sapphire substrates along axis c. The authors then carried out
the measurements of the mobility values from 115 to 155 cm?/V to 300K in a concentration range
of the carriers 2 to 5.10'® cm?. ZnO films produced by epitaxy of the molecular beams (MBE)
assisted by the plasma were subjected to the measurements of the mobilities where a maximum
value of 130 cm?.v'!.s! was reached and a residual concentration of the carriers of 1.2.10'7 cm™
was reached (Kato, Sano, Miyamoto, & Yao, 2003). Layer of ZnO deposited on a sapphire c-plane
substrate in contact with double buffer layers of ZnO / Mg (Miyamoto, Sano, Kato, & Yao, 2004).
The deposit technique performed by Miyamoto et al. (Miyamoto et al., 2004) is by epitaxy of
plasma assisted molecular beam. Analysis of these samples gave a maximum mobility value of 145
cm?.v'!l.s and a concentration of 10!” cm™ (Miyamoto et al., 2004). The growth parameters (such
as temperature and speed of reagents) of the buffer layers significantly affect the structural
properties of synthesized ZnO epitaxies. At low synthesis temperatures, Miyamoto et al noticed an

improvement in the electrical properties of ZnO films justified by a decrease in the density of

dislocations in the epitaxial structure.

Table 2.1: Summary of the synthesized ZnO samples with their n-type charge carrier

concentration and electron mobility

Fabrication Carrier concentration Electron mobility
Sample . 2N/ QA Reference
technique (cm3) (cm2.V-1.,S-1)
Vv h D.C.Look
ZnO (solid) apot phase 6.1016 205 (D.C.Loo
transport et al., 1998)
Fusion under 5,05.107 (296 K) 132 (296 K) (Nause &
Zn0 (solid) pressure 3,64.10% (78 K) 298 (78 K) Nemeth,
2005)
(Maeda,
Sato,
ZnO (solid) Hydrothermal 8.1013 200 Niikura, &
Fukuda,
2005)
] (Kaidashe
*
ZnO (thin film) PLglb(SS;Efe})“re 2.10% 155 vetal,
2003)
o MBE**(a-sapphire (Kato et
V4 thin fil 1,2.10"7 1
nO (thin film) substrate) 210 30 al., 2003)
ZnO in contact MBE (sapphire 12107 145 (Miyamoto
ZnO/MgO substrate) et al., 2004)

*PLD: pulsed laser deposition. **MBE : molecular beam epitaxy.
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Finally, it can be said that the concentration of load carriers in the ZnO is around 10'® cm™ to 10"’
cm™ (Coleman & Jagadish, 2006; D.C.Look et al., 1998; Kato et al., 2003) while for doped ZnO
of type n this concentration can reach 10?° electrons.cm™ (Coleman & Jagadish, 2006). When
doped with type p, the concentration of the carriers is of the maximum order of 10'° electrons.cm”
3 (Look, Claflin, Alivov, & Park, 2004). The exciton energy is 60 meV to 300 K and the mobility
of the electrons is around 200 cm?.V-'.s! (Maeda et al., 2005) in the ZnO. Indeed, these electrical
parameters (load carrier concentrations, mobility, and resistivity) are generally responsible for
morphology, size, porosity, nanocrystal interconnections and dislocations in the structure of the
ZnO synthesized sample. Doping is also a parameter for modifying electrical resistivity and which
is often used in the search for a decrease in this value. Doping: zinc interstitials and oxygen gaps
are at the origin of electron donors likely to reduce resistivity and therefore improve electrical

performance.

2.4.2.3 Optical properties

According to Srikant and Clarke (Srikant & Clarke, 1998) the band prohibited at room temperature
is 3.3 eV and that the other values 3.1, 3.2 eV are attributable to transitions of donor in the valence
band. Tan et al. (S. T. Tan et al., 2005) claimed in their work to have prohibited bands of ZnO
ranging from 3.15 to 4.06 eV depending on the synthesis temperature between 500 ° C and 200 °
C. According to the literature, the band gap of ZnO can vary according to ZnO synthesis such as
temperature (Srikant & Clarke, 1998; S. T. Tan et al., 2005), pressure (Song, Aberle, & Xia, 2002),
the presence of another element in the crystal lattice such as doping element or an element in a
composite of ZnO. In each of the cases, the Burstein phenomenon justifies the change of the band
gap by a modification on the Fermi level of the synthesized material.

The effect of temperature on the band gap of ZnO has been illustrated in the work of Tan et al (S.
T. Tan et al., 2005). Tan el al deposited ZnO thin films on a SiO2 substrate by MOCVD synthesis,
from dimethylzinc (DMZn) sources, nitrogen gas and oxygen. The synthesis were made at the
temperatures between 200 and 500°C. The XRD results have been shown that there is an increase
in crystal sizes from 5.57 nm to 10.11 nm in the (002) plane respectively for each deposition
temperature. However, their optical analysis results give a decrease in the band gap from 4.06 eV

to 3.13 eV. For a ZnO synthesis at 300°C with annealing at 450°C, the obtained band gap of ZnO
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is 3.25 eV. For the latter authors, the band gap is inversely proportional to the square of the particle

size (Kayanuma, 1988).

21,2
wh (L+ l*j—0.248E;y

E =E e
(gap,nanocrystal) (gap,bulk) 2
2R {m, m,

With:

E(gap, bulk) : band gap of ZnO ambient temperature; Ery*: bulk exciton binding energy; mn*: hole
effective masse; me*:electron effective masse , h: planck’s constant; R: radius of ZnO
nanocrystals.

The effect of the synthesis pressure on the band gap of ZnO has been illustred by Song et al. (Song
et al., 2002). Song et al. studied the properties of ZnO:Al synthesized by sputerring magnetron
technique (100W rf power) at 250°C by varying the synthesis pressures 0.2 to 3.2 Pa. The optical
analysis results show that the highest band gap is that of the ZnO:Al thin film deposited under 0.2
Pa (3.61 eV) pressure followed by that under 3.2 Pa (3.48 eV) and 1 Pa (3.35 eV). The authors
attribute the band gaps of ZnO:Al thin films slightly higher than that of pure ZnO due to the
Burstein-Moss phenomenon which is responsible for an increased concentration of free electrons
brought by the doping element. Moreover, SEM analysis showed that the roughness and
morphology of the thin films change according to the pressure of the argon gas. The latter authors
used an optimal layer of synthesized ZnO:Al as a window layer and heterojunction partner in
Zn0O:Al/n-Si heterojunction solar cells reaching a conversion efficiency of 8.2%.

Considering the effect of the doping on the band gap of ZnO, Mahajan et al (Mahajan, Ahmed,
Datt, Gupta, & Arya, 2022) have performed the doping of ZnO with WO3 by the sol-gel method.
The obtained ZnO-WO3 nanocomposite was analyzed by UV-visible spectroscopy and their
conclusion reveals an increase in the band gap at 3.7 eV compared to that of 3.3 eV of pure ZnO.
The nanocomposite was used as an active layer in the fabrication of inverted organic solar cells
(Mahajan et al., 2022). In another research, Sajjad et al (Sajjad, Sajjad, Igbal, & Ryma, 2018)
synthetized ZnO material by hydrothermal method from mixing of ZnO and WO3 in absolute
ethanol solvent. The resulting mixture was dried and calcined at 500°C. The authors noticed the
presence of ZnO which inhibited the crystallization of WO3 and caused agglomeration of WO3 on
the surface of nanoparticles (Sajjad et al., 2018). The XRD showed a decrease in the grain sizes of
the crystallites from 24.06 nm to 17.22 nm as well as a decrease in the band gap of ZnO from 2.78
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eV to 2.56 eV, when the percentage of ZnO increases from 1 to 4% in the doping of WOs3. The
authors justify this band gap decrease due to the presence of the impurities corresponding to oxygen
vacancies that are produced when W%" ions (radius 0.074 nm) are replaced by Zn>" ions (radius
0.065 nm) in the WO3/ZnO composite. Therefore, the oxygen defects would have acted for band
gap narrowing and at the same time, as color centers for visible light absorption (Sajjad et al.,
2018).

For wavelengths between 200 nm and 360 nm (UV-visible domain) ZnO's transmittance is almost
zero and therefore its absorbance is very high [49] while for wavelengths greater than 450 nm the
transmittance of ZnO is approximately 80-90%. [50, 51] Electronic density calculation techniques
(DFT for acronym density functional theoretical) used to calculate the electronic structure of the
Doped ZnO and ZnO samples showed that the conduction band close to Fermi's energy was a
combination of hybridized Zn sp states and Al states (Jantrasee, Moontragoon, & Pinitsoontorn,
2016). Jantrasee et al. (Jantrasee et al., 2016) combined this calculated band structure with the
Boltzmann transport equation to determine the thermoelectric parameters of the samples. The
measured and simulated conductivities are in concordances (Jie et al., 2004). Zinc oxide properties

are summarised in table 2.2.
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Table 2.2: Summary of the properties of ZnO and TiO>

Properties ZnO TiO: Unit
Wurtzite (Norton et al.,
Crystal structure at 300K 2004; Ozgtir & Morkog, Anatase
2018)

0.325 (Norton et al., 2004;  0.378 (Burdett,
Ozgiir & Morkog, 2018) Hughbanks, Miller, am
Richardson, &
Smith, 1987)
0.521 (Norton et al., 2004; 0.951 (Burdett et

Network parameter a=b

Network parameter ¢

Ozgiir & Morkog, 2018) al., 1987) nm
. 56 (Sharma et al., 3.79(Cromer & )
Density (kg/m?) 2020) Herrington, 2002) g-cm?
Binding energy in the exciton 60 meV
.. . 7.9-8.65 (Sharma et al., 31 (H. Yoshikawa
Static dielectric constant 2020) & Adachi, 1997)

6.25 (H. Yoshikawa

& Adachi, 1997)
3.2 (Tang, Prasad,

Optical dielectric constant 3.7 (Sharma et al., 2020)

Band gap energy (Es) 3.1-3.35 (Srikant & Clarke, Sanjines, Schmid, oV
gap energy (Ls 1998;S. T. Tan et al., 2005) & Lévy, 199%4;
Zhang & Xu, 2020)
Flat band potential -0.5 -0.5 V vs SCE
Band structure direct indirect
Conduction band orbitals Zn (3d) and O (2p)
Valence band orbitals Zn (3d)
Electron mobility 200 0.4-4 cm?V-ig!

0.24-0.3 mo (Kayanuma, 1.0 mo (Tang et
1988; S. T. Tan et al., 2005) al., 1994)
2.31 mo (Kayanuma, 1988;

Effective electron mass mo=9.11 x 10 kg

Effective hole mass S.T. Tan et al., 2005) 0.8me
Refractive index 2,01 (Sharma et al., 2020)
Melting point 1975 (Sharma et al., 2020) °C
Point of charge (Pzc) 8-9 5.5-6.5 pH

Zinc oxide also has an anisotropy inherent in the crystal structure for the growth of nanofils
(Khranovskyy, Lazorenko, Lashkarev, & Yakimova, 2012). According to S. Fay's work, the layers
of ZnO have a high power diffusing light rays (Fay, 2003). This diffusing power extends the flow
of light into the solar cell, which increases its absorption and therefore likely to provide a high

photoelectric conversion efficiency (H. Yoshikawa & Adachi, 1997).

2.4.2.4 Piezoelectrical properties

Zinc oxide has piezoelectric properties widely used in signal processing, nanoelectromechanical,

microelectromechanical systems, sensors. Piezoelectric property consists of subjecting an electrical
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signal to a ZnO layer which will be converted into a mechanical wave and vice versa. Indeed, the
space group P63mc not presenting a center of symmetry, the barycenters of the positive and
negative charges of its elementary mesh cannot be superimposed. This induces an internal electrical
dipole modulable by the application of an external mechanical stress: it is the direct piezzoelectric
effect. The inverse piezoelectric effect is the interaction between this electric dipole and an external
field. In 2008, Qin et al. (Qin, Wang, & Wang, 2008) developed ZnO-based piezoelectric
nanogenerators. In their work they established a methodology to trap mechanical energy from
bodily movements and light winds using the thin layers of ZnO nanofils deposited on the substrate
(or fiber) in Kelvar 129. ZnO's nanofils were deposited hydrothermal. The authors used these
samples to create a junction between the nanofils of ZnO covered with gold and the nanofils of
Zn0O. Under the effect of an external traction (wind or body movement), the vibrate junction
generating a total current which is the sum of the currents in each nanofil and the potential is
determined by a single nanofil. The authors justify these results by the fact that the nanofil interface
of ZnO covered with gold and nanofil of ZnO behaves like a diode of Schottky polarized live
(under mechanical effect) and generates an electric current.

A surface acoustic wave (SAW) transducer is one of the best-known applications of the ZnO layer
as a piezolelectric material in signal processing. It is an electronic equipment playing the role of
bandpass filter or bandpass filter. Emanetoglu et al. (Emanetoglu, Gorla, Liu, Liang, & Lu, 1999)
have developed using epitaxial ZnO synthesized by MOCVD, an SAW transducer which receives
an electric current at the inlet of the transducer interdigital (IDT) and converts it into a mechanical
wave length of 10 to 16 um propagating towards the output of the transducer. The terarous
compound MgxZnixO and zinc oxide constitute a heterojunction MgxZnixO/ZnO of the
photoconductive and photoelectric type with UV radiation (Lu, Emanetoglu, & Chen, 2006)
integrated into a UV photodetector by Emanetoglu et al .(Emanetoglu et al.,, 1999) The
development of these piezoelectric technologies have a special place in the nanosystems to be self-
supplied (Paradiso & Starner, 2005) , detection technologies, personal electronic equipment, signal
processing. Zinc oxide (epitaxial layer, monocrystal) is also used as a GaN alternative in the field
of ultraviolet blue optoelectronics (Look, 2001) and piezoelectric (Gardeniers, Rittersma, &
Burger 1998) because of the similar properties of these two semiconductors. Indeed, the prohibited

bands and the crystallographic structures are almost identical. In addition, given its good resistance



23

to radiation, zinc oxide is a serious candidate semiconductor to replace other semiconductors such
as Si, GaAs, GaN in space applications (Look, Reynolds, Hemsky, Jones, & Sizelove, 1999).

Zinc oxide doped with aluminum or gallium are low resistivity semiconductors (10 to 10~ Q.cm)
and very transparent (greater than 80%) (H. Liu, Avrutin, Izyumskaya, Ozgiir, & Morkog, 2010;
Minami, 2005) in the area of UV-visible. These properties make transparent thin layers and
conductive of ZnO: Al and ZnO: Ga, potential candidates to substitute ITO (In2O3: Sn) in
optoelectronic applications as electrodes (Minami, 2005). This solution track is all the more
important as the indium contained in the ITO is rare and very expensive and the need for transparent

electrodes for optoelectronic devices is increasing.

2.4.2.5 Doping and additives of zinc oxide

According to the applications and properties sought, zinc oxide can be affected by the presence of
impurities or defects in its synthesis. Donor type impurities generally come from the H, Al, Ga, In
atoms. Impurities of accepting types come from atoms such as N, P, As, Sb. One has defects in
Zn's interstitial sites, Zn's gaps, O's and complex gaps in each of them.

Group I elements, in this case hydrogen is used as a donor to ZnO (Y .-S. Kang, Kim, & Lee, 2000)
in order to improve semiconductor resistivity. Van De Walle justifies (Van de Walle, 2000) this
donor state with thermodynamic equilibrium by a theory in which H™ always has a formation energy
greater than H® or H'.

The elements of group II Mg and Cd form a solid solution with Zn offering a wide range of band
prohibited from 2 eV to 8 eV (D.C.Look et al., 1998) Zinc oxide has the ability to grant its
prohibited band by divalent substitution on one of its cationic sites. For example when doping ZnO
by Cd?" or Mg?*, the band gap of ZnO increases to around 4.0 eV (Coleman & Jagadish, 2006). El
Hamidi et al. (El1 Hamidi, El Mahboub, Meziane, El Hichou, & Almaggoussi, 2021) attributed
optical changes simultaneous to the difference in electronegativity between Zn and Mg, and
variation of grain size. Doping ZnO with metals such as Mn gives it a ferromagnetic property (J.
Wuetal., 2017). Ternary compounds such as MgZnO and CdZnO formed using ZnO and elements
Mg and Cd are used to form heterojunctions with ZnO in optical and electronic device (D.C.Look

et al., 1998).
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Elements of group III such as Al, Ga and In play the role of donor dopants of ZnO. According (K.-
K. Kim et al., 2005) Al bring a concentration of load carriers greater than 10%° cm?® in the doped
matrix of ZnO. These latter authors have also demonstrated an improvement in the conductivity of
ZnO doped to the elements of group III.

The Elements of group V such as N, P, As and Sb are used acceptors for doped ZnO as a p-type
material (D.C.Look et al., 1998). These elements are likely to substitute the sites of O. The doping
of ZnO by N attracts a lot of attention from researchers because of the ionic radius of N which is
like that of O. However the materials of type produced are unstable and can change of properties
under lighting (D.C.Look et al., 1998).

The elements of group VI can substitute the sites of O by obtaining compounds such as Zn-VI.
Yoo et al. (Yoo et al., 2002) showed in their paper that S-doped ZnO has a lower resistivity than
ZnO due to a higher carrier concentration.

Elements of group VII such as F, Cl, Br and I can substitute O as a ZnO donor. The doping of ZnO
by F made it possible to obtain a reduction in the resistivity of the thin layer of the sample drawn
up (Guilln-Santiago, de la L. Olvera, Maldonado, Asomoza, & Acosta, 2004).

Transition metal ions: Zinc oxide has been doped with several transition metal ions (Pearton et al.,
2007) (Co, Mn, Sn, Fe, Sc, Ti, Cr, V, W, Neither) conferring ferromagnetic properties, electro-
optical, electro-chromic, ferroelectric or catalytic (Georgieva, Armyanov, Valova, Poulios, &
Sotiropoulos, 2007; Svensson & Granqvist, 1984; Haidong Zheng et al., 2011) to synthesized
samples. Heteropolyacids (HPAs) or polyoxymetallates are also potential sources of doping in
transition metal ion. The effect of K;HNbsO19 polyoxomellates improving ZnO's electrical
performance was shown by X. Sang et al (Sang, Li, Chen, & Wang, 2012) in a basic synthesis
medium (pH = 8-14) by the hydrothermal route. In addition, J. Li et al. (J. Li et al., 2013) have
proposed that heteroployacids improve the performance of sensitized photovoltaic solar cells but
that they remain intact in the ZnO electrode in a quasi-neutral synthesis medium by solvothermal
means. No study has yet been carried out in a basic environment for these additives in a matrix of
ZnO. Heteropolyacids (HPAs) are compounds which have the general formula H,XM;O;,
Regarding the additives of ZnO, in 2014, Kolodziejczak-Radzimska et al. (Kolodziejczak-
Radzimska & Jesionowski, 2014) summarized 3 categories: inorganic, organic and polymer

additives. Inorganic additives such as metal ions, SiOj, Al,O2, LiCoO». These additives have
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properties that may change the size of nanoparticles, improve the degree of dispersion of ZnO
nanoparticles and play on the photocatalytic effect of oxide. Organic additives such as carboxylic
acid, silane are compatible with zinc oxide and bring characteristic groups to the surface of ZnO
which modify its physicochemical properties. These additives improve the dispersion of ZnO in an
organic matrix such as rubber mixtures contributing to greater stability of the material. Polymeric
additives such as poly (ethylene glycol), polystyrene, poly (methyl methacrylate), poly
(methacrylic acid), chitin are also likely to improve the electrical, thermal and optical properties of
the ZnO / polymer composite.

Metal oxide nanocomposites are also used to improve the performance of DSSCs through efficient
charge separation (Bibha Boro, Gogoi, Rajbongshi, & Ramchiary, 2018). As an illustration, the
nanocomposites: Al,O3/TiO, (Palomares, Clifford, Haque, Lutz, & Durrant, 2002), MgO/TiO»
(Taguchi et al., 2003) , ZnO/Al,0O3 (Law, Greene, Johnson, Saykally, & Yang, 2005), TiO2/ZnO
(B. Boro, Rajbongshi, & Samdarshi, 2016), ZnO/SnO2 (Park et al., 2004). In their review, Boro et
al. (Bibha Boro et al., 2018) summarized the performance of DSSC based on anode nanostructured
Ti102/Zn0O nanocomposite: open circuit voltage, short circuit current, fill factor and efficiency lies
in the range of 0.76-0.82 V, 3.24-16.70 mA/cm?, 0.17-0.69% and 0.51-9% respectively. For
examples composite anode:

e TiO; doped with different size ZnO nanorods with 5.8 % DSSC efficiency (Pang et al.,
2007); the open circuit voltage, the short circuit current and the fill factor are 0.76V, 11.4
mA/cm2, 50% respectively (Pang et al., 2007)

e Coaxial TiO2/ZnO nanotube arrays with 2.8 % DSSC efficiency (Xie, Li, Xu, & Zhang,
2011); the open circuit voltage, the short circuit current and the fill factor are 0.65 V, 7.28
mA/cm2, 60% respectively (Xie et al., 2011);

e 7ZnO/TiO2 nanotube arrays with 3.75 % DSSC efficiency (R. Liu, Yang, Qiang, & Liu,
2012); the open circuit voltage, the short circuit current and the fill factor are 0.895 V, 5.96
mA/cm2, 70.4% respectively (R. Liu et al., 2012);

e 7ZnO-decorated TiO> nanotubes with 3.17 % DSSC efficiency (K. M. Lee, Lee, Yoo, &
Shin, 2013);

e 7nO nanotube arrays coated with TiO; nanoparticles with 3.94 % DSSC efficiency
(Giannouli, 2013);
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e TiO-coated ZnO nanowires arrays with 5.65 % efficiency (C. Xu, Wu, Desai, & Gao,
2012);

e TiO2/Zn0O core-sheath nanofibers films with 5.17 % efficiency (Du et al., 2012);

e 7ZnO coated TiO with 6.62 % DSSC efficiency (Chou, Chou, & Kang, 2012);

e TiO2/ZnO nanodonuts with 9.00 % DSSC efficiency (F. Li, Jiao, Xie, & Li, 2015).

2.5 DSSC based on ZnO and doped ZnO

This part is devoted to a state of the art on some elaboration techniques of electrodes and their

assemblies to form DSSC. However, let’s start by describing the operating principle of DSSC.

2.5.1 Principles and technologies

In general, a DSSC consists of a transparent anode conducting a mesoporous film of inorganic
semiconductor oxide sensitized by an organic dye or organometallic complex, a liquid electrolyte
containing a redox mediator and a metal cathode (Figure 2.2 a). Inorganic semiconductor oxides
must be transparent and porous to have a large contact surface with the dye adsorbed into a
monolayer, and thus maximize the absorption of light. The pores of the semiconductor oxide
nanoparticles adsorbed with dye form an interpenetrating heterojunction where the separation of
photo-induced charges occurs at the interface between mesoporous oxide and the dye (Gritzel,
1999). Indeed, excite is always released from donor sites (color molecules) as a result of sufficient
illumination. There follows a separation in the donor-acceptor junctions and diffusion to the
electrodes. Semiconductor oxides with high surface / volume ratios are used in several applications.
The fields of application of zinc oxide nanoparticles are: electrodes of photovoltaic cells (Gritzel,
1999; Pradhan et al., 2007; Y.-Z. Zheng et al., 2010), photocatalysis (Chakrabarti & Dutta, 2004),
electro catalysis (M. Singh et al., 2019), in varistors (J. Wu et al., 2002), photoluminescence
(Studenikin et al., 1998), batteries (Zou et al., 2014).
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Figure 2.2 : a) Schematic device structure of a typical dye-sensitized solar cell (DSSC) (R.

Agarwal, Vyas, Chundawat, Dharmendra, & Ameta, 2021). b) Configuration of a flexible dye-
sensitized solar cell irradiated through Pt-counter electrode. (S. Ito et al., 2006)

In addition, semiconductor oxides must have a high mobility of loads in their volume to promote
good efficiency in energy conversion to cells. They must also have a high recombination resistance
of the electron to avoid efficiency losses. Also, to facilitate the injection of the dye electron to the
semiconductor, the conduction band of the semiconductor must be located at a level of energy
lower than that of the excited state of the dye. These materials should be easy to synthesize, stable
and toxic to the environment and be carried out at low cost (Ajay Jena et al., 2012; Grétzel, 1999).
The TiO> and the ZnO have a prohibited broadband (3 eV to 3.3 eV) which absorbs only
wavelengths located in the ultraviolet region (UV) of the solar spectrum. For this reason, they are
covered with a dye monolayer generally consisting of an inorganic ruthenium complex in order to
increase its absorption in the UV-IR domain (Johansson, 2013; F. Wang, Liu, Pan, Xie, & Zou,
2007).

The Figure 2.2 b) is a configuration of a flexible TiOz-based DSSC. The substrates are titanium
foil at the anode and polyethylene naphthalate (PEN) cathode covered with an ITO layer. Apart
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from the substrates which differ in flexibility, the active materials are identical for both rigid and
flexible configurations of the DSSC. Glass coated with FTO or ITO are widely used substrates in

rigid configurations.

Solar cells based on other conductive oxides (SnO2, Nb>Os) have also been developed (Johansson,
2013; F. Wang et al., 2007). SnO; is also a broadband semiconductor, which can be used in this
type of device. Indeed, it is a better electron acceptor than TiO2 (BC lower by about 0.5 eV), an
oxide more chemically stable and chemically photo (due to its widest band gap by ~ 3.7 eV), and
its conductivity can be increased by doping. However, despite these advantages, the performance
of SnO»-based cells is to date much lower than that obtained with TiO2, most of the work reporting
effiencies in the range of 1.2 to 2.8% (Onwona-Agyeman et al., 2005), with however a team that
recently described a performance (PCE) 6.02% (Xueyang Liu, Fang, Liu, & Lin, 2016);. Several

reasons can be put forward to explain this behavior:

e A faster electron diffusion speed for tin oxide (125-250 cm2.V-'.s™! only for titanium oxide

(0.1-1.06 cm?.V-'.s71) (Xueyang Liu et al., 2016);

e The effective mass of the electrons in SnO; is lower and allows the electrons trapped in

intermediate states to recombine with the oxidized mediator;

e The "s" character of the SnO> conduction band makes injection less efficient from a type  *
level of commonly used dyes, The conduction band is approximately 0.5 eV, lower than that

of TiO», inducing much lower open circuit potentials. (Xueyang Liu et al., 2016).

A cell based on ZnO therefore demonstrates a reduced recombination of reactions than that based
on TiO;, because transport in TiO nanoparticles is diffusive in nature and the electron must pass
through a very large number of grain boundaries (Omar & Abdullah, 2014; Suzuki, Yamaguchi,
Kumagai, & Yanagida, 2003). During photosensitization by a dye, zinc oxide puts Zn** type ions
on the surface of the conduction band with vacant 4s orbitals (Borniol, 2006). The mechanism of
transport of electrons in a DSSC is described on the basis of diffusion (de Jongh &
Vanmaekelbergh, 1997; Omar & Abdullah, 2014) of the carriers of photo free loads generated.
The gradient of an electric field is considered almost zero (Johansson, 2013). In these models, the

electron diffusion takes place at the level of the conduction bands. (Johansson, 2013)
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When a photon has sufficient energy, it allows the transition from sensitizer D to an excited state
D *, which results in a transfer of an electron from the Higest Occupied Molecular Orbital (HOMO)
the highest energy Orbital occupied by at least one electron, at the Lowest Unoccupied Molecular
Orbiltal (LUMO) the lowest energy orbital not occupied by an electron. This is only possible when
the incident photon has an energy greater than or equal to the energy difference between the HOMO
and LUMO levels. This electron can then be injected into the conduction band (BC) of the
semiconductor oxide. It is recognized that the LUMO must be above the bottom of the oxide BC
to allow an efficient transfer of the dye electron to the oxide. The photoelectric conversion chain
of these cells supplying an electrical circuit can be represented in Figure 2.3. The electron moves
in the porous structure (H. C. Lin, Su, & Li, 2013; Omar & Abdullah, 2014; Savadogo, 1998;
Villanueva-Cab, Oskam, & Anta, 2010) (from TiO2, ZnO, SnO2, Nb,Os, WO3) before joining the
TCO electrode (a transparent and conductive oxide on glass substrate) to finally be collected by

the outside circuit. (Figure 2.3)

Dye: N719, Semi- Cathodic
hv D*—»D" +e . & substrate: .
N3,D-907, P conductors: , e External
I — ——— FTO,ITO, Ti e L]
CYC-B1 TiO,, ZnO, . ; circuit
D+hu »D* WO fOII, CaS, Ni§,
d cu2s
t 1
| 2D*+ 31—+ 2D+ 13 +e & ‘
- - Counter Anodic
Electrol I3+ 2e-—3l
redzi Zggtfe. : electrode: Pt, e- substrate:
Hll3iBr /pBr. C, graphite, FTO, ITO, Au,
3 SWNT, PEDOT, PEN

Figure 2.3 : The electron moves through the porous structure of semiconductor (TiO2, ZnO,
SnO2, Nb2Os or WO3) before reaching the electrode substrate to finally be collected by the

external circuit.

The transport of the electron in the semiconductor is governed by diffusion (Kay & Griétzel, 1996;
Murakami & Gritzel, 2008)and trapping/deicing phenomena (Kay & Gritzel, 1996) at level of
grain defects and seals. While the electron crosses to be routed to the outside circuit, the dye in an

oxidized state D is reduced by the redox mediator and returns to state D. It is often accepted that
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the redox potential of the mediator must be above the HOMO of the dye in order to allow a good
injection of the hole in the dye in the electrolyte. . (Murakami & Gritzel, 2008) The electron
returning by the counter-electrode (cathode) allows the reduction of the tri iodide anion in iodide
anion. If we consider the overall balance, no chemical reaction takes place, this process of
generating loads is therefore infinite. The entire redox cycle is summarized by the following
equations:

hy
D—”D* (1)
Excitement of dye (Photoexcitation)
D*—>D"+e¢ (2)

Injection of the electron into the semiconductor (3) TiO2, ZnO or WO3 for example.

For this transfer to take place, first, the energy level of the excited state of the dye must be higher
than the upper level of the conduction band of the semiconductor. The electron injection rate
depends on parameters such as the separation length between the electron donor and the acceptor,
the density of the acceptor, and the electronic coupling between the dye and the semiconductor
(Haque et al., 2005). According to Haque et al. the time scale of the electron injection process is in

the range of dozens of femtoseconds to hundreds of picoseconds (Haque et al., 2005).
2D"+3I > 2D + 13 “4)

Dye reduction / oxidation of iodide ion (Regeneration of the oxidized dye) The regeneration of the
oxidized dye is done in 5.10-7 seconds, which is faster than the colorant recombination of the
electron (About 1 millisecond) (Haque et al., 2005). Therefore, rapid regeneration of the oxidized

dye contributes to effective load separation.
I3+2e — 30 (5)

Reduction of the triiodide ion to the cathode (Recombination of the electrolyte). The process of
recombination of loads between the injected electrons and the oxidized dye is a harmful process
for the cell. It must be slower than injecting electrons and transferring them from the ion to the
oxidized dye to achieve effective load separation. The operating principle of the cell (DSSC) as
governed by equations (1) (2) (4) and (5) can be illustrated in Figure 2.4.
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Figure 2.4 : Operating principle of dye sensitized solar cells (DSSCs) (J. Wu et al., 2017)

The numbered recombination phenomena (6), (7), (8) correspond respectively to the time of
approximately 100 nanoseconds at 1 millisesecond, 1 millisecond and 20 nanosecondes (G.
Boschloo & Hagfeldt, 2009; Haque et al., 2005). (6) is the recombination of electrons with the dye;
(7) the recombination of the electrons with the redox electrolyte. However, it should be noted that
reaction 7 is not possible between an electron and an electrolyte. (8) is a phenomenon of relaxation
of the electron which returns to its fundamental level. These recombination phenomena represent
the shunt resistance in a DSSC are to be minimized because they reduce the energy performance
of the photovoltaic cell. However, given their slower reaction time (speed), their impacts are

negligible compared to the process of injecting electrons into a functional solar cell.

Apart from the substrates which differ in their flexibility, the active materials are identical
regardless of the DSSC in rigid or flexible configuration. Glass covered with a layer of FTO or

ITO are substrates widely used in rigid configurations.

In the following paragraphs, a state of the art was made on the methodology for manufacturing the
ZnO or ZnO semiconductors doped as anode material, electrolytes, dyes, cathode materials and

some rigid and flexible substrates for DSSCs based on ZnO.
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2.5.2 Fabrication of ZnO electrode

One of the most promising applications in ZnO anode is the use of zinc oxide as a semiconductor
in photovoltaic solar cells because of its many properties already listed above. It is often used as
an alternative in DSSCs because of its prohibited band similar to that of TiO2, its greater mobility
of electrons (200 cm?.V!.s™! against 1 cm?. V™!, s7! respectively) its abundance, accessibility at a
lower cost, its monocrystalline structure facilitating a direct electrical conduction path.

Marschall (Marschall, 2014) has drawn up (Figure 2.5) the photocatalytic semiconductors of type
n and p with their prohibited bands and the energy levels of the conduction and valence bands
compared to the normal hydrogen electrode (ENH). For example, semiconductors such as TiO»,
Zn0 and WO3 have valence band levels, which juxtaposed with that of SnO», are likely to facilitate

the movement of the electrons from these semiconductors to SnO».
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Figure 2.5 : Positions of valence levels, conduction levels, band gaps of n-type (a) and p-type (b)
semiconductors used by composite photo-catalyst heterojunctions. (Marschall, 2014)
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Several researchers synthesized the ZnO using various preparation methods leading to various
morphologies such as nanoparticles, nanotubes, nanowires, nanorods. These different synthesized
nanostructures aim to improve the collection and transport of electrons in the mesoporous structure
of the semiconductor in the DSSC cell (Cheng, Chiu, Lee, Tsai, & Hsieh, 2008; Omar & Abdullah,
2014). ZnO nanowires and nanorods provide a one-way and fast conduction path inside the thin
layer of semiconductor (Cheng et al., 2008; Omar & Abdullah, 2014). Table 2.8 lists the
nanostructures used as photoanode and counter electrode in the development of DSSCs with their
conversion efficiency. Some synthesis methods and techniques for depositing thin layers in

electrodes for photovoltaic applications of DSSCs are reported.

2.5.2.1 Sol - gel method

The sol-gel or “sol-gel method” (SGM) or Solution - gelling method, is a process for developing
materials allowing the synthesis of glasses, ceramics and organo-mineral hybrid compounds, from
precursors in solution. It allows thin layers made of stack of nanoparticles of metal oxides to be
produced. This process is carried out under so-called soft chemistry conditions, at temperatures
significantly lower than those of conventional synthetic pathways. These conditions also offer the
possibility of associating organic and mineral species to form new families of hybrid organo-
mineral compounds, having new properties. This process can be used in different areas such as
encapsulation and the development of hyper-porous materials, but it is in the making of thin film
deposits that it finds its main application. The principle of the sol-gel process is based on the use
of a succession of hydrolysis-condensation reactions, at moderate temperature, close to the
ambient, to prepare networks of oxides, which can in turn be treated thermally. It is a process of
conversion to metal alkoxide solution, such as silicon, zirconium, aluminum, titanium, zinc, etc.
alcoholides. The soluble metallic species can also contain organic constituents which can be
adjusted according to the applications. There are two sol-gel synthesis pathways which are:
Inorganic or colloidal pathway: obtained from metal salts (chlorides, nitrates, oxychlorides) in
aqueous solution. This path is inexpensive but difficult to control, which is why it is still very little
used. However, this is the preferred route to obtain ceramic materials. Metalloorganic or polymeric
use: obtained from metal alkoxides in organic solutions. This route is relatively expensive but

allows fairly easy control of the particle size. In both cases, the reaction is initiated by hydrolysis
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(addition of water for the alcohol route and change of pH to form hydroxides for the inorganic
route) allowing the formation of M-OH groups then intervenes the condensation allowing the
formation of M-O-M bonds. The second channel promotes polymerization which takes place in
two stages: hydrolysis and condensation. The hydrolysis and condensation of metal alkoxides is

equivalent to a nucleophilic substitution of the alcoholic ligands by hydroxylated species XOH.
M(OR)z + x XOH — [M(OR)z-x, (OX)x] +x ROH (5)

The hydrolysis reaction (case X = H and x = z = 1) can be written in this case as a result:
M-OR + H,0 — M-OH + R-OH (6)

Its purpose is to generate reactive M-OH functions, this is the conversion of alcohol functions into
hydroxy functions. The solution thus obtained is called soil. The condensation reaction is that
where X =M and x =z = 1. It consists of the conversion of the hydroxy functions (or more rarely
an alcoholic) in M-O-M species. This corresponds to the formation of the mineral macromolecular
network which can then be done via polycondensation reactions (oxo bridge formation by

insulation reactions) with elimination of water or alcohol:
M-OH + YO-M — M-O-M + Y-OH with (Y=Hor Y =R) (7)
It is an oxolation. The bond between atoms is ensured by an oxo bridge (-O-)

The soil - gel process has the following advantages: Possibility of making thin layers of mineral
oxides at low temperature on heat-sensitive supports,Possibility of making organo-mineral hybrid
materials (true nanocomposites in which mineral and organic species are mixed on a molecular
scale) in the form of thin or monolithic layers with specific properties,Deposit of thin layers on
both sides of the support in a single operation,Multi-component deposits in a single transaction. It
also has limits: Cost of high alcohol precursors, Delicate control of the process and time of long

processes. The most used reagents in a sol-gel synthesis are:
e aprecursor zinc acetate dihydrate (Zn(CH3COO)> 2H>0) ) (Alias & Mohamad, 2014) ,
e asolvent (alcohol): ethanol, methanol or isopropanol ) (Alias & Mohamad, 2014)

e acatalyst: NaOH or KOH ) (Alias & Mohamad, 2014)
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e a monoethanolamine stabilizer (HOCH>CH>NH>) diethanolamine, tetramethylammonium

hydroxide or ethyldiaminetetraacetate) ) (Alias & Mohamad, 2014)

For the ZnO synthesis, the reactions (5), (6) and (7) can be expressed as:

Zn(CH;COO); 2H,0+H20 — HO-Zn-(CH3COO) + 2H>0+ CH3COOH (hydrolysis) (8)
HO-Zn-(CH;COO) + H2O—Zn(OH), + CH3COOH (alcohol condensation) (9)

e 7Zn(OH);—>ZnO+H>O (gelation) (10)

The sol-gel method is often associated with a deposition technique such as spin coating, doctor

blade, dip coating to make a thin layer deposit (Figure 2.6).
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Figure 2.6 : Representation of sol-gel synthesis from a colloidal sol leading to a thin layer (a) or a

gel transformed into a dense ceramic (b) . (Znaidi, 2010)
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2.5.2.2 Spin coating or Spin-Coating Method (SCM)

It is a technique for deposition of thin layers using a rotating machine called spinner or spin coater.
Checking the thickness of the film deposited depends on the parameters of the spinner (angular
speed, acceleration, time) and nanomaterial (quantity, concentration, viscosity) (Yilbas, Al-Sharafi,
& Ali, 2019).A homogeneous liquid solution, viscous (viscosity required) prepared from a
precursor, a solvent and stabilizer is deposited at a fixed speed for a given time. We developed a
solution using 4.4 g of the zinc acetate precursor, 100 ml of ethanol solution as solvent, 1.2216 g
monoethanolamine (MEA) as a stabilizer. We deposited at a speed of 3000 rpm for 20 s, then dry
at 150 ° C for 10 minutes. The repetition of a deposit increases the thickness layer of the film to a
desired value. The sample was subjected to heat treatment at 450 © C. The SEM results (Figure 2.7)
of this synthesis show nano grains of ZnO similar to Foo(Foo, Hashim, Muhammad, & Voon,

2014) results.

Solution: zinc acetate
dihydrate + ethanol

+MEA
Thin layer deposition Preheating (10 min at
__| of the sol-gel on FTO | 120°C) and annealing
by spin coating (3000 (120 min at 450°C)
rpm, 20 s)

Solution: zinc acetate
dihydrate + ethanol +
H2WO4 + MEA

Figure 2.7 : Schematic diagram for the synthesis of pure and W doped ZnO thin films using spin

coating method.

The results of the SEM analysis (Figure 2.7) reveal the following: spherical nanoparticles grains
for the thin layers of ZnO. When, zinc oxide is doped with tungsten W, the grains are deformed
into fractal shape. These fractal shapes have a higher ratio surface/volume than the spherical
nanograins. These results corroborate those obtained by G. Vijayaprasath et al (Vijayaprasath,
Murugan, Ravi, Mahalingam, & Hayakawa, 2014) who have developed by the sol-gel
centrifugation method thin layers of ZnO pure and doped with transition metals (Neither, Mn, Co).

Dopant concentrations are 0.03% in moles.
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2.5.2.3 Doctor Blade or Doctor - Blade Technic (DBT)

Technique is a thin layer coating technique controlled using a blade. The Doctor Blade deposit
technique consists of 3 parts: an adequate substrate for the deposition (step 1), a semiconductor
paste (ZnO, TiO2 mixed in a liquid) deposited by moving blade at a fixed height defining the
thickness of the thin film (step 2) and the evaporation of the liquid ata fixed temperature (step 3).
Liquid is alcohol that can be combined with two types of polymeric additives to increase viscosity.
These are for example ethyl cellulose (EC) and polyethylene glycol (PEG) which act as a binder.
These additives, due to their viscosity properties, promote porosity and act on the size of the pores
(S. Tto et al., 2006; Seigo Ito et al., 2007; Tsoukleris et al., 2005). The dough is then spread using
the squeegee on the FTO. The thickness of the semiconductor layer (ZnO, TiO») is obtained as a
function of the position of the height of the squeegee above the substrate.

M

Thin film

Blade

Surface .
preparation ~ Coating
./ Movement

S S S
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Step 1 Step 2 Step 3

Figure 2.8: The mechanism of the doctor blade method (Frederichi, Scaliante, & Bergamasco,

2021)

S. Ito et al. (S. Ito et al., 2006) have speculated that to establish a good chemical bond between the
particles of the semiconductor (TiO2) and SnO; particles: F of the substrate, hydroxides (-OH) must
be on the surface and create a strong chemical bond between the different particles (Tsoukleris et

al., 2005) ; which could be illustrated by the reaction:
M:-OH + HO-Mz — M;-O-M; (8)

With M1 which represents a metal atom on the surface; M» another metal atom or a tin atom on the
substrate. The water added at the start makes it easier for the hydroxide to cover the surface. (Seigo
Ito et al., 2007). The acetic acid added and adsorbed to the surface makes it possible to avoid an
aggregate of particles in the layer to be deposited (Seigo Ito et al., 2007). Indeed, acetic acid can

change the zeta potential from negative to positive, which results in the repulsion of particles from
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each other. The mechanisms favoring the connection between the ZnO nanoparticles and the
substrate are the surface charge effect and the binding effect(Seigo Ito et al., 2007). Comparing the
viscosity values of some alcohols at 20°C to that of water, butanol (2.9*107 Pa.s according to
BASF Petronas data) is more viscous than water (10 Pa.s), ethanol (1.21*0 Pa.s) and methanol

(0.59*107 Pa.s). Butanol is a good choice because it has a good viscosity.

Paste: ZnO powder
mixed and ground
with butanol

Preheating (10 min at
120°C) and annealing
(120 min at 450°C)

Thin layer deposition
| of the pasteon FTO |——
by doctor blad

Paste: W-doped ZnO
powder mixed and |
ground with butanol

Figure 2.9 : Schematic diagram for the synthesis of pure ZnO (nanorod)and W doped ZnO (ZnO-

W: clustered nanorods) thin films using doctor blade method

ZnO nanotige morphology is almost in agreement with that obtained by Bahadur et al. 2007,
Morkoc and Ozgurb 2009, Moezzi et al. 2012. Note that the temperature of this synthesis (50°C)
is smaller than that used by these authors. The SEM observation of ZnO modified with tungstic

acid gives clustered nanorods (Figure 2.9).

Biswas et Chaterjee (Biswas & Chatterjee, 2020) studied the effect of surface modification via sol-
gel spin coating of ZnO nanoparticles on the performance of WO3 photoanode based dye sensitized
solar cells (Table2.3). The authors first deposited by doctor blade a layer of WO3 by mixing WO3
powder with terpineol and ethyl cellulose. Then ZnO was deposited by sol-gel spin coating on
WOs3 from the zinc acetate dihydrate precursor (98% Merk). A DSSC was fabricated using the
WOs3 material as anode, the dye N3, the redox couple I/I3” and a platinum counter electrode. The
DSSC was reported to have low performance: an efficiency of 0.44% and a form factor of 0.39.
The authors justify this low performance by a high recombination rate of photoexcited electrons
and a low dye adsorption due to a high acidity of the WO3 surface. To improve the performance of
this solar cell, the authors incorporated a thin layer of ZnO on the WO3 surface creating an energy
barrier and limiting the recombination of photoexcited electrons. The obtained performances are

an efficiency of 1.21% and a form factor of 0.62.
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In 2020, Das et al. (Das, Wary, & Nair, 2020) synthesized ZnO and doped ZnO (nanoflakes
particles) as the anode of the DSSCs they fabricated. The results of their publications show that
ZnO-based DSSCs doped with 1% copper have a higher electrical conversion efficiency of 0.89%
compared to the ZnO-based DSSC which has an efficiency of 0.25%. Their UV-visible
spectroscopy analysis shows that the 1% copper-doped ZnO thin film exhibits better absorption
between 350 -650 nm compared to the pure ZnO layer. Copper (at 1 wt% ZnO) altered the spectral
response of visible light on ZnO and the accessibility of the defect states by delaying the

recombination process to achieve better photocatalytic performance.

These results corroborate the work of Zhuang et al . (Zhuang et al., 2019) performed in 2018 on
copper-modified ZnO anode-based DSSCs. For the latter authors the modification of ZnO with
copper (at 1.5 wt%) significantly improved the electron transport and delayed the charge
recombination on the ZnO-dye interfaces; this would justify an 84% improvement in the short
circuit current density and a 1.6th-factor increase in the solar radiation to electricity conversion
efficiency. According to the authors, the maximum PCE of 7.27% was achieved on Cul.5-ZnO
photoelectrode films that consisted of cross-linked multileveled porous nanoflowers, which offered
a more porous structure for dye loading and electrolyte diffusion. The presence of copper in the
ZnO matrix decreased the crystallite size of the modified samples compared to the undoped
nanoparticles according to their X-ray diffraction results. However, if the presence of copper is
excessive in the ZnO matrix, it would reduce the active sites and slow down the diffusion process

of charge carriers.



Table 2.3: Performance of DSSC based on WO3 and modified ZnO
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Subs-  Catalyst Electrolyte Jsc FF o Tech-
trate on CE solvent Anode  Dye (mA.cm?) voc (mV) (%) n (%) nic Reference
DBT/S (B1swas. &
ITO Pt (I/1s) WOs N3 2.65 0.42 39 0.44 Chatterjee,
M
2020)
(Biswas &
ITO Pt (I/1x) WO N3 3.58 0.55 62 121 DBT/S Chatterjee,
ZnO GM
2020)
o ZnO: N71 (Das et al.,
FTO Pt (I/15) Cu 9 0.81 0.47 63 0.89 DBT 2020)
. ZnO: N71 HTM/  (Zhuang et
FTO Pt (I/1s) Cu 9 17.61 0.68 59.8 7.27 DBT al, 2019)
710 (Aneesiya
FTO Pt (I/15) Cu ’ N3 1.8 1.08 68.6 DBT & Louis,
2020)

2.5.2.4 Dip - coating

Withdrawal soaking or “dip coating method” (DCM) , is a technique for coating the substrate by
immersion in the solution of the coating material. The substrate is then removed at constant speed
from the solution to have a thin layer deposit. The withdrawal speed determines the required
coating thickness. The objective in a “dip-coating™ or soaking-withdrawal deposit is to make a
relatively uniform thin layer deposit without discontinuity of the particles. The average thickness
obtained is controlled by the concentration of the solution (ZnO/ZnO doped), its viscosity and the
speed of withdrawal of the substrate of the solution. The soaking-withdrawal technique can be

summarized in two basic steps:

1) soaking of the substrate for a period in the solution containing the precursor. This soaking step

avoids the formation of wake during the draw generated by the moving liquid,

2) removal of the substrate at slow and constant speed by adjusting the potentiometer of a stepping

motor.
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Boumazai et al (Boumaiza, Boudine, & Sebais, 2021) synthesized pure ZnO and lead (Pb: 5% et
10%) doped ZnO by sol-gel method combined with dip coating technique at a speed of 10 mm/h.
The deposited sol-gel was dried at 350°C and annealed at 5S00°C. The XRD analysis do not reveal
Pb peaks but show a decrease in peak intensity and crystallite size in the presence of Pb dopant.
The optical results show an increase of the band gap with the increase of the dopant quantity from

3.19eVto3.30eV.

Guo and Aegerter (P. Guo & Aegerter, 1999) , adopted the speed of 0.5 cm / min in the synthesis
of nobium oxide (Nb2Os) nanocrystalline from the precursor NbCls dissolved in ethanol at a
concentration of 0.32 mol Nb/L . (P. Guo & Aegerter, 1999) The deposit was made on an ITO
glass substrate and the sample (Nb2Os) synthesized, heat treated and immersed in a Ru II dye
solution (0.3 mmol/l) constitutes an elaborate DSSC photoanode. The results obtained with a closed
cell under radiation of 100 W/cm? are: Isc = 1.7 mA/cm?; Veo = 0.57 V; FF = 0.55; n = 5% (P.
Guo & Aegerter, 1999). During the ascent, the gelling begins in seconds because the solvent is
alcohol and a deposit of a uniform thin layer. The withdrawal soaking process can be repeated to
obtain the desired layer. The prepared ZnO or TiO; paste must be viscous enough to adhere to the
substrate when the latter is removed. The solvents used to make ZnO paste are alcohol associated

with ethyl cellulose (EC) and polyethylene glycol (PEG) to increase viscosity.

2.5.2.5 Chemical Vapor Deposition (CVD)

Chemical vapor deposition is a technique for vacuum deposition of thin layers from gaseous
precursors which undergo thermal decomposition and/or a chemical reaction in its gaseous phase.
A substrate is exposed to decomposed molecules (from precursors) which react to its surface to
deposit in a thin layer of sought-after materials in solid phase. The reaction by-products are

evacuated by a gas flow which continuously crosses the reaction chamber.

In 2005, J.B. Baxter and E.S. Aydil (Baxter & Aydil, 2005) synthesized ZnO nanowire for DSSC
using the MOCVD technique. The precursors are: the powder of hydrated zinc acetylacetonate
[Zn(CsH702)> x H2O or Zn(AcAc):] and oxygen and substrate is FTO. Zn's powder Zn(AcAc), was
heated to 75 © C and its vapor was brought into the MOCVD chamber by an Ar carrier gas and
oxygen was introduced by another entry into the same chamber (Baxter & Aydil, 2005). The gases

have a flow rate of 20 sccm and the total pressure maintained in the enclosure is 2.5 Torr (Baxter
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& Aydil, 2005). Nanofils with a diameter ~ 100 nm develop spontaneously on a thin layer of ZnO
polycrystalline (~ 20 nm) which is deposited on the substrate. This results in an increase in smooth
nanofils which reach several microns (Baxter & Aydil, 2005). The prepared FTO-ZnO electrode
was immersed in an ethanol solution of 0.2 mM N719 (Solaronix) for 30 minutes. The counter-
electrode was obtained by depositing 200 A of platinum deposited by e-beam evaporation on FTO.
The separator is made of polypropylene 20 um thick. The cathode electrolyte is composed of 0.5
M 0f 0.05 I> and 0.5 M 4-terbutylpyridine iodide in acetonitrile. The electrodes are pressed together
using clips. (Baxter & Aydil, 2005) Using a halogen tungsten lamp, the DSSC cell was subjected
to irradiation of 100 W/cm? and the following performances are obtained: Open circuit voltage:
Vco = 0.74V; Short-circuit current density: Isc = 1.62 mA/cm?; Form factor: FF = 55%; Electrical
efficiency: n = 0.5% [98]. Using the Xe 1000W lamp and a monochromator, the authors plotted
the IPCE efficiency curve which reached a maximum value of more than 6% at 525 nm close to
the maximum absorbance of the dye. Likewise, the light collection efficiency (LHE) or the
absorption curve (measured using the spectrometer) of the adsorbed dye follows the same form as
that of IPCE and reaches a maximum value of 9%. This low efficiency in collecting incident
sunlight justifies the low performance of the DSSC stack, unlike those with compacted
nanoparticles of 10 to 15 um which generally absorb more than 80% of incident solar rays (Baxter
& Aydil, 2005). By dividing the IPCE by absorption, we see that the injection and load collection
product is around 70% (Baxter & Aydil, 2005). This value corresponds to a high internal quantum
efficiency and therefore confirms the lowest current density of solar cells based on nanofils. The
slope on the current-voltage curve which corresponds to the shunt resistance (Rsh) is weak,
therefore the phenomenon of recombination of photoexcited electrons is high in nanofils and
trilodide ions of the electrolyte. This also justifies the low filling factor value. The 0.5% DSSC

yield is low compared to previous methods.

In 2008, H. Chen et al (H. Chen, Du Pasquier, Saraf, Zhong, & Lu, 2008) also developed DSSCs
based on ZnO nanotips and ZnO doped with gallium (GZO) by making a chemical vapor
deposition. The precursors are diethylzinc (ZnEt2) and oxygen for the synthesis of ZnO and
triethylgallium (TEGa) has been used as a source of gallium doping (H. Chen et al., 2008). In the
presence of metallo-organic precursors, the CVD process is called Metalorganic Chemical Vapor

deposition (MOCVD). The ZnO-based electrode was immersed in an ethanol solution of the 0.3



43

mM N719 sensitizer. The cathode is a platinum sheet fixed to a glass slide. The separator (Celgard)
is made of 25 pm microporous polyenin soaked in electrolyte composed of 0.5 M Lil, 0.005 mM
12 and 0.2 M tert-butyl pyridine in a methoxypropionitrile electrolyte (H. Chen et al., 2008). The
yield of the DSSC developed is 0.77% under standard measurement conditions (STC) and is close
to the results obtained by Baxter and Aydil above cited.

In 2009, Ahmad Umar (Umar, 2009) made the deposit of ZnO nano-piges (ZnO nanocombs) on an
FTO substrate for the manufacture of DSSCs. By placing 1.5 g of metallic zinc powder (99.999%
purity) in an oven, it increased the temperature of the oven until zinc evaporated. The FTO substrate
located near the zinc powder is raised to a temperature of 570 °© C. Ahmad Umar continuously
sends oxygen and nitrogen to the enclosure where the substrate and zinc are located. Finally, the
metallic zinc oxidizes by forming zinc oxide deposited in a thin layer on the FTO. The process lasts
1 hour. (Umar, 2009). Visimberga et al (Visimberga, Faulkner, Boese, & O'Dwyer, 2012) have
schematized and adopted CVD method for the synthesis of ZnO nanorods layers (Figure 2.10 (a))
and SEM images were presented in (b) , (¢) and (d).
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Figure 2.10: (a) Schematic of the CVD system for growing ZnO nanorods layers. (b) SEM image
of a layer of ZnO nanorods grown directly on silicon. (¢c) SEM image of nanorods with disk-
shaped heads and (d) hexagonal single-crystal nanorods with flat (0001) endfacets from which

optical measurements were taken. (Visimberga et al., 2012)

The electrode produced was immersed in a 0.3 mM solution of N719 (Solaronix) for adsorption of
N719 by ZnO. The counter-electrode is a thin layer of platinum (~ 60 nm) deposited by electron
beam on ITO [100] An electrolyte was manufactured using 0.5 M Lil, 0.005 mM 12 and 0.2 M tert-
butyl pyridine in acetonitrile). This electrolyte was introduced into the cell by one of the two small
holes drilled in the counter electrode and the holes were closed using a seal glass (\"sealing sheet
and microscope objective glass\") (Umar, 2009). The DSSC under a light intensity of 100 mW /
cm2 (AM = 1.5) has the following electrical performance: a light conversion efficiency into
electricity of 0.68%, a filling factor of 34%, a short circuit current density of 3.14 mA / cm2 and
an open circuit voltage of 0.671 V (Umar, 2009) The author justifies this poor electrical

performance by a high recombination rate of the carriers of photoexcited loads with the electrolyte
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at the interface (Baxter & Aydil, 2005). The close contact between ZnO and the electrolyte is also
reported as a source favoring the recombinations of carriers of photoexcited loads (Baxter & Aydil,
2005). The performance of this DSSC is also close to that of Baxter et al. and H. Chen et al. who
also borrowed the CVD. Table 2.4 summarizes the above mentioned DSSCs whose anode was

fabricated by CVD.

Table 2.4: Summary table of DSSC by CVD at the anode

Electro FF n .
Substrate Anode dye  Separator lyte Cathode (o) (o) Preparation Ref.
ZnO
o o
FTO- ) poly- MOCVD/Electron Aydil
glass Zn(AcAc),, N719 propylen (I-/T-5) Pt 38 0,5 beam 2005)
e
Oz
ZnO H
nanotips Ch.en et
Glass ~ LTeCUrsors: N9 Celgard (/) Pt ; 0,77 MOCVD al,,
ZnEt2, 2008)
Oz, TEGa
ZnO
nanocombs
FTO- Precursors: . . CVD/Electron (Umar,
glass/ITO 7 N719  sealing sheet  (I/I) Pt 34 0,68 beam 2009)
and O

2.5.2.6 Plasma-Enhanced Chemical Vapor Deposition (PECVD) or Chemical Deposit Phase
Steam assisted by Plasma (PECVD)

Is a variant of the CVD process. During this process, the molecules of a precursor are fragmented
into target materials and deposited in thin layers on the substrate. The main operating
characteristics of a PECVD device are: 13.56 MHz RF radio frequency plasma or 2.45 GHz 2.45
microwave. (Ramos et al., 2014; Stuckelberger, Biron, Wyrsch, Haug, & Ballif, 2017; Vega-Poot
et al., 2014)The amount of energy supplied per unit mass to the precursor. This energy is
responsible for the fragmentation of the precursor molecules. Substrate temperature: 150 ° C to

250 ° C; Work pressure; Possibility of deposit in large areas (> 10 m?).

The precursor used by A.G. Vega-Poot et al. is zinc diethyl (ZnEt2) (Vega-Poot et al., 2014). The

temperature of the FTO substrate is set at 150 © C during the deposition process. The source of
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Plasma is a microwave at 2.45 GHz. The gases used for plasma are a mixture of O2 (90%) and H»
(10%). The plasma source is fixed at a power of 600 W and the pressure varying from 5x107 torr
to 107 torr. (Vega-Poot et al., 2014) The glass-FTO-ZnO sample was subjected to heat treatment
and then immersed in a 0.5 mM solution of the dye N719 (Solaronix) for 1 hour (Vega-Poot et al.,
2014). After that, the sample was removed, washed with ethanol and dried under a stream of
nitrogen according to A.G. Vega-Poot et al. This gives the photoanode used for the manufacture
of DSSCs. The counter electrode was manufactured by Doctor Blade platinum deposit (Platisol
solution, Solaronix) on FTO (TEC 8, Pilkington Glass) and annealed at 400 ° C for 10 minutes.
Against electrode and photoanode were sealed using a Surlyn polymer (60 pm, Solaronix). An
electrolytic solution was prepared by the addition of 0.6 M 1,2-dimethyl-3-propylimidazole iodine
(DMPII), 0.1 M Lil, 0.5 M 4-tert-butyl-pyridine (TBP), 0.05 M 12 and 0.1 M guanidium
thiocyanate mixture dGuSetonitrile. This solution was inserted into holes in the Surlyn polymer
ensuring a bridge between photoanode and counter electrode (Vega-Poot et al., 2014). The
electrical performance measurements give yields of 0.4% to 2.4%, open circuit voltages of 0.62 V
to 0.71 V, and short circuit currents of 1.4 mA/cm? to 6.5 mA/cm?. These performance ranges are
proportional to the thickness (1.5 um to 10 pm) and to the surface of the electrodes involved for

DSSCs. (Vega-Poot et al., 2014)
2.5.2.7 Physical Vapour Deposition (PVD)

Physical vapor deposition consists in transforming a source material (solid, liquid or concentrated
gas) of vapor coating; the latter is driven and then condensed for deposit on a substrate. The

principle is illustrated in Figure 2.11.
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Figure 2.11: Principle of the PVD process (Faraji, Kim, & Kash, 2018)

It is the seat of basic physical phenomena, namely: thermal evaporation, sublimation or dispersion
of molecules of the source material. The steam generation technique can determine PVD
technology. A distinction is made between vacuum evaporation (vacuum heating and evaporation
~ 107 Pa) electron beam evaporation (Electron Beam PVD or EBPVD) cathodic spraying
(sputtering) pulsed laser removal (PLD where the atoms are torn from the target under vacuum and
under the effect of intense pulsed laser radiation for a deposit) ion beam spraying, ion implantation
(Ion Plating or Ion Assisted Deposition- IAD) electric arc process. Ion implantation consists of
bombarding the substrate of ions (of the target material) continuously or periodically. This
technique is often accompanied by terms which indicate the source of the material of deposit or the
technique of bombardment: Sputtering Ion Plating, Arc lon Plating. The magnetron process is an
evolution of conventional cathode spray which uses a magnetic field around the target at the
cathode thus increasing the ionization rate of the target gases at a lower pressure. This also increases
the speed and deposition efficiency of spraying compared to traditional sputtering. The medium
that can be passive (such as vacuum or an inert atmosphere) or active like a plasma or reactive
gases. An active medium is the seat of chemical reactions between atoms or molecules of source
materials and reactive gases. For a deposit of metal oxides, reactive gases are introduced which can
be combined with the vapors of metals. For a ZnO deposit, for example, oxygen is introduced as a
reaction medium with the zinc metal gas. The substrate is the necessary support to make the deposit

of the desired thin layer. It is carefully chemically cleaned and/or stripped (ionic pickling) to
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remove surface contamination before starting the deposit. Chemical cleaning is in an acetone bath
followed by an ethanol bath to remove fat, dust or any contamination. lon stripping consists of

bombarding the substrate with neutral gas ions like argon to make the substrate clean.

In 2005, L. Wang and X. Zhang (L. Wang et al., 2005) synthesized and deposited ZnO nanofils by
evaporating Zn powders at 750 ° C for 90 minutes in a tube enclosure . The source materials used
are 1 g of zinc powder (~ 74 pm) in diameter and a purity of 99.99%) vaporized to 750 ° C and
oxygen which react to give the ZnO. The substrate is a thin layer of ZnO. XRD analyzes have
proven the hexagonal crystal structure of ZnO nanofils synthesized with a preferential orientation

in the direction of the ¢ axis. (L. Wang et al., 2005)

In 2007, F. Wan et al synthesized ZnO tapes (layers) by oxidation of ZnS in the air (F. Wang et al.,

2007) according to the following reaction:
ZnS + 3/202 — ZnO + SO» 9)

This reaction takes place at 700 ° C (F. Wang et al., 2007). The physical vapor deposition enclosure
is a horizontal tubular electric furnace in quartz (35 mm in diameter, 120 cm in length). ZnO
ribbons have been synthesized from powders of ZnS and CdS (in molecular ratio less than or equal
to 0.05%) who have undergone physical evaporation to settle on substrates in a silicon wafer
covered with a thin layer of gold (~ 10 nm). These are ZnS ribbons. The oven temperature is raised
to 1100 ° C for 1 hour before heating stop. By natural cooling, the authors obtain a deposit of the
white ribbons of porous ZnO of width 2-7 um and of average length of 100 pm on the silicon
wafers. (F. Wang et al., 2007)

By evoking a high surface /volume ratio of the porous ZnO samples, the authors immersed the ZnO
ribbons in an ethanolic solution of the dye N3(RuL2 (NCS)2) for 10h. After removal and drying
of these samples, they were subjected to the responses. (F. Wang et al., 2007)

The phototension spectrum has a wide band between 300-425 nm and two other additional bands
around 400 nm and 515 nm. By comparing the phototension spectra of ZnO and ZnO/N3, the
authors conclude that the ribbons sensitized by the dye extend their photo-response over almost the
entire visible domain. This foresees that ZnO/N3 is a good candidate for the DSSC. (F. Wang et
al., 2007)
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ZnO fibers doped with Sb (L. E. I. Guo & Kerr, 2011) were produced by PVD from zinc powders
and Sb2O3. The ZnO: Sb was deposited on the FTO and the assembly immersed in a solution of
dye N3 for the photoanode. The cathode is made of platinum and the electrolyte is a solution of the
redox I'/I'3 pair. The electrodes assembled in DSSC provide an electrical efficiency of 2.64% (Table
2.5). (L. E. I. Guo & Kerr, 2011)

From the target zinc acetate dihydrate dissolved in ethanol in the presence of diethanolamine G. J.
Fodjouong et al. . (Fodjouong, Feng, Sangare, & Huang, 2013) deposited a thin layer of ZnO on
an FTO substrate by thermal evaporation (245 © C or 350 °© C for 6 hours). Then, the synthesized
sample was immersed in 0.05 mM of N719. The cathode is made of platinum and the electrolyte
is a solution of the redox I'/ I'; pair. The electrodes assembled in DSSC provide an electrical

efficiency of 1.56% . (Fodjouong et al., 2013) (Table 2.5).

Table 2.5: materials and performance of two DSSC by PVD at the anode

Anode Substrate Technic Dye Separator Electrode Cathode mn(%) Reference

ZnQO: Sb fiber

(L.E.L
(targets: Zn Thermal
FTO N3 - I/l Pt 2.64 Guo &
powders and evaporation
Kerr, 2011)
Sb203)
ZnO. Target:
zinc acetate Thermal
dihydrate evaporation N719  Surlyn
Pt (60
dissolved in FTO (245°C or 0.05 1702 60 I/l 1.56  (Fodjouong
nm)
ethanol in the 350°Cfor6 mM pm et al., 2013)
presence of hours
diethanolamine

In DSSCs made using ZnO nanotiges aligned vertically as photoelectrode, incident photons can
propagate along and between nanofils without being absorbed by dye molecules and therefore

hinder the collection of light (Ko et al., 2011).
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2.5.2.8 Hydrothermal Method (HTM)

It is a technique for synthesizing nanocrystals from an aqueous solution. The operating conditions
are higher (temperatures, high vapor pressures) than those of sol-gel. K.L. Foo et al. (Foo et al.,
2014) synthesized ZnO nanorods (NRs) deposited on ZnO seed layer. The synthesis was carried
out from the zinc nitrate precursor hexahydrate (208.2 mg) and hexamethyleneetramine HMT
(98.12 g) in deionized water. The ratio of the two reagents is 1: 1 in a total volume of 40 ml. The
ZnO seed layer substrate was immersed in the solution at 93 ° C for 6 hours. The synthesized
sample is annealed at 500 ° C for 2 hours which gives ZnO NRs. Through these syntheses, these
authors highlighted the influence of different solvents (methanol, ethanol, isopropanol and 2-
metoxyethanol) in the synthesis of ZnO NRs. The conclusions of their work reveal that the ZnO
NRs synthesized using 2-methoxyethanol have the smallest grain size (39.18 nm), the smallest

crystallite and the largest band gap (3.21 eV). (Foo et al., 2014)

2.5.2.9 Solvothermal growth

J. Lietal. (J. Li et al., 2013) have synthesized ZnO nanoparticles by solvothermally. Using 0.33
g of zinc acetate dihydrate, dissolved in 10 ml of ethanol in a stainless steel autoclave heated in a
forced air oven at 120 °C for 24 hours and then cooled to room temperature; a white precipitate
(ZnO) was obtained, separate, washed with distilled water and ethanol, then dried at 60 ° C for 8
h. (J. Li et al., 2013). The authors mix these ZnO nanoparticles with heteropolyacids at 10* M
(compared to zinc oxide) and a certain proportion of binders (terpineol, ethylcellulose in ethanol)
to drop a thin layer by squeegee (Doctor Blade) on the FTO. The sample obtained is heat treated at
450 ° C and constitutes the anode. The electrode is then immersed in a N719 solution to give a
photoanode. Using a platinum counter electrode, and an electrolyte solution (DHS-E36), they
assemble photoanode in contact with the electrolyte (DHS-E36) and against electrode to form a
DSSC cell. The heteropolyacids used are HxM12WO40 (M = P, x = 3 and if M = Si). The overall
efficiency of converting solar energy into electricity reached 2.7% in the presence of H3P12WO4o,
an improvement of 49.2% compared to efficiency without H3P12WO4o (J. Li et al., 2013).. A cell
operating mechanism has been suggested considering the presence of intact heteropolyacids in the

conduction of electrons. (J. Li et al., 2013).
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2.5.2.10 Electrodeposited Method (EDM)

Electrodeposition is an electrolytic technique for depositing thin layers in which the metal ions
present in the electrolyte undergo an electrical effect to settle on the substrate (Figure 2.12). The
deposition control parameters are: the composition of the electrolyte; the type of polarization

(continuous or pulsed); the agitation and the speed of circulation of the electrolyte.

Potentiostat

WE: Working Electrode
R: Reference Electrode
C: Counter Electrode

.
-
-
b
-

\

oy

Figure 2.12: schematic st-up of the electrochemical deposition adopted (Ikhioya, Akpu, & Nkele,
2021)

The materials and performances of two DSSCs produced from ZnO by electrodeposition are
presented in table 2.6 below. The DSSCs developed by J. Qiu et al. (Qiu, Guo, & Wang, 2011)
reach a yield of 3.12% while those developed by S. Karuppuchamy (Karuppuchamy, 2002)

Table 2.6: Materials and performance of two ZnO-based DSSCs developed by electrodeposition

Anode Substrate Dye Separator Electrolyte Cathode n (%)  Réference
ZnO nanorod- TO N719 Thick spacer [I/Is PYETO 312 (Qiu et al,
nanosheet : 50um 2011)

Thi /s K h
ZnO-TiO: ITO N3 ick  spacer /L Pfoil 013  (aruppucha

50um my, 2002)
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2.5.2.11 Pulsed Laser Deposition

Pulse laser ablation is a thin layer deposition technique based on the interaction between the target
material being sought to be deposited and a high energy pulse laser beam. The apparatus consists
of a laser irradiation source system, a pumping system which allows vacuuming in the vacuum

chamber, a target door, a heating substrate door, lenses, mirrors and control instruments.

2.5.3 Dye

A dye is responsible for absorbing photons in a DSSC cell. It is present as a monolayer on the entire
surface of the semi-driver and constitutes the key element of the Grétzel cell, because it must fulfill

three major criteria:

e [ts absorption spectrum must be as wide as possible and be in the visible. In Graetzel's
report the ideal dye should absorb all of the wavelengths of light below the 920 nm
threshold (Gritzel, 1999).

e It must be able to easily transfer its excited electrons to the conduction band of the
semiconductor oxide, that is, the molecular orbitals involved must have good recovery.
Graetzel estimated that the injection of electrons into the solid must be done with a quantum

efficiency.

e It must be able to ensure hundreds of millions of cycles of oxidationreduction without
degrading; which eliminates the main organic dyes. (Colodrero et al., 2009; Sauvage et al.,

2010)

To remedy the problem of degradation of dyes, research and developments have made it possible

to find additives capable of:

e Maintaining the stability of the dye in light such as I-ethyl-3 methylimidazolium
tetrocyanoborate (EMIB (CN) 4);

e Improve the conversion efficiency from light to electrons. Diselenium copper (Cu (In, Ga)

Se») in a dye offers this possibility.

The dye must also bear fixing groups such as carboxylate or phosphonate to firmly encumber on

semiconductor oxide (Gritzel, 1999). There are thousands of dyes studied and offered for DSSCs,
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however there are two families, namely natural dyes and synthesized dyes. The synthesized dyes
are: Metallic complexes (ruthenium); Organic dyes without metal (porphyrin); Dyes based on
perovskite; Bite dyes; Quantum dots dyes.

Natural dyes are the first to be used in DSSCs in the 1970s (Tributsch & Calvin, 1971). They are
extracted from plants (leaves, flowers, fruits, roots, petals) in the form of anthocyanins, flavonoids,
carotenoids and chlorophyll pigments. Carotenoids are isoprenoids or organic pigments with a C40
hydrocarbon skeleton. Carotenoids are responsible for the colors red, yellow and orange from the
many fruits and flowers. According to Shalini et al (Shalini et al., 2016), the synthesis of natural
sensitizers begins with the picking of flowers or plant fruits followed by the extraction of dyes with
suitable solvents such as water, alcohol.

Flavonoids are organic pigments found in vascular plants. Having a basic structure formed of two
aromatic cycles connected by three carbons C6-C3-C6, the flavone consists of 2 aromatic cycles
linked together by a cycle Y. According to Shalini, HOMO to LUMO load transfer transitions
require little energy in the case of flavonoid and a wide absorption band in the visible region.
(Shalini et al., 2016)

Anthocyanins are also natural pigments responsible for the colors of the scarlet with blue in the
visible spectrum. Their basic structure consists of C6-C3-C6. They are sensitive, unstable and
degradable dyes depending on the light intensity and a change in pH. Anthocyanins are soluble in
water and alcohol. They are extracted from the numerous fruits, flowers and leaves such as aronia,
eggplant, cranberry, cherry, blackberry, blueberry, orange, apple (skin), grape (red).

Chlorophyll is a natural green pigment in plants with two bands of red and blue absorption in the
visible spectrum (400 nm-700 nm). During photosynthesis chlorophyll intercepts light energy to
produce chemical energy (gluicides) and oxygen. The basic chemical structure of chlorophyll
contains cycles of carbon, nitrogen, hydrogen, Mg2 atoms as. The presence of Mg ensures the color
green. Natural dyes are interesting because of their low cost of implementation since they are
extracted directly from plants and their abundance in nature. Using an anode zinc oxide electrode,
DSSCs with natural dyes have been developed. This is the case for dyes extracted from nuts,
rhubarbes and pomegranates by boiling these plants in water for a few hours until solid extracts are
obtained. (El-Agez, Tayyan, Al-Kahlout, Taya, & 1-Latif, 2012). The solid extracts were then dried
at 70 ° C overnight and the product obtained was dissolved in ethylene glycol to obtain the desired
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dyes. These dyes were used to develop DSSCs with a low conversion efficiency of 0.014% for
dyes from nuts and rhubarb and 0.0043% for dyes from pomegranate (El-Agez et al., 2012).

Taya et al. (Taya, 2013) extracted dyes from five plants (anethum graveolens, parsley, arugula,
spinach oleacea) to develop DSSCs with anode ZnO and TiO». Their best conversion yields are for
the dye extracted from spinach associated with a redox torque electrolyte (I/I3) forming a DSSC:
In the case of the electrode based on ZnO the conversion yield is very low 0.008% (Taya, 2013).
For the anodic electrode in TiO2, Taya et al. observe an increase in yield at 0.29% (Taya, 2013).
However, the trend is that the latter DSSCs have a higher conversion performance than those based
on zinc oxide (Richhariya, Kumar, Tekasakul, & Gupta, 2017).

Direct extraction of dyes from plants (fruits, vegetables, flowers, roots) often involves grinding,
drying, lyophilization or soaking steps in a suitable solvent. Other chemical and physical extraction
techniques are also used. Chemical extraction passes through a combination of solvents for
example for the extraction of anthocyanins, the solvent commonly stressed is a combination
between water, alcohol (ethanol and methanol), acetone and a range of acids (such as hydrochloric,
citric, tartaric, acetic, propionic acid (Barnes, Nguyen, Shen, & Schug, 2009; Metivier, Francis, &
Clydesdale, 1980). This combination gives acidified solvents such as acidified methanol which is
recognized as a more effective solvent compared to acetone or methanol alone (Barnes et al., 2009).
A mixture of methanol, water and trifluoroacetic acid in a volume ratio of 70:30: 1 performed by
Barnes et al. (Barnes et al., 2009) in 2009, was found to be the best solvent for the extraction of
blueberry anthocyanins (blackberries). The addition of weak organic acids or strong acids at low
concentrations in these acidified solvents such as trifluoroacetic acid (0.5-3.0%) or hydrochloric
acid (<1.0%) prevents the acidified solvent does not destroy the extraction anthocyanin pigments
(Amogne, Ayele, & Tsigie, 2020; Barnes et al., 2009; Metivier et al., 1980). The choice of these
solutions was justified by the fact that anthocyanins are polar molecules and that high polarity
solvents such as water or those with low polarity cannot effectively extract anthocyanins. Physical
extraction techniques are ultrasound-assisted extraction, microwave assisted extraction,
supercritical fluid extraction and high-pressure extraction. After extraction, the products obtained
are subjected to purification to recover the dye at high purity. Natural dyes have certain drawbacks
including instability under the effect of heat and a lower yield of conversion of light rays into

electrons by compared to synthesized dyes. Although research and development is still articulated
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on plants in order to exploit natural dyes, synthesized dyes offer better performance and are best

used in DSSCs. Richhariya et al. (Richhariya et al., 2017) suggest a mixture of natural and

synthesized dyes to achieve better performance. This suggestion is based on the improvement of

absorption of light rays by the NIR solar spectrum allowing more solar radiation to enter the dye

and therefore to increase the flux of electrons which arrives in the semiconductor, it should be

noted that some authors (Fu, Zhao, Yang, & Wu, 2014; Silva et al., 2019) have extracted bacteria

from natural dyes for DSSC applications, but the yields of conversion of light energy into electrical

energy obtained are very low (less than 1).According to Vankar (Vankar, 2000) natural dyes do

not combine directly with the material they are supposed to color and require a bite to attach to the

material and prevent the dye from degrading to light. The teeth used are:

Metallic salts of aluminum, chromium, iron, copper and tin;
Tannins;
Sulphon oils which have better metal fixation than natural oils due to the presence of

sulfonated groups. This group forms with the dye a metal complex to give a solidity and a

higher dye. (Vankar, 2000)

The dyes synthesized below are used:

Halogenated perovskites of chemical structure CH3N3PbX3 (X = Cl, Br or I) were used as
sensitizers for the first time in 2009 in DSSCs providing a conversion yield of 3, 8%. Very
quickly, developments of the DSSC with this sensitizer experienced a remarkable boom in
light conversion performance into electrical energy: 15% (J. Burschka et al., 2013; Hu et
al., 2014; Omar & Abdullah, 2014) in 2013, 19.42% (Yang et al., 2016) in 2016 and
29.52% for the perovskite-silicon tandem. Tandem has a wide range of wavelength
absorption. Perovskite DSSCs have the advantage of low-cost production and the
possibilities for improving yield. However, their drawbacks lie in aging and structural
instability at the module level.

Metal complexes, such as ruthenium or osmium, are excellent candidates. They have a wide
absorption band in visible light, as well as a very good ability to inject electrons into
semiconductor oxide. The conversion rate of an incident photon into an electron, at a given
wavelength, is very high in visible radiation. Ruthenium (Ru) complexes provide the best

yields for Gritzel cells, between 11% and 12%. (Sauvage et al., 2010).
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These complex ruthenium dyes have advantages:
e An octahedron geometry which tolerates the extension of specific ligands in a controlled
manner;
e Photophysical properties, photochemical and electrochemical are tunable;Stable and
accessible oxidation states from I to IV;
e (Good stability in many solvents. Ru-based dyes are distinguished by their functional groups
and their areas of absorption of solar radiation.
The complex ruthenium dyes frequently used are: Di-tetrabutylammonium bis (isothiocyanato) bis
(2,2'-bipyridyl-4,4'-dicarboxylato) ruthenium (II) (N719), Cis-Bis (isothiocyanato) bis (2,2'-
bipyridyl-4,4'-dicarbox. The N3 dye has in its structure two bipyridine ligands and two other
isothiocyanoto absorbent ligands in the UV-visible domain until 800 nm. The absorption of light
by the dye is attributed to the transfer of charge from the transition metal to the ligand and to the
molecular orbitals HOMO and LUMO (Shalini et al., 2016). The N719 dye is a modification of N3
by substitution of hydrogen by the TBA group. Their result indicates that for an N719 dye dissolved
in 0.27 mM of ethanol, the absorption of the dye reaches 250-800 nm. The dye N749 absorbs up
to 860 nm of light radiation (Shalini et al., 2016).
The dye N719, made from ruthenium, is most often used in DSSC cells. These ruthenium
complexes are used because they mainly absorb in the visible light spectrum. It takes about 0.1
grams of Ru per m? of cell. (Colodrero et al., 2009; Sauvage et al., 2010) Previous studies have
shown that the dye N719, if it is very well suited to TiO2, however, it is not suitable for the use of
ZnO. Indeed, there appears an accumulation of dye in the pores of ZnO which results in its
dissolution into Zn*" ions and which makes ineffective the phenomenon of absorption of photons
and transfer of electrons. (Karin Keis, Lindgren, Lindquist, & Hagfeldt, 2000) A suggested
solution for optimizing the awareness process in the DSSCs would be to raise awareness with basic
solutions or with dyes which do not have acid protons in their structure but which will nevertheless
attach to the particles of ZnO so that an effective injection takes place. (Karin Keis et al., 2000)
The record characteristics of sensitizers N719 and N3 are given by the manufacturer Sigma Aldrich

(table 2.7). These dyes were used in a solar cell based on TiO» and the electrolyte 1/173.



57

Table 2.7: Performance of sensitizers N719 and N3 in a DSSC based on TiO2 (Source: Sigma

Aldrich)
Jsc
Dye Voc (V) (mA/em?) FF (%) | n (%)
N719 0,84 17,73 74 11,2
N3 0,726 15,8 71 8,2

In 2011, Yella et al (Yella et al., 2011) have developed a metal-free organic sensitizer called
porphorin to achieve a high conversion efficiency of 12.3%. The electrolyte used in this DSSC is
cobalt-based. These metal-free dyes have several advantages compared to those based on metals,
namely: a very high molar extinction coefficient, absence of the cutter of the expensive and toxic
Ru, ease of synthesis, stability at high temperature. Organic dyes without metal generally have a
molecular structure D-n-A (Donor-Link-Acceptor). Donors are electron-rich groups such as
phenylamine, aminocoumarin, indoline, (difluenyl) triphenylamine, triarylamines and carbazoles.
(Shalini et al., 2016). Some groups 7 used in literature (Shalini et al., 2016) thiophenes, polyenes,
benzethiadiazoles and some acceptors are cyanoacrylic acid, rhodamines, pyridines. Organic dyes

without usual metal are porphyrin, coumarin, indoline and derivatives Zn-porphyrin.

Quantum dots dyes (QDs) are one of the last generations of developing and research dyes for
DSSCs. In a QDSSC cell, the DSSC dye is replaced by inorganic nanoparticles called QDs
(quantum dots). QDs are either adsorbed from a colloidal solution or they are produced in situ.
Cadmium chalcogenide QDs (CdX, X =S, Se or Te) show increased absorption of photons by CdX
due to its prohibited band greater than 1.3 eV.

2.5.4 Substrate

In most of the work carried out on DSSCs, the semiconductor is placed on a glass on the surface
of which a thin layer of a conductive and transparent metal oxide is previously deposited (TCO,
Thin Conductive Oxide). In the area of DSSC, it is usually a layer of fluorine-doped tin oxide
(SnO2: F, FTO); tin-doped indium oxide (In20s3: Sn, ITO) is also used (Ngamsinlapasathian,
Sreethawong, & Yoshikawa, 2008) but not in the case of large-scale development of DSSCs,

because global indium production is low (less than 600 t / year) due to its rarity in the earth's crust.
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This TCO glass must be both very transparent in order to allow lighter to enter the cell and very
conductive to be able to transport the electric current during the operation of the cell. The TCO22-
7, a substrate 2.2 mm thick and having a surface resistance of 7€/sq, is much more used, so you
must find a compromise on the thickness of the conductive oxide layer, because the thicker it is,
the better it will be a good driver, but the less transparent it is. Flexible substrates are also used in
the manufacture of DSSC cells, they are very practical and above all well suited for transport. In
particular, flexible DSSCs using thin and light conductive plastic substrates for their
photoelectrodes are inexpensive and suitable for the production of rollers. Most conventional
processes involve high temperature sintering (450-500°C) for the annealing of ZnO nanoparticles,
to obtain a good connection between the particles; this high temperature cannot be used in the case
of plastic substrates. Therefore, it was necessary, in the case of plastic substrates, to develop a new
manufacturing process achievable below 150 °C, with post-treatment, if necessary, to improve the
binding between ZnO particles. Several methods have been proposed to overcome this problem;
we will cite as examples: the method of dissolution and precipitation (Ueno, Utsunomiya, &
Fujihara, 2013), pyrolysis below 120 °C (Utsunomiya, Ueno, & Fujihara, 2013) and hydrothermal
growth at low temperature of a layer of germ derived from a sol-gel, etc. (W. K. Tan et al., 2013).
Some work on the manufacture of DSSC based on ZnO with plastic substrates has been listed
(Choudhury, Kishi, & Soga, 2016; Jiang et al., 2008; Yin, Liu, Wang, & Liu, 2010); M.S.H.
Choudhury et al. (Choudhury et al., 2016) broke the conversion efficiency record by 0.9% (table
2.6) obtained by C. Y. Jiang et al (Jiang et al., 2008) adding 10% of TiO; to the ZnO matrix and

obtain a conversion efficiency of 1.75%.

A study involving a deposit process by electrophoresis (EPD) followed by the compression of the
film as post-treatment was carried out (H.-W. Chen et al., 2011). This compression method is
simple and fast enough to prepare a ZnO photoelectrode for a flexible plastic-based DSSC cell.
H.W. Chen et al. (H.-W. Chen et al., 2011) achieved a conversion efficiency of 4.04% by
immersing the ZnO electrode deposited on an ITO-PEN substrate in 0.5 mM D149 for 3 hours at
50 ° C to develop the photoanode. The cathode was developed using platinum deposited on an

ITO-Pt substrate in contact with a typical electrolyte (I/13) and a joint 25 um Surlyn Solaronix.
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2.5.5 Cathode

The role of the cathode or counter electrode in a DSSC cell is to recover the electron which has
been injected by the dye and to regenerate the reduced shape of the redox pair from the closing
oxidized form, thus the electrical circuit of the cell. The criterion for choosing an electrode is based
on: A high rate of reduction of the mediating electrolyte causing the regeneration of the sensitizer;
The lowest possible resistance to neglecting the game losses. There are several types of cathodes
for DSSC cells which can be classified into 4 groups: metals, metal oxides, carbon electrodes and

polymers.

2.5.5.1 Cathodes types for DSSC based on ZnO

Platinum is mainly used as a counter electrode (platinum film on a conductive glass substrate)
because this metal offers very low overvoltage (almost zero) and therefore catalytic conditions
favorable to the reduction of I'3 in I" present in the electrolyte. The cathode is made from a platinum
precursor, usually a platinum salt, this is the case, for example, of H2PtClg, heat treated on a glass
substrate. This technique minimizes the amount of platinum used (approximately 5 nmol/cm?),
since platinum is very expensive and remains less abundant in nature. (Murakami & Grétzel, 2008;

O'Regan & Gritzel, 1991)

Other metals have the advantage of low resistance but are corrosive in the mediating electrolyte.
To overcome this corrosion phenomenon, some researchers cover metals from anti-corrosive
materials such as carbon, tin oxide, platinum, nickel. This is how stainless steel (SUS 304) covered
with platinum was used by Ma et al. in the manufacture of DSSC with a yield of 5.24%. Although
platinum is recognized for its stability in the face of corrosion in the electrolyte (triiodide /iodide),
E. Olsen et al. have revealed in their work an instability of platinum when it is in contact with the
electrolyte containing the torque (triiodide / iodide) and therefore its catalytic activity decreases as
a function of the time of exposure to the electrolyte due to the formation of the Ptl4 compound

(Olsen, Hagen, & Eric Lindquist, 2000).

Esgin et al. (Esgin, Caglar, & Caglar, 2022) published in 2022, a DSSC based on copper-doped
ZnO at the anode associated with a platinum cathode. The performance of this cell solar is low with

an electrical conversion efficiency reaching 2.03% and a form factor of 55.9%. (table 2.8)
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Research has progressed in the direction of gradually replacing platinum in the composition of the
cathode, in order to reduce the cost of manufacturing DSSC cells and also to optimize their long-
term stability. Thus cathodes without platinum have been developed; this is particularly the case
for carbon compounds which are tested a lot, although carbon has a low catalytic activity vis-a-vis;
its analogs with a specific high surface (carbon nanotubes, etc. have catalytic activities that may
exceed those of platinum. Carbon black, carbon nanotubes and graphene, are a good alternative to
platinum, because they have a good catalytic activity with regard to the reduction of ions, and in
addition they are resistant to heat and corrosion. (Anwar, George, & Hill, 2013; Murakami et al.,
2006; Roy-Mayhew, Bozym, Punckt, & Aksay, 2010; Satapathi et al., 2014; Suzuki et al., 2003;
Trancik, Barton, & Hone, 2008). It is also noted that carbon costs less than platinum and that it is
generally insoluble in several solvents. Graphite is used for its high electronic conductivity which
allows a good transfer of charge to the electrolyte. Carbon black can also be used for its large
porosity, which increases the catalytic effect of the electrode. (Kay & Gritzel, 1996). Carbon
nanotube cathodes, in graphite and carbon black have improved the yields of DSSC cells
(Murakami et al., 2006; Satapathi et al., 2014; Suzuki et al., 2003) A carbon nanotube is made up
of one or more coiled graphene sheets, following a nanometric radius of curvature, so as to form a
cylindrical structure. There are two types of carbon nanotubes (Diirkop, Getty, Cobas, & Fuhrer,

2004):

e Mono-leaf carbon nanotubes also called mono-wall or mono-layer (Single-Wall Carbon
Nanotubes - SWNT) consisting of a graphene sheet wrapped on itself and which can be
closed at both ends by half a molecule of fullerene. Suzuki et al. (Suzuki et al., 2003) have
developed a DSSC based on SWNT on the counter electrode and TiO> on the anode
deposited by doctor blade. The dye used is N719 and the electrolyte is the torque (I/173) in
3-Methoxyacetonitrile. The DSSCs produced achieve a yield of 4.5% which is comparable
to using the FTO as against electrode under the same preparation conditions (Suzuki et al.,

2003).

e Multi-leaf carbon nanotubes also called multi-wall or multi-layered (Multi-Wall Carbon

Nanotubes - MWNT) consisting of several graphene sheets wrapped around each other.
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Carbon nanotubes are used in DSSC cells to improve their efficiency, by conferring good electrical
conductivity on nanocomposed metal oxides. They can be added in electrolytes, counter-electrodes
and even in the active layer of nanocomposite semiconductor oxides such as TiO». (Uk Lee, Seok
Choi, & Hong, 2010) Other materials can also be used as counter-electrodes; this is particularly
the case for conductive polymers, or certain metallic sulfides. (Murakami & Gritzel, 2008; M.
Wang et al, 2009) The conductive polymers (polyaniline, polypyrrole, poly (3 -
4ethyleneioxythiophene)) known by the acronym PEDOT, have also demonstrated good catalytic
activities. (Julian Burschka et al., 2012; K.-M. Lee et al., 2010; Z. Li et al., 2009; Saito, Kubo,
Kitamura, Wada, & Yanagida, 2004; Jihuai Wu et al., 2008; Xia, Chen, & Yanagida, 2011) These
materials have good intrinsic electronic conductivity and have in addition good optical, mechanical
and electronic properties (load transfer). These conductive polymers can be easily deposited as a
thin film on a substrate with a uniform thickness, making it good electrodes for DSSC cells.

(Saranya, Rameez, & Subramania, 2015)

Metallic sulphide cathodes have also been developed, these include metallic sulfides below - after:
CoS, NiS, Cu;S and PbS. (J.-Y. Lin & Liao, 2011; Shuai et al., 2014; Sun et al., 2011) An earlier
study has shown that CoS is more stable in the long term than PbS and Cu,S used as a cathode in
DSSC cells (LAHMANI, DUPAS, & HOUDY, 2009) Another study (LAHMANI,
BRECHIGNAC, & HOUDY, 2012) revealed that cobalt sulfide (CoS) would have more catalytic
activity than platinum for the reduction of triiodide ions. Thin CoS movies on conductive plastic
(Polyethylene Naphthalate / ITO or PEN / ITO) were used as a counter-electrode in a DSSC cell
with a yield of 6.5% under a standard illumination with a power of 100 W/cm? with an AM1.5G
filter (M. Wang et al., 2009)



Table 2.8: DSSC performance with different materials under irradiation 100 mW/cm?
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Catalyst

Electrolyte

Jsc

FF

Method

0,
Substrate on CE solvent Anode Dye (mA.cm?) Voc (mV) %) n (%) Technic Reference
FTO Pt (I/1y) ZnO:Cu  N719 0.69 596 559 203  HMT (Esgt)nzgt) al,
o HTM:,  (J.Lietal.,
FTO Pt (I/15) ZnO N719 223 542 46.7 2.7 DBT® 2013)
HTM? .
PET/ITO . > (Jiang et al.,
(flexible) Pt (I'/13) ZnO N719 (chart) (chart) 0,9 EBI;’ VD 2008)
. CYC- DBT, (C.-P. Lee et
ITO/FTO Pt (I713) ZnO Bl 16.09 565 59 4.85 g al.. 2014)
y (C.-P. Lee et
ITO/FTO Pt I/13) ZnO N3 10.7 549 45 2.5 DBT, S al.. 2014)
Gr:ﬁl;lte (io)r(np (Kay &
FTO acetonitrile  TiO» o1y 11.34 826 71 667  DBT Griitzel,
Carbon RU 1996)
black (1D
Acetonitrile (Seigo Ito et
FTO Pt + TiO, N719  16.25 779 73 924  DBT c1g0 1o ¢
. al., 2007)
valeronitrile
Acetonitrile . (Nazeeruddi
o Pt T Tio, N3 1773 846 75 ans P el
& valeronitrile & 2005)
ITO- Acetonitrile .
PENand Pt L Tio, N719  13.6 780 68 72  OF  (Sltoetal,
e . EDM 2006)
Ti foil valeronitrile
3 (Suzuki et
Glass SWCN  Methoxyacet TiO» N719 9.7 750 62 4.5 DBT
o al., 2003)
onitrile
ITO/SiO Comp 11,2 610 61 4.4 (M. G. Kang,
x/StSt Pt (/1) TiO lexe DBT Park, Ryu,
ITO/StSt 3 2 RU 9.1 610 3.6 Chang, &
StSt (1D 6,35 610 2,1 Kim, 2006)
Ag Clz)r:;p 5,69 781 0,72 3,19 Photoel Mansek
FTO PEDOT TiO; 5,30 460 0,63 1,54  ectroch
RU emisrty al., 2011)
Carbon (1D 4,90 456 0,52 1,17

HTM?®: «hydrothermal method». Nanocrystal synthesis technique from an aqueous solution. Operating conditions: high
temperatures, high vapor pressures.

CE: counter electrode

DBT®: «Technical Doctor-blade». Small layer coating technique controlled using a blade /knife.

EBPVD®: Electron Beam PVD

SP¢: screen-printing

S¢: Sputtering

SWCN: single wall carbon nanotubes

PEN: Polyethylene Naphthalate

EDM: «electrodeposited method». Electrodeposition is an electrolytic technique for depositing thin layers in which
the metal ions present in the electrolyte undergo an electrical effect to settle on the substrate.
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SCM: «spin-coating method». Thin layer deposition technique using a rotating machine called «spinner» or «spin
coater».

CBD: «chemical bath deposition». Chemical bath deposit or solution containing precursors for the deposition of
nanomaterials on a substrate.

SGM: «sol-gel method». Solution - gelation.

CVD: «chemical vapor deposition». Chemical vapor deposition is a technique for vacuum deposition of thin layers
from gaseous precursors. The substrate is exposed to precursors in the gas phase which react to its surface to generate
the desired deposit.

PVD: «physical vapor deposition». Physical vapor deposition consists of transforming the solid or liquid of coating
into vapor and then the latter is driven and condensed for deposit on the substrate.

StSt: stainless steel S.

Ito et al. concluded from their work that the effectiveness of flexible DSSCs on polymer films is
lower than that of DSSCs on high temperature annealed FTOs. Indeed, a low temperature heat
treatment is a cause of loss of energy from the conversion of light rays into the DSSC cell (Nakade
et al., 2002). S. Nakada et al (Nakade et al., 2002) found:
e A poorer interconnection between the annealed particles at 150 °C compared to those
annealed at 450 °C in their observation at MEB.
e Through peaks of analysis at XRD showed better crystallization at 450 °C than at low
temperatures.
e A lower short-circuit current density in an annealed sample at 150 °C than at 450 °C.
e The electron diffusion length of all films annealed at 150 °C was much shorter than that of
films annealed at 450 °C.
Stainless steel substrates (StSt, stainless steel) offer the possibility of annealing at higher
temperatures than those in plastic; which results in the evaporation of water, disposal of organic
residues, improving interparticle interconnection and improving the grip of the semiconductor on
the substrate. Kang et al (M. G. Kang et al., 2006) made thin layer deposits of TiO2 on a stainless
steel substrate (according to the TiO2/StSt, TiO2/ITO/StSt and TiO2/ITO/S10x/StSt stacks) stacks.
For the flexible electrode of TiO2/ITO/SiOx/St St associated with a counter electrode in Pt, the
yield of the elaborate DSSC is 4.2% while for the substrate in FTO the DSSC developed under the
same conditions gives a conversion efficiency of 4.8%. This performance of the stainless steel
working electrode is also attributed to the reflexivity of the light rays of steel towards the cell and
to the presence of the SiOx layer which would facilitate the diffusion of these rays in the dye
particles. Without the SiOx layer, the yield of DSSC drops by 17% and 50% respectively for the
working electrodes of TiO2/ITO/St/St and TiO> /StStSt. Jun et al (Jun, Kim, & Kang, 2007) also

carried out in their studies on the performance of DSSCs based on stainless steel substrates are
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almost equivalent in terms of yield compared to that with FTO substrate manufactured under the
same conditions. One of the strategies to contain the liquid electrolyte in the DSC and improve
them performance of the solar cell is to replace the liquid mediator with a solid hole driver such as
PEDOT. Manseki et al (Manseki et al., 2011) have studied PSSCs based on PEDOT associated
with counter-electrodes (Ag, C and FTO) and a nanocrystalline TiO» anode deposited on the FTO.
For impedance, they found that the internal resistance of money is more than that of carbon. They
also note that the TiO2/dye/PEDOT charge transfer process varies considerably depending on the
electrode material at the cathode. Indeed, IPCE analyzes based on light radiation show that the
silver dough interface is the most efficient in load transfer and that the carbon dough interface is
the least efficient. The FTO interface has an intermediate charge transfer efficiency between the
FTO and the money. This justifies the conversion yields of the DSSC obtained from the counter
silver electrodes, FTO and carbon which are 3.19% respectively, 1.4% and 1.17% using PEDOT
as a hole conductor and TiO2 / FTO at the anode. The DSSC based on the driver PEDOT / Au at
the cathode and TiO> at the anode have low yields and less than 1% (Senadeera et al., 2005).

The promising substrates are Ti, stainless steel, the W, and the Zn (S. Ito et al., 2006).

2.5.6 Electrolyte

Electrolyte plays an essential role in the operation of the DSSC cell, since it ensures the
regeneration of the dye. It must meet a number of conditions for cells to be stable. Thus it must not
be toxic, it must have a low vapor pressure, a boiling point above 70 °C, be low reactive, stable
and inexpensive. Aqueous systems meet these criteria, but water generally causes dye desorption
and can react with the usual mediators. The most commonly used and effective mediator is the

trilodide/iodide pair. The reasons for this wide use are:

e S. Pelet et al. (Pelet, Moser, & Gritzel, 2000) have shown that the adsorption of cations on

the surface of TiO2 allows the oxidation of via a rapid mechanism.

e Ruthenium dyes adsorbed on TiO> are regenerated with an efficiency close to 100% in the

presence of the redox torque. (Clifford, Palomares, Nazeeruddin, Grétzel, & Durrant, 2007)

e A high diffusion coefficient due to particles of the redox torque which are small sizes

(Su’ait, Rahman, & Ahmad, 2015);
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e Does not undergo decomposition in the operating conditions of the solar cell, therefore

stable (Su’ait et al., 2015);
¢ A low light absorbance compared to that of the dye (Su’ait et al., 2015).

The first generations of redox pair electrolytes (I/I3) are volatile electrolytes produced using
organic additives. The most used are iodolytes consisting of a solvent (3-methylpropionitrite,
acetonitrile, propionitrile), additives (ionic liquid, alkylbenzimidazole, thiocyanate, lithium salt,
derived from pyridine) with a concentration (30 mM, 50 mM, 100 mM, 150 mM torque.

((www.solaronix.com)). The additives consist of cations and anions likely to improve the

conductivity of the electrolyte and the solar cell. The electrolyte is synthesized using a high boiling
solvent to ensure its stability in the cell operating under a high temperature. The volatility of the
electrolyte is a factor of instability leading to a expansion of the liquid and a plausible rupture of
the tightness of the DSSC. Damage to the DSSC can be seen, a production disruption or a drop in
production. To remedy this volatility problem, a tetracyanoborate additive is added during the
synthesis of the electrolyte. This additive is stable in light and heat due to light radiation. We finally
get non-volatile electrolytes. Mosalytes are an example of electrolytes with negligible vapor

pressure and are therefore compatible with high temperatures. (www.solaronix.com)

Other redox couples have been tested, such as (Br*/Br). However, these systems have not proven
to be as effective. At low temperatures the electrolyte tends to freeze, which results in damage to
the cell and interruption of electricity production. At high temperatures, the electrolyte containing
volatile organic compounds tends to expand, which results in the rupture of the seal of the cell. In
order to alleviate the problems of using a liquid electrolyte, solid or quasi-solid electrolytes based
on polymers have been developed. The simple gelling of the electrolyte with PEG achieved an
8.21% yield (Chalkias et al., 2021) in 2021. Ionic liquids were also used due to their stability, such
as the mixture of I-propyl-3-methyl-imidazolium iodide and 1-ethyl-3-methylimidazolium
tetracyanoborate, yields reaching 7.8% have thus been reported, as well as carriers of solid holes
like Cul or even spiro - MeOTAD. (Kriiger, Plass, Gritzel, & Matthieu, 2002) The latter system
achieved 5.1% efficiency under AM1.5 illumination at 126 mW/cm?. However, the performance
of cells containing these solid or quasi-solid electrolytes never exceeds that observed with liquid

electrolytes due to the lower penetration into the pores and / or the slower diffusion of the mediator



66

in these more viscous systems. (Kriiger et al., 2002) In 2014, Ahn et al. have developed a PEBII
polyionic electrolyte (SnO hollow sphere TiO» nanosheet organized TiO2) from 0.2 .10 S.cm-1
Indeed, it is essential that the material responsible for transporting the loads between the dye and
the cathode completely coats the electron-carrying material so as to allow the regeneration of the
entire dye and at all times. However, penetrating a solid within a network of nanoscale pores is far
from trivial. Much work is being done on the use of dry or gelled polymer electrolytes to replace
liquid electrolytes. (Su’ait et al., 2015) The use of a gelled electrolyte makes it possible to maintain
ion conductivities equivalent to those of liquid electrolytes, but the problem of the volatility of
solvents remains intact, moreover, most often, the gels obtained are not stable and an exudation of
the solvent is observed. Recent studies show the potential of polyoxyethylene skeleton polymer
electrolytes (POE) incorporating DSSCs (Chang et al., 2014; Dong et al., 2013), although ion
conductivities are still low. In addition to the chosen polymer, the cation has a significant influence

on the efficiency of the solar cell. (Chang et al., 2014)

2.5.7 Seal materials

These are materials used when assembling anode and cathode to ensure containment of the liquid
electrolyte. The electrolyte should be carefully sealed to avoid leakage due to its volatility. Some
attached materials are cited in tables 2.7 and 2.8: Dupont Surlyn 25um Solaronix, 20 um poly-
propylene, Celgard, sealing sheet. The development of solids instead of electrolyte liquids is a way
to do without the materials to be sealed. These materials to be sealed are polymers. Dupont Surlyn
25um of Solaronix is a transparent, thermoplastic or hotfusible polymer material of 25um which
melts at 100 °C. The sealing process which consists in melting this joint on the two electrodes (by
rolling) at a pressure and a controlled temperature (100 °C). It is recommended that its area be
slightly larger (approximately 1 to 2 mm additional to the active perimeter) than that of the active

surface to adhere to the substrate and contain the electrolyte.

2.6 Advantages and disadvantages of ZnO versus TiO: in DSSCs

According to studies conducted by Tiwana et al. (Tiwana, Docampo, Johnston, Snaith, & Herz,
2011), 2011, the photoexcited electron injection process is slow (lasts hundreds of picoseconds) in

Zn0O-based DSSCs compared to that of TiO2-based DSSc which lasts a few picoseconds. This
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slowness limits the overall photocurrent. The authors attribute this to the local environment of the
dye-nanoparticle interface, which is governed by the dye-binding modes and the densities of states
available for the injection of photoexcited electrons. Furthermore, the absorbance curves obtained
from TiO2, ZnO and SnO; adsorbed with dye Z907 shows a better light absorption performance
for TiO2-based DSSCs compared to ZnO and SnO». (Tiwana et al., 2011)

2.7 Estimating the manufacturing cost of TiO: based DSSC

According to Solaronix Ltd data (Figure 2.13), the cost of large-scale manufacturing of DSSCs is
shared as follows: materials (69%), personnel (12%) and fixed costs (19%). This cost of materials
is detailed as follows: TiO2 (14%), dye and electrolyte (32%), TCO glass (17%), sealing and
contacts (37%).

B sealing+

contacts
B Tio2
I Materials I Dye+
I personnel
[ Fix cost electrolyte
Il 7CO giass

Figure 2.13 : Estimation of overall projected cost of DSSCs manufacturing on a large scale (left)

and contribution of individual materials cost (right). This data was obtained from Solaronix Ltd

In 2009 Kalowekamo and Baker (Kalowekamo & Baker, 2009) performed work to estimate the
cost of manufacturing DSSCs based on TiO», the ruthenium complex dye, a platinum counter
electrode, the redox couple (I/13"), sealing Surlyn. The conclusions of their estimates lead to a
levelized electricity cost of 0.07 $/kWh for a 15% efficiency of DSSCs operating between 15-20
years while this same levelized electricity cost would be between 0.49 $/kWh and 0.85 $/kWh for
a 5% efficiency of DSSCs operating for 5 years.
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Based on Sigma Aldrich data (October 2022) for the same amount (50 g) of ZnO and TiO>
nanopowder, zinc oxide? is cheaper ($100) than titanium oxide® ($158). This means that by
replacing ZnO with TiO; under the same processing conditions, ZnO-based DSSCs would be

cheaper than TiO»-based ones.

2.8 Discussions

Resistivity, band gap and topography of ZnO and doped ZnO depend with the synthesis conditions.
However, ZnO and doped ZnO crystal structure is always hexagonal wurtzite under ambient
conditions. The band gap results of Sajjad et al (Sajjad et al., 2018) (for doped WO3) do not follow
those of Kayanuma (Kayanuma, 1988) , Tan et al (S. T. Tan et al., 2005) , which state that the band
gap of the semiconductor (ZnO) decreases as a function of the square of the crystal size radius. In
the most of case, the band gap of the semiconductor (ZnO) decreases as a function of the square of
the crystal size radius. It would be interesting to verify if these results of Sajjad can be extended to

other syntheses and analysis of doped ZnO.

The DSSCs based on perovskite and TiO> have conversion yields close to those of cells in silicon
while cells based on ZnO have yields lower than the first two categories of DSSC. Doping certainly
improves the light conversion yields in electricity but they have not yet made it possible to obtain
the expected results for the DSSC based on ZnO. The performance limits of DSSCs based on ZnO-
N719 or complex ruthenium dye are:
e A low efficiency of electron injection in the ZnO conduction band (Katoh, Furube,
Yoshihara, et al., 2004);
e A low dielectric constant which promotes the recombination of injected electrons (Guillén,
Peter, & Anta, 2011);
e The N719 acid group reacts with Zn?>" ions for a complex (Dai et al., 2019; Katoh, Furube,
Yoshihara, et al., 2004) ;

2 https://www.sigmaaldrich.com/CA/en/product/aldrich/677450
3 https://www.sigmaaldrich.com/CA/en/product/aldrich/637254
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e A lower open circuit voltage than that of the TiO2-based DSSCs. Voc depends on the Fermi
level of the dye semiconductor interface and the redox potential of the electrolyte;
e The phenomenon of recombination of photoexcited electrons is high in nanofiles and
triiodide ions of the electrolyte (Baxter & Aydil, 2005).
e Corrosion observed under the electron microscope S. Ghosh et al (Ghosh, Sartape, &
Chakraborty, 2020).
According to their report, when an electrode based on ZnO is immersed in an ethanolic solution of
sensitizer, adsorption and corrosion occur simultaneously. And so it would be wise to find a balance
between the right amount of adsorbed dye and little possible corrosion. (Ghosh et al., 2020). An
optimization compromise between the immersion time of the electrode and the concentration of
the dye solution. Thin layers of synthesized nanofy ZnO were immersed in an ethanolic solution
of sensitizer N719 at variable concentrations of 0.1 mM to 3 mM with varying durations of 2
minutes to 24 hours. S. Ghosh et al. have shown that when these nanofils were immersed in a
sensitizer solution of 0.1 mM for 2 minutes, no significant corrosion was observed while corrosion
was more significant when the concentration of the sensitizer was increased for the same duration.
Also for a low concentration of sensitizer, corrosion is all the more important as the duration of
immersion is longer. In short, corrosion on the surface of the electrode increases if the
concentration of the sensitizer increases and / or the duration of immersion of the electrode
increases. Excess non-adsorbed dye on the surface of the electrode does not effectively contribute
to the photocurrent [33, 34]. Ghosh et al. explain in their report that corrosion is due to the anchor
groups (-COOH) present in the dye molecules N719. By passing the thin layer of ZnO through a
thin layer of ZnS as protection against corrosion, the authors have developed a DSSC with varying
immersion times in the dye. For immersion times greater than 10 minutes, the results reveal low

electrical conversion yields and low short circuit currents.

To meet these performances which are relatively weak for commercial exploitation, it would be

necessary:

e Adding appropriate barriers against any degradation of the solar cell such that additives are
suggested in the composition of dyes and mediators to ensure stability and improve the

performance of the solar cell.
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Optimize adsorption and reduce (or eliminate) corrosion of ZnO by the dye (Ghosh et al.,
2020; K. Keis et al., 2002) Improve the injection efficiency of electrons and reduce

recombination phenomena.

Study the effect of other routes previously used in the literature to improve these properties,
in particular by treatment with ammonia (NH3) (X. Liu et al., 2007) the method of
dissolution and precipitation (Ueno et al., 2013) pyrolysis below 120 °C (Utsunomiya et
al., 2013) for plastic polymer substrates, and hydrothermal growth at low temperature of a
layer of germ derived from a sol-gel, etc. A solvent and a technique allowing a synthesis of
the smaller nanoparticles in grain sizes, increase the width of the forbidden band of the

semiconductor.

Metals are exposed to corrosion and polymer substrates require synthesis conditions at low
temperatures. The covering of metals using anti-corrosive materials is a track for the use of

flexible DSSCs.

Polymeric substrates have the advantage of being flexible but their performance in DSSCs is lower.

2.9 Conclusion

This literature review highlights the influence of ZnO doping on its band gap, resistivity, and

topography. The semiconductor band gap increases with the presence of dopant while its resistivity

decreases. The crystallite size, porosity and morphology are also modified in the presence of

additives in the ZnO.

The materials generally used in the manufacture of ZnO-based DSSCs reaching maximum

efficiency (4 to 7.5%) are:

Platinum, metal more used at the cathode because it has a high catalytic activity.

The FTO, substrate (has a lower resistivity compared to ITO) compatible with the oxide
semiconductor and the dye

Additives or dopants of ZnO (to improve the performance of the anode)

The N719 dye, more used for ZnO-based DSSCs, TiO2, NboOs and WOs, because its
HOMO and LUMO meet the requirements of energy levels to develop photovoltaic cells.
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e The liquid mediator (I'/13) is the most used with a higher yield in front of solid mediators.
e The Surlyn type separator
A review of the literature was also done on a few:

e Dopants, ZnO additives and their influences on the properties of ZnO and ZnO-based
DSSCs.

e Oxide layers as a coating of ZnO which also have an influence on the solar cell.

e Electrode synthesis techniques for the manufacture of DSSCs based on doped ZnO.

e Performance limits and corrosion phenomenon were discussed for these types of DSSC.
Solutions proposals have been suggested to improve the efficiency of DSSCs. The current
densities of DSSCs based on ZnO are comparable to those of TiO», but lower filling factors,

lower open circuit voltages and lower electrical conversion efficiency.
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CHAPITRE 3  ASPECTS METHODOLOGIQUES

Ce chapitre fixe les objectifs de la thése et décrit les techniques d’élaboration des couches minces
des échantillons d’oxyde de zinc (ZnO) et d’oxyde de zinc dopé, des matériaux d’électrodes
assemblables en cellules solaires. La technique de synthése par la voie sol-gel a été adoptée pour
la synthése de I’oxyde de zinc et de son dopage avec I’acide tungstique associée a des techniques
de dépots sur un substrat FTO. Les techniques de dépots utilisés pour les électrodes sont : le doctor-
blade et le spin-coating. Les électrodes ont été assemblées a I’aide de colorant N719 et de

médiateur (couple redox 17/137) soigneusement choisi.

3.1 Objectifs de la thése

L'objectif principal est d'étudier 1'effet de I’acide tungstique et des HPAs sur le ZnO comme
matériau dopé et le comportement de la photo anode a base de ZnO dopé dans une cellule solaire

photo sensibilisée.
Les objectifs spécifiques sont :

1) Elaborer le semi-conducteur intrinséque ZnO et le semi-conducteur extrinséque ZnO

dopé par la méthode sol-gel;

2) Caractériser les semi-conducteurs fabriqués par la diffraction par rayons X, le
microscope ¢lectronique a balayage, la spectroscopie UV-visible, la spectroscopie

photoélectronique a rayons X, la spectroscopie par la transformée de Fourier;
3) Mettre en ceuvre les matériaux d’électrodes de la cellule DSSC en vue de les assembler;
4) Mesurer les performances de la cellule solaire a base de ZnO dopé.

Les deux premiers objectifs spécifiques ont été atteints et décrits dans I’article traitant les propriétés
de ZnO :HoWO4 au chapitre 5. Les deux derniers objectifs ont été atteints et matérialisés dans

I’article présentant des DSSC-ZnO-H2WO4 chapitre 6.

3.2 Méthodologie d’élaboration des semi-conducteurs ZnO et ZnO dopé

Plusieurs méthodes de synthése de ZnO et de ZnO dopé existent et ont été abordées dans I’article

intitulé revue de la littérature sur ZnO (cf. chapitre 2), ses méthodologies de fabrications, ses
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propriétés et applications dans les cellules solaires photovoltaiques. Dans le cadre de cette thése,
pour synthétiser le ZnO ou effectuer son dopage, la méthode sol-gel a été adoptée a cause de ses
avantages technologiques. La méthode sol-gel a des avantages suivants : le controle de la
composition du semi-conducteur synthétisé, la faible température d’opération (proche de la
température ambiante), la possibilité de revétement de grande surface du substrat avec le semi-
conducteur, une bonne pureté du produit obtenu, une bonne homogénéité de la solution des
précurseurs, un faible colt des équipements. En effet, Znaidi (Znaidi, 2010) a évoqué les
paramétres clés jouant un role dans 1’évolution de la texture des films d’oxyde de zinc. Il s’agit :
1. Lanature du précurseur et sa concentration;
Le type de solvant et I’acidité¢ du milieu de synthese;

Le type d’espéces additives et leurs concentrations;

2

3

4. Le temps de vieillissement du mélange initial;

5. Latechnique d’enduction du substrat a une vitesse donnée;

6. La nature du substrat;

7. La température de séchage (traitement pré-chauffage) et le recuit (traitement post-

chauffage).

Sol-gel ou solution-gélification est un procédé chimique en milieu liquide de dépot des couches
minces (Kamaruddin et al., 2010). La méthode sol- gel requiert 4 étapes fondamentales qui sont:
I’hydrolyse (mélange d’un précurseur avec son solvant), la condensation, la gélification et le
séchage. La Figure 3.1 est une illustration de ses paramétres a travers 3 différentes étapes :

1. La préparation du précurseur (dissolution);

2. Le dépot de la solution obtenue (sol) par une technique de dépdt choisi (spin-coating, dip-

coating) ou la condensation (gélification) et évaporation;

3. Le traitement thermique ou film xérogel.

On appelle xérogel le gel séché a pression ambiante et 1’aérogel le gel séché dans les conditions

supercritiques.
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Figure 3.1: Représentation de la synthése sol-gel a partir d’un sol colloidal menant a une couche

mince (a) ou un gel transformé en céramique dense (b). (Znaidi, 2010)

En général les mécanismes réactionnels de synthése dans une méthode sol-gel peuvent se résumer

par les réactions suivantes :

M-OR + H20 — M-OH + ROH (Hydrolyse)

M-OR + HO-M — M-0O-M + R-OH (Condensation de 1’alcool)
M-OH + HO-M — M-0O-M + H20 (Condensation de I’eau ; gélification)

Au cours de I’hydrolyse, les groupes alcoolates (-OR) sont replacés via I’attaque nucléophile de

I’atome d’oxygene d’une molécule d’eau, ce qui entraine la libération de 1’alcool et la formation

d’hydroxyle de métal (sol).

Au cours de la condensation, une réaction entre les deux espéces métalliques hydroxyle/alcoxy

conduit a des liaisons M-O-M avec libération de H>O/R-OH. Ce processus de condensation se
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poursuit et aboutit finalement a un gel, un réseau inorganique rigide et poreux, recouvert
entierement de phase liquide. Cette transformation est appelée transition sol-gel.
Le séchage consiste a éliminer la phase liquide du réseau gel. Si la phase liquide est ¢liminée dans
les conditions ambiantes, le produit obtenu est du xérogel. Mais si la phase liquide est éliminée
sous condition hypercritique sans détruire le réseau, le produit obtenu est un aérogel.
En utilisant le précurseur acétate de zinc dihydraté pour la synthése de I’oxyde de zinc, les
mécanismes réactionnels pour la formation de I’oxyde de zinc sont :
Zn(CH3COO); 2H,0+H20 — HO-Zn-(CH3COO) + 2H,0+ CH3COOH (hydrolyse)
HO-Zn-(CH3COO) + HoO—Zn(OH), + CH3COOH (condensation de I’alcool)
Zn(OH)>—>ZnO+H>0O (gélification)
La méthodologie adoptée peut étre décrite par la synthése de ZnO/ZnO dopés par la méthode sol-
gel combinés aux techniques de dépots des couches minces sur un substrat. A travers cette méthode

nous avons synthétisé¢ ZnO et ZnO dopé de deux manicres en s’inspirant de la méthode décrite par

e Foo et al. (Foo et al., 2014), nous avons effectué les syntheses des échantillons a partir du
précurseur acétate de zinc dihydraté (tel que décrits dans 1’article 1 sur les propriétés de
ZnO dopé). La technique de dépot sur le FTO de la solution gélifiée est le spin coating (tel
que décrit dans les articles 1,2 et 3) avec une vitesse de 3000 rpm.

e Hasnidawani et al. (Hasnidawani et al., 2016), nous avons effectué la synthese des poudres
de ZnO et de ZnO dopés a partir du précurseur acétate de zinc dihydraté (tel que décrit dans
I’article 2 sur les DSSC). Les poudres ont été transformées en pate par mélange avec de
I’éthanol et liants (ethyl cellulose, terpineol) (Seigo Ito et al., 2007; J. Li et al., 2013). La

pate a été déposée par la technique doctor blade (article 2 et review) sur le FTO.

3.3 Techniques de dépots des couches minces

Les produits synthétisés ont ét€¢ déposé sur un substrat appelé FTO ou oxyde d’étain dopé au fluor.
Le FTO a été choisi comme substrat a cause de ses bonnes propriétés thermoélectriques
(température de sublimation 1500°C et 7 Q/cm? comme sheet resistance) favorables aux opérations

de synthése sol-gel. A I’aide du logiciel Factsage, nous avons simulé et présenté dans I’article le



ii.

1il.

1v.

76

comportement stable de I’oxyde d’étain lorsqu’il est chauff¢ de la température ambiante a 1000 K.

Les techniques de dépots expérimentées sont : le spin-coating, le doctor blade et le dip-coating.

3.3.1 Le spin-coating

C’est une technique simple et relativement peu couteuse largement sollicitée pour réaliser les
couches dans I’industrie mico-¢électronique, ou dans les laboratoires. Son principe est basé sur
I’utilisation d’une force centripete pour répartir uniformément une solution appliquée sur un
substrat. Le spin-coating peut-&tre décrit en 4 étapes (Figure 3.2):
Le dépot de la solution sur le substrat FTO qui est fixé au préalable a I’aide d’un aspirateur;
La mise en mouvement par une accélération (spin on) du systéme substrat-solution jusqu’a
atteindre une vitesse de consigne de sorte que la solution appliquée s’étale uniformément
sur le substrat.
L’ensemble (substrat-solution) tourne durant un temps fixé permettant un revétement et un
amincissement de la couche mince déposée (spin off).
Le solvant est évaporé de la couche mince par séchage. Cette évaporation entraine un

amincissement supplémentaire de la couche mince déposée.

Deposition Spin up

(iii) (iv)

Spin off Evaporation

Figure 3.2: Les étapes de dépot par spin coating (Yilbas et al., 2019)

Pour obtenir plusieurs couches minces superposées, on répete les 4 étapes.
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L’épaisseur de la couche mince déposée est controlée par :
e la vitesse de rotation de I’ensemble. Pour obtenir une couche mince uniforme, une gamme
de vitesse ¢élevée entre 1000-8000 rpm (A. Kumar & Nanda, 2019) est recommandée ;
e [’accélération de I’appareil spinner ou spin-coater ;
e le temps de rotation ;
e la volatilité¢ du solvant lors de 1’opération ;
e la viscosité de la solution ;
e la masse molaire des composants dans la solution ;
e L’environnement (air, humidité, température, pression) qui pourrait interagir sur le systéme
fluide-substrat en mouvement.
Plusieurs modéles mathématiques* ont été mis au point pour décrire 1’épaisseur d’une couche
déposée par spin-coating en fonction des parameétres de controle d’épaisseur mais en général, cette
épaisseur est inversement proportionnelle a la vitesse angulaire du systéme substrat-fluide, au
temps d’opération et a la densité du fluide. Aussi, nous pouvons dire que le fluide est soumis aux
forces : centripéte (rotation), visqueuse, capillaire (fluide-air), d’évaporation et a la relation
fondamentale de la dynamique. En négligeant les effets d’évaporation pour un fluide visqueux sur
un disque infini, Emslie, Bonner et Peck ont établi le mod¢le le suivant :
Oe +&2re2 de _ -2pw’e’

— 3.1
ot n or 3n (3.1

t : temps de I"opération ; o : vitesse angulaire ; r :distance a partir du centre rotation ; p : densité ;

. L, L. . Oe .o L.
1 : viscosité ; e : épaisseur de la couche du fluide ; = : variation de 1’épaisseur dans le temps;
t

Oe .. (.
= : variation de I’épaisseur dans I’espace.
T

*Sources : DOI: 10.1063/1.1723300; DOI: 10.1039/b408857n
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Si initialement la couche déposée est uniforme, la solution a I’équation d’Emslie, Bonner et Peck

€

est: e= 3.2)

1

2.2.\3
(1+4p0) eOtJ
3n

€, : représente 1’épaisseur uniforme de la couche a I’instant initial t=0 (au départ du processus).
Cette dernieére expression montre que 1’épaisseur déposée est inversement proportionnelle a la
vitesse de rotation angulaire, au temps de rotation et a la densité de la solution. En revanche,

I’épaisseur déposée est proportionnelle a la viscosité.

3.3.2 Doctor Blade

Le principe repose sur une lame (blade) en mouvement au-dessus d’un substrat qui étale une pate
visqueuse de fagon horizontale et uniforme (Figure 3.3 (a)). L équipement est constitué de 3 parties
principales:

e Un dispositif lame raclette réglable;

e Un moteur a courant pour la mise en mouvement rectiligne uniforme de la raclette;

e Un support pour fixer le substrat.

Le dispositif lame raclette est constitué de :

e Un micromeétre manuel ou digital pour régler I’écart entre la raclette et le substrat.

e Un port d’injection du fluide a déposer pour une opération automatique. Pour un
équipement doctor blade semi-automatique ou manuel, I’injection du fluide a déposer
s’effectue manuellement;

e Une fente ou est fixée la raclette;

L’épaisseur de la couche déposée est fixée par I’écart entre le substrat et le bord de la lame. La
lame est dotée d’un dispositif de réglage de hauteur et d’injection de la pate visqueuse (Figure 3.3
(b)). La lame est mise en mouvement rectiligne uniforme par rapport au substrat a 1’aide d’un

moteur a courant continu
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Micrometre de réglage

Port d'injection

du fluide d'épaisseur \

blade
coating solution

Moving direction

Raclette

Support (bati)

b)
Figure 3.3: a) Mode d’opération de la technique doctor blade (K.-R. Chen et al., 2013), b) Lame

avec son dispositif de réglage de hauteur et d’injection de la pate visqueuse (Corporation &
group, 1994-2022).
La procédure de mise en ceuvre du dépot passe par 4 étapes décrites par la Figure 3.4:
e Le choix et la préparation (lavage, ringage et séchage) du substrat qui est une surface
conductive (tel que le FTO);
e La délimitation de la surface active de ses bordures par des rubans,
e Le dépodt de la pate sur la surface active,

e [L’étalement horizontal de la pate en couche mince.
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Figure 3.4 : Etapes de dépdt de semi-conducteur (ZnO/ZnO dopé) sur le substrat conducteur

(FTO) (inspir¢ de Chen (C.-C. Chen & Ting, 2013))

Cette technique est adaptée pour des couches d’épaisseur supérieure ou égale a 1 micrométre et

donc présente une précision des épaisseurs des couches minces d’ordre micrométre.

3.4 Méthodologie d’élaboration des électrodes et assemblage de la DSSC

La méthodologie adoptée peut étre décrite par la synthése de ZnO/ZnO dopés, les techniques de
dépodts des couches minces sur un substrat, la technique d’assemblage des cellules DSSC et les
techniques de caractérisations. Les échantillons de ZnO/ZnO :HoWO4 obtenus apres recuits ont été
immergés dans une solution de colorant N719. L’analyse de ces échantillons a la spectroscopie
UV-visible a permis de prouver leur possibilité d’exploitation comme photoanode dans une DSSC.
L’assemblage manuel de la photoanode avec une contre électrode en platine et un électrolyte
iodolyte (I'/I3") en une cellule DSSC a été décrit par I’article abordant les DSSC a base de ZnO
dopé au HoWOs.

Apres avoir ¢élaboré les matériaux et les cellules solaires DSSC, nous avons procédé a I’analyse de
ces matériaux par des caractérisations pour étudier leurs propriétés structurales, chimiques,
optiques et électriques. Chaque technique présente ses avantages et inconvénients c’est pourquoi
nous en avons choisi plusieurs pour mieux €lucider les propriétés de nos matériaux €élaborés.

Nous consacrons le chapitre suivant aux techniques de caractérisations utilisées dans cette these.



CHAPITRE 4 TECHNIQUES DE CARACTERISATIONS

Les échantillons obtenus ont été recuits a 450°C et soumis a des analyses physico-chimiques
appelées caractérisations. Les principales techniques de caractérisations des matériaux utilisées
dans ces travaux sont: la diffraction des rayons X (XRD), la microscopie électronique a balayage
(ou MEB), la spectroscopie a dispersion d’énergie (EDS), la spectroscopie UV-visible, la
spectroscopie photoélectronique a rayons X ou XPS, la spectroscopie par la transformée de
Fourier, la conductimétrie, la profilométrie. Ensuite, les performances des cellules DSSC ont été
présentées grace aux mesures courant-tension effectuée dans les conditions standard de test (STC).
Ce chapitre vise a établir une corrélation entre les expérimentations, les résultats obtenus dans les
articles et les techniques de caractérisations adoptées. Pour chaque technique de caractérisation,
les lois fondamentales qui sont a la base de 1’analyse et le principe de fonctionnement de 1’appareil

sont abordés.

4.1 La spectroscopie UV-visible

La spectrophotométrie UV-visible étudie I’interaction entre la maticre et le photon dans le domaine

de longueur d’onde :

e 400-750 nm dans le visible ;
e 100-400 nm dans I’ultra-violet (UV).

La Figure 4.1 est une illustration du spectre électromagnétique détaillé en longueur d’onde,

d’énergie et d’interactions possibles pour :

e ultra-violet dans les domaines lointains(UV lointain) et proches (UV proche) ;
e e visible ;

e [Dinfrarouge dans les domaines moyen (IR proche) et lointain (IR lointain).
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Figure 4.1: Spectre électromagnétique intégrant UV -visible’.

L’objectif visé a travers cette méthode est d’analyser les propriétés optiques des échantillons, a

savoir :

e [ a mesure de la transmittance, réflectance et absorbance ;

e (Calcul de la bande interdite des semi-conducteurs.

C’est une technique d’analyse qualitative et quantitative, non-destructive, rapide et fiable utilisée

pour caractériser des couches minces semi-conductrices.

5 http://jean-jacques.auclair.pagesperso-orange.fr/ftirUV/spectre_electro.htm, consulté le 5 Novembre 2021
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Considérons un atome caractérisé par 2 niveaux énergétiques quantifiées E et E> (E1<E») illustré
dans la Figure 4.2 (a). L absorption d’une radiation de longueur A dans le domaine de I’UV-visible
par une molécule s’accompagne d’excitations des électrons de la bande de valence (Figure 4.2
(b)). Dans un semi-conducteur, si 1’énergie absorbée est supérieure ou égale a I’énergie de la bande
interdite, il y aura injection des électrons de bande de valence vers la bande de conduction selon

la théorie de Bohr :

AE=hv=%=hv 4.1)

h : constante de Planck (6,63 103 J.s) ;
v : fréquence de radiation en hertz (Hz) ;

A : longueur d’onde de la radiation monochromatique en nm ;

=

: nombre d’onde.

Selon la loi de Bohr, 1’énergie électromagnétique est d’autant plus grande que sa longueur d’onde
est faible. L’¢énergie minimale du photon capable de provoquer cette transition est le seuil
d’absorption optique. Ce seuil d’absorption de 1’énergie correspond a 1’énergie de la bande
interdite Eg qu’il faudrait vaincre pour que les électrons quittent de la bande de valence vers la

bande de conduction.

E E électron
- —e—
2 s A
photon incident !fansitic?n
NN~ absorption | électronique
b e du photon
E ——e— |
électron e

(a) Absorption ()

&3



Figure 4.2: Transition (b) électronique d’un électron par suite d’absorption (a) de photon entre

deux niveaux d’énergie.b

La description de 1’absorption des photons dans un semi-conducteur est un phénomeéne quantique
qui implique la structure de bande de ce semi-conducteur. L.’ oxyde de zinc est un matériau a bande
directe (Norton et al., 2004). Pour une structure a bande directe (Figure 4.3 (a)), la transition
optique d’un électron de valence occupant 1’état 1 vers 1’état 2 de la bande de conduction requiert

la conservation de 1’énergie et du vecteur d’onde :
E, +hv=E, (4.2)
k,+2n/L=k, 4.3)

Le vecteur d’onde du photon est petit devant celui des électrons ; donc ki = k> et la transition

optique est verticale ou directe.

(a) W‘E / (b) 4 E

/ Ec(k) Ec(k)

r
g - < //! -
P TN NUE® E.( ~ T,

~l y

Figure 4.3: (a) Structure de bande directe ou la transition de 1’électron est directe de la bande
valence vers la bande de conduction. (b) structure de bande indirecte ou la recombinaison ( et la
transition) d’un électron en X (courbe rouge) et d’un trou (courbe en bleu) doit nécessairement se
faire par I’intermédiaire d’un phonon afin de conserver le moment cristallin du réseau. (Mehdi,

2019)

¢ https://www.maxicours.com/se/cours/emission-et-absorption-quantiques/, consulté le 5 Novembre 2021
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Prés du seuil d’absorption, la loi de variation du coefficient d’absorption avec 1’énergie des

photons est de la forme :
ohv =B (hv —E, )l/2 (4.4)
a : coefficient d’absorption ;
h : constante de Planck ;
v : fréquence de rayonnement incident ;
B : constante proportionnel
Cette relation est généralisée sous la loi de Tauc :
ohv = B(hv—Eg )n (4.5)
n : I’indice dépendant du type de transition de 1’échantillon. n prend les valeurs %2 pour
une transition directe, 2 pour une transition indirecte.

Les données détectées par les détecteurs, traitées et enregistrées en spectroscopie UV-Visible sont
les phénomeénes d’absorption, de transmittance ou de réflectance dans 1’échantillon semi-

conducteur.

Transmittance, réflectance et absorbance

Les échantillons mesurés sont transparents : FTO déposé sur verre (verre-FTO ou substrat), la
couche mince de ZnO déposé sur le substrat (verre-FTO-ZnO), la couche mince de ZnO dopé
déposé sur le substrat, la couche mince de HoWO4 déposé sur le substrat. Ces différents
¢chantillons sont soumis aux rayons lumineux dans le domaine UV-visible (cf. Figure 4.4)

correspondant au spectre solaire.

Les mesures de réflectance et de transmittance ont été effectuées a 1’aide du spectrophotometre

Lambda 1050. L’absorbance, la transmittance et la réflectance sont calculées par la formule (4.6):
1=T+A+R ou A=1-(T+R) (4.6)

ou A désigne I’absorbance ; R : réflectance ; T : transmittance.
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Figure 4.4: Illustration des intensités des faisceaux lumineux incidents et transmis dans le

substrat (a) et les échantillons (b), (c).

La transmittance du substrat est :

I
TSubtrat = I_l (4 . 7)
0

Io : lumiére monochromatique incidente;
I : intensité lumineuse transmise par le substrat.

La transmittance de 1’échantillon est :
1
Téchantillon = — (48)
Iy

En considérant que la couche de ZnO transmet un faisceau I3 qui arrive sur le substrat, I’expression

de la transmittance devient :

|
T panition = —*— 4.9
échantillon 13 IO ( )

La transmittance du substrat est égale a :

p—

Subtrat — y 1
13 IO

(4.10)




La transmittance de la couche mince de ZnO/ZnO+additif est :

1
To = (@.11)
I0
Finalement :
T, .
Tzno — ';(‘:hantlllon ( 4 1 2)

substrat

L’absorbance de ZnO est obtenue en appliquant le logarithme & base 10.
Azo == 1og(T;,) (4.13)

A A

ZnO = ¢chantillon Asubstrat (414)

Ces résultats TznO et AznO différencient clairement I’ intensité transmise par le dépdt ZnO et celle
transmise par 1’échantillon préparé FTO-ZnO. Pour obtenir la transmittance propre au dépot de
Zn0 ou ZnO dopé, il faut diviser la transmittance de 1’échantillon par celle du substrat. De méme
pour obtenir 1’absorbance propre au dépdt ZnO ou ZnO dopé, il faut faire la différence entre

I’absorbance de 1’échantillon préparé et 1’absorbance du substrat.

Le spectrophotometre est constitué¢ d’une source de lumiere, un monochromateur, un porte-

échantillon et d’un détecteur.

La source de lumiére est émise par une combinaison de deux types lampes dont une lampe a :
deutérium ou hydrogene émettant des rayonnements lumineux entre 100 nm et 360 nm;
tungsténe dans une atmosphere halogéne (lampe a iode) émettant des rayonnements entre 350 nm

et 800nm.

La lumiére émise de la source arrive sur le monochromateur qui sélectionne la longueur d’onde

requise a sa sortie.

Un monochromateur est constitué :

d’une fente d’entrée pour un fin faisceau polychromatique provenant des lampes (source de

lumiére) ;



88

d’un prisme ou systeme dispersif de type réseau capable de séparer les rayonnements de différentes
longueurs d’onde en un faisceau monochromatique ;

d’une fente de sortie dotée d’une motorisation qui assure sa mobilité pour sélectionner le faisceau
monochromatique. La motorisation de la fente de sortie se justifie par le fait que le faisceau

monochromatique issu du prisme est réfracté et donc dévié par rapport a son angle d’incidence.

Pour un spectrophotometre mono-faisceau, 1’onde monochromatique arrive directement sur

I’échantillon et se décompose en transmittance, réflectance et absorbance.

Source des Mono- Echantillon Détecteur Traitement et
rayons UV- chromateur d’acquisition des
visible données

Figure 4.5: Schéma spectrophotometre de mono-faisceau

Dans notre cas de mesure, le faisceau lumineux de longueur d’onde sélectionné provenant d’un
monochromateur est divisé en deux faisceaux identiques par un diviseur de faisceau. L un arrive
sur I’échantillon et I’autre sur une référence. L’absorbance, la transmittance ou la réflectance de
I’échantillon sont mesurées par comparaison a celle de la référence a 1’aide d’un photodétecteur
de type InGaS (cf. démonstration formule Azo et Tzno ci-dessus). D’autres technologies utilisent

des photomultiplicateurs (PMT), photodétecteurs type PbS.

Porie
Diviseur de  référence
faisceau Flux de
/ D \réfé‘ rence
—_ = e

A Flux
Source echantillon . ;

Maono Porte Detecteur Traitement et

Wg‘ chromateur échantillon Systéme acquisition des
ctigue rassembleur des données
2 faisceaux

Figure 4.6: Schéma de principe du spectrophotométre bifaisceau



Le détecteur fonctionne par effet photoélectrique. Les rayons lumineux qui arrivent sur le détecteur
génere des paires électrons-trous qui sont détectées et converties sous forme de tension ou de

courant. Le signal détecté est amplifié, traité et affiché.

Le spectrophotomeétre utilis¢é est un PerkinElmer LAMBDA 1050 UV/Vis/NIR. C’est un
spectrophotomeétre bi-faisceaux destiné a analyser des couches ou revétements de matériau, des
matériaux en verre, des semiconducteurs et des matériaux en recherches, développement et
industrie. PerkinElmer LAMBDA 1050 UV/Vis/NIR est piloté par un logiciel PerkinElmer. Ce
logiciel permet d’effectuer le domaine d’opération, les choix des sources de lumieres et

I’acquisition de I’absorbance, la réflectance ou la transmittance.

Pour effectuer les mesures, le spectrophotometre est démarré 15 minutes a 1’avance pour stabiliser
la source de la lumiere. Ensuite, le logiciel PerkinElmer est ouvert sur I’ordinateur et on fait
I’autozéro en ne placant aucun échantillon au niveau du porte échantillon et du porte référence ou
en placant un méme substrat (FTO) dans les deux porte essais. L autozéro permet d’équilibrer les
deux flux incidents qui arrivent sur la porte référence et la porte échantillon par comparaison des
deux flux sortants de ces portes essais. Le rapport des deux flux sortants devrait donner I’unité ou
ajuster a 1’unité ou encore consigné comme flux de référence dans I’acquisition et le traitement
des données. L’appareil de mesure est dot¢ d’une spheére d’intégration ayant 1’avantage de
comparer la différence entre le flux de I’échantillon et le flux de référence. Une fois terminé cet
équilibrage de flux lumineux, on inseére 1’échantillon dans le porte échantillon et commence les
mesures des transmittances, absorbances et réflectance. Etant donné que les mesures ont été
effectuées a température ambiante, la limite spectrale a été fixée a 200 nm afin d’éviter tout
déreglement causé par 1’absorption d’oxygene. La limite supérieure de mesure est fixée a 1100
nm. Toutefois les domaines d’absorptions correspondant a la bande interdite de ZnO et des

échantillons étudiés sont situés a I’intérieur de 300 nm a 750 nm.

Le choix porté sur cet équipement se justifie par ces caractéristiques (domaine de longueurs
d’onde) et ses hautes performances qui répondent aux exigences que nous voudrions mesurer

(Tableau 4.1).
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Tableau 4.1: Récapitulatif des composantes dans un spectrophotometre

Rayonnement A(nm) Sources Transition E=hv (eV) Détecteurs
lumineuses ¢lectronique
uv 100-400 Lampe a Eg 6,2 a 3,1 eV | Photodétecteur
hydrogéne ou PMT*
a deutérium InGaAs
Visible 400-800 Lampe a Eg 3,1a1,55 PbS
incandescence eV
tugnstene ou
halogene
tugnstene
Infra-rouge 800-10° Lampe a Transition 1,55a1,24
incandescence | vibrationnelles 103 eV
aux oxydes de et
zirconium et | rotationnelles
de terres rares

Les résultats sont présentés dans I’article 2 : Structural and Optical Properties of Tungstic

*PMT : photomultiplicateur

Acid-Doped Zinc Oxide for Semitransparent Dye Sensitized Solar Cell Applications.

4.2

La diffraction des rayons X (XRD)

La diffraction des rayon X (ou simplement XRD acronyme anglais) vise a déterminer les phases
cristallines d’un échantillon et la taille des cristallites. C’est une technique non-destructive
d’investigation par diffraction des rayons X utilisée des lors que I’échantillon est considéré comme
cristallin. La technique se fonde sur les interactions de la structure cristalline d’un échantillon avec

des rayons X.

Un cristal est un empilement d’atomes ou de molécules ordonnés, périodiques organisés en motif
dans une maille élémentaire. La technique XRD est sollicitée aussi bien en industrie tout comme
dans le domaine de recherche lorsqu’on a besoin de vérifier si le produit obtenu a une forme

cristallographique désirée.

La découverte par des rayons X a été faite en 1895 par le physicien Allemand Rontgen. L’émission

d’un rayon X est provoqué par un électron source (incident) qui arrive sur un autre €lectron dans
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un atome (d’un métal) et I’éjecte de cet atome. A la suite de cette &jection, il y a une émission de

rayon X.

L’analyse XRD se fait a I’aide d’un diffractometre de rayons-X. Un diffractometre de rayons-X
est constitué de 4 grandes parties : un tube a rayons X, un porte-échantillon, un détecteur de rayons
X et un goniometre. Les diffractometres utilisés dans cette étude sont de marque Bruker DS
ADVANCE et Philipps X perts constitués d’une chambre ou est insérée un porte- échantillon. Le
porte-échantillon est doté d un support aspirant qui fixe I’échantillon sur le support. Le goniomeétre

est un appareil ou capteur servant a mesurer les angles.

Pour produire les rayons X, on chauffe ¢électriquement un filament (le plus souvent en tungsténe)
qui émet des ¢électrons qui sont accélérés sous haute tension (20-50 kV). Ces é€lectrons vont frapper
un métal (Mo, Cu, Co, Cr) a I’anode pour éjecter des électrons de la couche K de ce métal qui est
refroidi a I’aide d’un liquide de refroidissement comme de 1’eau. L’émission des électrons de la
couche K produit des rayons X (Kq, Kg). Les rayons K sont filtrés a 1’aide d’une feuille de métal
de numéro atomique Z-1 par rapport au numéro atomique du métal a I’anode. La feuille de nickel
a été utilisée pour filtrer le Kg du cuivre qui sont canalisés a travers une fenétre de béryllium de
300 wm pour arriver sur I’échantillon. Pour le diffractométre Bruker D8 ADVANCE, la source de
rayon X est un dispositif constitué d’un filament de tungsténe a la cathode et cuivre a ’anode. Le
filament en W émet des rayons qui viennent sur le métal cuivre a I’anode. Le cuivre émet des raies
de Ka de de valeur pondérée de 1,5418 angstrom qui frappent les échantillons a base de ZnO, les

agents additifs et le FTO. La tension imposée est 40 kV et le courant est de 40 mA.

Un détecteur placé au-dessus de I’échantillon dans le diffractométre détecte 1’intensité lumineuse
diffractée en fonction de I’angle de diffraction. Le détecteur est dans I’équipement est un détecteur
rapide 1 D LynxEye. Le détecteur LynxEye est un détecteur unidimensionnel dispersif en énergie.

11 filtre la fluorescence, le rayonnement K-béta et élimine les pertes d’intensités.

Les données enregistrées sont sur un intervalle angulaire allant de 20 a 80° avec un pas de 0,02 °.

L’appareil est utilisé en configuration Bragg-Brentano.
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Figure 4.7: Configuration Bragg-Brentano (BROURI, 2011)

C’est le montage le plus courant pour des échantillons en plaquette solide ou dans une coupelle
remplie de poudre avec un niveau plan. Deux types de configuration possibles : la configuration
dite « 0-0 » («théta-théta ») et celle dite « 0-20 » («théta-deux-théta »). Dans la configuration dite
« 0-0 » («théta-théta ») 1I’échantillon est fixe et horizontal alors que le tube et le détecteur de rayon
X se déplacent symétriquement a I’aide de 2 moteurs pour régler les angles d’incidences et de
diffraction. L’angle entre I’horizontal et le faisceau incident est égal a 1I’angle entre I’horizontal et
le détecteur; 2 0 est la déviation du faisceau.

Cette configuration est trés peu utilisée au détriment de la configuration («théta-deux-théta » a
cause de la masse importante du tube a rayons X. Et donc dans cette derniére configuration
I’échantillon et le détecteur qui se déplacent a ’aide de 2 moteurs pour régler les angles
d’incidences et de diffraction.

Lorsqu’un rayon X pénétre un matériau, plusieurs phénomenes peuvent se produire a savoir :
I’absorption de ces rayons, la transmission des rayons X, la fluorescence ou émission des électrons
secondaires lors de 1’excitation du matériau par les rayons X, la diffusion avec possibilité de
changement de direction ou d’énergie des rayons incidents. S’il n’y a pas de changement d’énergie,
il s’agit d’une diffusion élastique ou diffusion Rayleigh. Dans le cas contraire, il s’agit d’une
diffusion inélastique aussi appelée diffusion Compton. La diffusion de ces rayons dans les plans
du réseau cristallins créent des interférences. On a alternativement des interférences constructives

ou destructives.



Pour des interférences constructives, on observe des pics de diffraction pour lesquels Bragg a établi
une relation entre la longueur d’onde (A), I’angle d’incidence (Onk1), la distance interéticulaire (dnki)
et I’ordre de diffraction (n) :
2d,, sin0,, =ni (4.15)
1 Aa‘ \\ 1'

Incident 3 Diffracted
beam . beam
N\ 2l

Sl TR SR S e SRR S

Figure 4.8: Faisceaux diffractés dans un plan ’

(h,k,I) indice de Miller; n est un entier obtenu par balayage angulaire (260 = 20°- 80° pour les

¢chantillons a base de ZnO).

Les distances interatomiques entre les plans dans un réseau cristallin ou distances interréticulaires
dépendent de la nature du matériau. On détermine la distance interréticulaire étant donné que pour
un pic de diffraction les autres parametres (A, Onki, n) sont connus. La distance interréticulaire (d)

et les parametres de maille dans un systéme hexagonal est donnée par la relation :

== |+~ (4.16)

a 2

i_i(h2+hk+k2J r
C

Avec a=b=0,325 nm; ¢=0,521 nm;

7DOI : 10.13140/RG.2.2.28647.70561; 2019 consulté 11 mars 2021
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La relation entre 1I’angle @ entre le plan (hi, ki, 11) ayant une distance interréticulaire di, et le plan

(h2, k2, 1) ayant une distance interréticulaire dz est déterminée par 1’expression :

2
h,h, +kk, +%(hlk2 +h,k, )+ 3a- 1L,

4c?

cos® = > » (4.17)
J(hﬁ +k2+hk, +%1ﬁ)[h22 +k,2 +hk, +%122)

L’intensité des interférences diffusées dans une maille d’un cristal est donnée par le facteur de

structure :

F(e) — Z fieZni(hxi+kyi+lZi) (4 1 8)

(x,y,z) position d’un atome dans la maille. (h,k,]) indice de Miller; fi: facteur de diffusion

(diffraction) ou de forme atomique d’un atome dans une maille.

Les spectres obtenus aprés analyse sont indexés au spectre de 1’échantillon pur référence JCPDS
pour identifier les phases. Pour les cas des échantillons a base de ZnO/ZnO dopé et I’additif (acide
tungstique) les résultats sont présentés dans l’article 1. Ces résultats montrent que le ZnO
synthétisé une structure cristallographique hexagonal de type wurtzite (a=0.325nm, ¢=0.521nm)
et de groupe d’espace P63mc.

La taille des cristaux est déterminée si la larguer a mi-hauteur est déterminée. La largeur a mi-
hauteur ou en anglais full width at half maximum (FWHM) est comme « la différence entre les
deux valeurs extrémes de la variable indépendante pour lesquelles la variable dépendante est égale

a la moitié de sa valeur maximale » (source : Federal Standard 1037C).

La taille du cristal (désigné par 1) est déterminée par mesure de 1’élargissement du pic maximum

XRD et en utilisant la formule de Scherrer :

180 kA

T cosONFWHM? + s*

Avec : 1=3,142; A=1,5406 angstron: longueur d’onde de radiation de CuK,, k=0,89 est la constante

T

(4.19)

de Scherrer; s est la largeur instrumental (correspond a 0 pour Bruker Advanced X-ray solutions
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D8 instrument); ©=36°/2 angle correspondant au plan (101) ; FWHM=0,28° : est la pleine largeur
au demi-plan (101).

La taille moyenne des cristallites s’exprime en nanometre.

180 kv 180x 0,89 1,5406
n cosOx FWHM  3,142xcos(18°x3,142/180)x 0,28

=29,8 nm (4.20)

FWHRM

14000

1000X]

INTENSITE
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I

Figure 4.9: FWHM ou pleine largeur au demi-plan (101) poudre de ZnO

L’aire sous un pic est proportionnelle au nombre d’atomes détectés correspondant au plan de ce
pic et a la densité du nuage électronique de 1’atome. Cette analyse ouvre la possibilité d’une
analyse quantitative de 1’échantillon analys¢.

L’appareil Bruker D8 Advance est équipé d’un logiciel EVA pour le traitement des données et une
base de données JCPDS des spectres de références.

Les échantillons de ZnO et ZnO :HoWO4 synthétisés ont été analysés a I’aide du diffractometre
Philipps X perts avec une anode en cuivre avec un détecteur linéaire de type X’ Celerator couplé a

monochromateur arriére a cristal graphite. Les pics de diffraction pour le ZnO sont présentés dans



les articles (2 et 3) et ces pics montrent bien une structure cristallographique hexagonale de type

wurtzite (a=0.325nm, ¢=0.521nm) et de groupe d’espace P63mc.

4.3 La microscopie électronique a balayage (ou MEB)

Le MEB est un outil d’observation des surfaces des échantillons afin de les analyser (topographie
et composition chimique). Le MEB est une technique d’investigation de la surface d’échantillons

massifs avec pour principales caractéristiques :

e Une grande résolution spatiale objet de I’ordre de 1 nm;

e Des possibilités d’agrandissements continus, de x 10 a x 10° et plus;

e Une grande profondeur (d’ordre pm) de champ;

e Peu ou pas de préparation d’échantillon avant son insertion dans le prote-échantillon mais
I’échantillon est placé sous vide et soumis a un bombardement électronique. Pour un
échantillon de faible conductivité (ou isolant) son revétement par un métal est nécessaire pour
une analyse au MEB. Les métaux utilisés pour la métallisation de 1’échantillon de faible
conductivité sont : or, 1’argent, le cuivre, aluminium, le platine, le carbone,...(BRISSET, 15
Janvier 2009); pour nos échantillons semi-conductrices, une petite couche de cuivre a été
utilisée aux abords des couches minces déposées.

e La possibilité¢ d’analyse chimique élémentaire.

Son fonctionnement peut se décrire a partir d’une source primaire d’électrons qui émet des
faisceaux d’électrons. Les faisceaux d’électrons primaires sont émis d’un canon a électrons type :
tungsténe, FEG (Field Emission Gun), LaB6, W-ZrO (schottky) ou tungsténe tunnel (BRISSET,
15 Janvier 2009). On chauffe électriquement un filament (par exemple en tungsténe) qui émet des
¢lectrons qui sont accélérés sous haute tension (0,5-40 kV). Le faisceau d’électrons émis est mis
en forme a I’aide des lentilles condensatrices et objectives et des diaphragmes avant d’arriver sur
I’échantillon (voir Figure 4.10). Grace aux bobines de balayage, les faisceaux d’électrons
primaires balaient la surface de 1’échantillon analysé. Les électrons rétrodiffusés et secondaires
émis de I’échantillon sont détectés par des détecteurs, observés a I’aide de 1’écran, analysés et
interprétés par I’opérateur. L’¢écran a une taille et un facteur de grossissement de la zone de

I’échantillon balayée par la sonde d’électrons primaires.
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Figure 4.10: Schéma de microscope ¢électronique a balayage (Jeaidi, 2017)

Les électrons secondaires sont des électrons issus des atomes ou des molécules de 1’échantillon
analysé (cible) par suite d une interaction électrons primaires avec matiere constituant la cible. En
effet, ’interaction entre électrons incidents avec les électrons faiblement liés a la couche de
valence ou de conduction des atomes cibles provoque une émission des électrons dits secondaires.
L’observation en mode ¢lectrons secondaires donne les informations topographiques:
morphologie. Selon les syntheses effectuées, nous avons obtenu des nano grains de ZnO et des

nanotiges avec des dimensions variées observées selon les grossissements.

Les €lectrons rétrodiffusés sont des électrons incidents qui ressortent de 1’échantillon avec une
énergie inférieure aux électrons primaires. En effet lorsque les électrons incidents traversant les
nuages ¢lectroniques des atomes du cible sans entrer en collisions avec aucune particule, ils
subissent une déviation sous I’effet des charges électroniques. L’observation effectuée en mode
électron rétrodiffusé a permis de visualiser les particules de I’acide tungstique dans une matrice de
I’oxyde de zinc. Les contrastes chimiques ont été observés en fonction des numéros atomiques
N . , . . .
pour ce mode d’opération. La brillance est d’autant plus importante que le numéro atomique de

I’élément chimique est important.
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Le MEB de marque JEOL JSM-7600F (Field Emission Scanning Electron Microscope) a été
utilisé pour observer les surfaces les échantillons a base de ZnO afin d’interpréter leur topographie
et leur composition chimique. C’est un MEB a type d’électrons primaires FEG. La tension
d’accélération des électrons a été fixée 10 kV et les grossissements des échantillons ont été de

35 000 fois et 220 000 fois des graines de particules.
Principe de formation de ’image

Les électrons primaires ep de la sonde de diametre dsonde arrivent sur 1’échantillon ayant une limite
de résolution dobjet (Figure 4.10). L’ interaction électrons-matiére (ou électrons-échantillon) produit
des ¢lectrons retrodiffusés et des ¢électrons secondaires sous forme de signal is. Pour que ce signal
15 soit entierement détecté par les détecteurs, le diametre de la sonde dsonde ne doit pas dépasser la

limite de résolution de 1’échantillon dobjet.

d 4.21)

doﬁm

sonde

Le signal détecté est amplifié par un facteur de grossissement G=L/I et observable en image sur

I’écran (Figure 4.10). Donc on a la relation :

d =d_ xG (4.22)

image objet

Pour un grossissement de 100 000 et une limite de résolution spatiale de 0,2 mm de 1’image, le

diamétre de la sonde ne doit pas dépasser 2 nm.

4 <%2mm_, 4.23)
100000

En balayant I’étendu de 1’échantillon a I’aide de la sonde, on obtient I’'image de I’échantillon en
mode ¢électrons rétrodiffusés ou en mode électrons secondaires selon le choix du type de détecteur
dans I’analyse. Les images des particules observées dans cette thése sont a I’échelle d’ordre

nanométrique (20-60 nm).

Les résultats des images des échantillons sont présentés dans les 3 articles aux chapitres (1,2 et 3)
dans les deux modes d’observation : topographique et contraste chimique. Les limites de cette

technique sont les risques d’artéfacts qui sont souvent source d’erreur d’interprétation.
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4.4 La spectroscopie a dispersion d’énergie (EDS)

La spectroscopie a dispersion d’énergie (EDS) est une technique d’imagerie d’analyse chimique
de surface. L’EDS fournit la composition élémentaire de la surface numérisée et ressort une
cartographie de la distribution latérale d’éléments. L’ appareil EDS utilisé est de marque OXFORD
Instruments couplé au MEB JEOL JSM-7600F ayant un méme type d’électrons primaires comme
faisceau incident. La préparation de 1’échantillon a été faite par dépot des nanoparticules de ZnO
sur le porte échantillon. Etant donné que ’oxyde de zinc est un semi-conducteur, une couche de
carbone a été utilisée comme substrat sur le porte échantillon. En général, la méme préparation de
I’échantillon est utilisée aussi bien pour I’analyse au microscope électronique a balayage que dans

I’EDS.

Son fonctionnement est basé sur les faisceaux d’électrons primaires incidents sur I’échantillon qui
entrent en collision avec les atomes de cet échantillon. Des rayons X caractéristiques des éléments
chimiques sont émis de cette collision. Le détecteur EDS capte ces rayons issus de 1’échantillon,
les traitent et donne les ¢léments de surface qui ont eu collision avec les €électrons primaires. En
Effet, connaissant le rayon X émis par la source primaire et le rayon X détecté par le détecteur, le
rayon X absorbé par 1’électron est déterminé par la conservation de I’énergie. Ce dernier rayon X
est caractéristique de 1’atome inspecté dans 1’échantillon. Les résultats EDS sont présentés dans

’article 3 (chapitre 6).

4.5 La spectroscopie photoélectronique a rayons X

La spectroscopie photoélectronique a rayons X ou XPS (X-ray Photoelectron Spectroscopy)
anciennement dénommée ESCA (Electrical Spectroscopy for Chemical Analysis) est une
technique qualitative et quantitative. Le XPS est une technique d’investigation de 1’état de surface
d’un matériau dans le but de déterminer sa composition chimique, le pourcentage des éléments
chimiques sur la surface analysée, le niveau de Fermi d’un semi-conducteur, son degré
d’oxydation. Le XPS est une technique qui repose sur la collecte des électrons de cceur (Figure
4.11) qui sont &jectés des atomes de 1’échantillon analysé lorsqu’ils sont irradiés par un rayon X.
Ces électrons éjectés sont détectés et analysés pour déterminer 1’ état des €léments et la composition

de I’échantillon. Autrement dit cette technique s’appuie sur I’effet photoélectrique.

99



C’est une technique non destructive donc utilisée dans I’analyse d’une large gamme de composés
organiques, inorganiques, fragiles ou non fragiles. On cite a titre d’exemple la mesure des surfaces
des échantillons en verres, oxydes, métaux, biomatériaux, fibres, céramiques, carbones,
nanomatériaux, plastiques, polymeres, poudres. Plusieurs industries ont recours a cette technique
dont les fabricants des cellules solaires photovoltaiques, des automobiles. Le spectrometre a
photoélectron X a été développé par le professeur Kai Siegbahn et son équipe dans les années

1950, cependant c’est a partir de 1970 que les appareils de mesure XPS ont été mis sur le marché.

Contrairement a la spectroscopie UV-visible ou les électrons émis sont des électrons de valence,
la spectroscopie photoélectronique XPS émet les électrons de coeur des atomes a la surface de
I’échantillon lorsque I’énergie d’un rayon X incident est suffisamment grande pour éjecter un
électron de cceur des atomes a la surface de 1’échantillon. Etant donné que I’hydrogéne et I’hélium
n’ont que des électrons de valence, ils ne sont pas observables par mesures XPS cependant les
éléments détectables dans une analyse XPS vont du lithium au I’uranium car ces atomes ont des

électrons de cceur.

Les rayons X incidents ont une énergie E=hv de 0 a 1000 eV et peuvent atteindre une profondeur
d’analyse de 10 nm dans un échantillon solide. Les rayons X utilisés dans un spectrometre XPS
sont issus de I’aluminium (Al) ou du magnésium (Mg). Les rayons X issus de 1’aluminium sont
les rayons Al Ka=1486.6 eV. Le diametre du spot est de 30-400 pm. L’émission d’un rayon X est
provoqué par un €lectron source incident qui arrive sur un autre électron d’un atome d’aluminium.
L’électron incident éjecte un électron autour du noyau de 1’atome Al. A la suite de cette éjection,
il y a une émission de rayon X. L’interaction rayon X-atome de surface de I’échantillon provoque
le départ des électrons des atomes de surface avec une énergie cinétique Ec. L’acces a la densité

d’états électroniques occupée peut étre schématisé par la Figure 4.11.
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Principle of XPS
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Figure 4.11: Principe de XPS®. Bilan énergétique -Conservation de la matiére

En effet la conservation de 1’énergie se traduit par I’énergie incident qui est repartie en une énergie
de liaison et en énergie cinétique de 1’électron photo-émis. L’énergie de liaison est 1’énergie

nécessaire pour rompre la liaison électron-atome et donc I’ioniser.

Le spectre en énergie cinétique présente des pics. On peut déterminer 1’énergie correspondant a

chaque pic par la relation d’Einstein déduite de la relation de la conservation de 1’énergie :

E, =hv-E, (4.24)

Avec :
e hu : énergie du photon incident ;

e Ep : énergie de liaison de I’électron avec le noyau ;

e Ec: énergie cinétique dans le vide de I’électron éjecté.

L’énergie de liaison de I’électron dans I’atome correspond a la somme de 1’énergie de liaison

relative au niveau de Fermi et le travail de sortie de cet électron (Figure 4.11):

E, =E +W, (4.25)

§ . https://www.ifw-dresden.de/ifw-institutes/ikm/micronano-structures/methods/xps



L’équation de conservation de 1’énergie devient selon le niveau de Fermi (niveau de plus haute

énergie ayant de ¢€lectrons a O°K) :

hv=E; + W, +E, (4.26)

E,| : énergie de liaison relative (1’électron) au niveau de Fermi;

W:: constante de la fonction de travail de 1’échantillon.

o W : énergie nécessaire a I’¢électron pour franchir la frontiére matériau/vide (ou travail de
sortie)

e h: constante de Planck ;

e v : fréquence de I’onde incidente.

Chaque énergie cinétique est caractéristique d’une liaison de cet électron éjecté avec son atome ou
sa molécule. Le détecteur XPS mesure cette énergie et I’analyse par la conservation de la matiere
pour en déduire 1’élément chimique sur la surface de 1’échantillon. Le nombre des électrons
détectés dans chaque pic étant proportionnel a la quantité d’éléments chimiques dans le volume
d’échantillonnage XPS, on en déduit les pourcentages atomiques.
La composition chimique de la surface de I’échantillon analysé est obtenue par comparaison avec

des spectres connus récapitulés dans le Handbook XPS.

L’appareil de mesure dans cette étude est le spectroméetre XPS Thermo Scientific capable de
détecter tous les ¢éléments du tableau périodique sauf 1’hydrogene. Sa précision est de 0.05 % pour
la plupart des ¢léments détectés. Le spectrométre XPS est constitué de 3 chambres isolées
(automatiquement ou manuellement) les unes des autres :

e Une chambre de préparation dans laquelle on ajuste une pression sur 1I’échantillon. La pression
doit est étre supérieure ou égale a 10”7 Bar. Tout matériau compatible avec un environnement
ultra-vide peut étre analysé au XPS.

e Une chambre d’introduction des échantillons ;

e Une chambre d’analyse. (Figure 4.12)
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Figure 4.12: Spectrometre XPS et son principe de fonctionnement de mesure

Les résultats XPS sont présentés dans 1’article sur ZnO :H2WO4, L’identification des spectres XPS
a été faite par comparaison des pics de références XPS dans les bases des données Handbook
(Moulder, Stickle, Sobol, & Bomben, 1995) ou en lignes. Chaque pic du spectre représente le
nombre des ¢électrons émis associé a une énergie de liaison spécifique. Cette énergie de liaison est
caractéristique d’un atome et/ou de son état d’oxydation. L’intensité de chaque pic est
proportionnelle au nombre d’atome investigué ayant émis des électrons. Autrement dit, les
intensités des pics XPS sont proportionnelles au pourcentage atomique de la surface investiguée.
Dans notre cas, nous pouvons remarquer que les pics XPS de grande intensité sont les pics Zn , O

alors que le pic de liaison du dopage W est tres faible.

Certains pics d’un spectre XPS se chevauchent alors qu’ils peuvent provenir des atomes différents.
Pour séparer les pics, nous avons utilisé le logiciel Origin pro pour le traitement de déconvolution
de ces pics. Dans ces spectres XPS, Il existe aussi des pics qui ne sont pas liés a 1’énergie cinétique
d’ionisation des électrons tels que des pics des électrons Auger. Les électrons Auger sont des
électrons secondaires issus des atomes en surface lors de I’investigation XPS. L’énergie de ces
électrons Auger est connue dans la littérature pour le cas ZnO. Les diftérents types d’électrons
Auger se distinguent par la notation de 3 lettres :

e La 1% Jettre désigne la couche de 1’électron ionisé;
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e La2°™ Jettre indique la couche de I’électron qui vient combler le trou;

e La 3™ Jettre désigne I’électron émis (Auger).
Il convient de noter aussi la présence des faibles pics parasites qui ont été identifiés et éliminés.
Les résultats XPS des échantillons de ZnO pur et ZnO dopé sont au chapitre 5 article 2 (Structural
and Optical Properties of Tungstic Acid-Doped Zinc Oxide for Semitransparent Dye
Sensitized Solar Cell Applications).

4.6 La spectroscopie infrarouge par la transformée de Fourier

La spectroscopie IR étudie I’interaction entre la matiere et le rayonnement infra-rouge. Le domaine
de I’infrarouge s’étend de 750 nm a 10 m. C’est une technique de mesure des spectres
d’absorption, d’émission ou de transmittance d’un échantillon solide, liquide ou gazeux. C’est une
technique d’analyse spectrale qui met en ceuvre des transitions entre les niveaux vibrationnels
d’une molécule dans le but d’identifié cette molécule. La spectroscopie IR vise a déterminer les
liaisons des molécules d’un échantillon a I’aide des spectres des bandes d’absorption en fonction
des nombres d’onde correspondants. Ce qui revient a identifier dans le spectre obtenu par
transformée de Fourier les groupes caractéristiques des différentes liaisons chimiques des
molécules de 1’échantillon. Un spectre IR est utilisé pour déterminer un ou plusieurs groupes
caractéristiques ou fonctionnels a 1’aide des tables de corrélation ou d’un logiciel prédéfinissant
ces groupes chimiques. A chaque bande d’absorption spécifiques au nombre d’onde précis sont
associés des groupes fonctionnels tels qu’alcool, aldéhyde, cétone, acide carboxylique, ester,
amine, amide, groupe alkyle, une liaison métal-oxygéne.

L’absorption d’un rayonnement infrarouge a lieu lorsque la longueur d’onde du faisceau incident
est de I'ordre de grandeur de I’énergie de vibration des liaisons des molécules de 1’échantillon.
L’absorption d’énergie provoque une transition entre les niveaux vibrationnels. Une transition
entre niveaux vibrationnels s’accompagne d’un changement de niveau rotationnel ; ¢’est pourquoi
on parle souvent de transition rotatio-vibration pour une bande d’absorption. Les liaisons vont
vibrer a des fréquences différentes générant des pics spécifiques caractéristiques de la nature des
liaisons chimiques dans I’échantillon.

Pour une molécule diatomique (comme le ZnO), on distingue 3 types de vibrations : une vibration
d’élongation liée a I’étirement d’une liaison entre deux atomes, une vibration rotationnelle liée a

la variation de I’angle de deux liaisons et la vibration rotatio-élongation.
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Le niveau d’énergie d’un atome ayant absorbé un rayonnement infrarouge peut étre décomposé en
3 parties :

E=E,+E, +E, (4.27)

e Eq : énergie électronique.

e E,: énergie ¢lectronique, associée aux mouvements de vibrations des atomes autour de leur
position d’équilibre.

e E.: énergie vibrationnelle, associée au mouvement de rotation de la molécule autour d’un axe
passant par le centre d’inertie.

Le Tableau 4.2 recapitule quelques types de transitions électroniques en fonction du type de

radiations incidents. La connaissance du type de transition permet de déterminer soit les propriétés

physiques (bande interdite par exemple pour les niveaux électroniques excités) ou chimiques

(liaisons chimiques, groupes fonctionnels des molécules) de 1’échantillon.

Tableau 4.2: Classification des spectroscopies
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Lon- Nombre Type de Transition Information Caracté
gueur d’onde rayonne- obtenue déduite risation
d’onde ment
10° ma 400a 10 Infra-rouge Transition Groupe Spectros
2,5.10° cm’! lointain rotationnelle fonctionnel copie IR

m (FTIR)
25 uma 400 a 4000 Infra-rouge Transition Groupe
2,5 pm cm’! moyen vibrationnelle et fonctionnel,
rotationnelle liaison chimique
2,5 um 14000 a Infra-rouge Vibration des Groupe
a0,75 4000 cm™! proche harmoniques fonctionnel
pum
750 nm Visible Transition des Bande interdite Spectros
a400 ¢lectrons de des semi- copie
nm valence conducteur UV-
400 nm Ultraviolet Visible
a 100
nm
<50 nm Rayon X Transition Structure Diffracti
¢électronique des cristalline, on par
¢lectrons au composition rayon X
coeur de I’atome chimique (DRX)

Pour un spectrométre a un faisceau, une source lumineuse envoie une radiation électromagnétique

sur un monochromateur qui sélectionne un rayonnement a une longueur d’onde précise dans le



domaine de I’IR. Le rayonnement sera dirigé vers 1’échantillon et a sa sortie de 1’échantillon le

signal est détecté et traité pour en obtenir un spectre IR de 1’échantillon.

Source des Mono- Echantillon Détecteur Traitement et
rayons chromateur d’acquisition des
infrarouge données

Figure 4.13: Schéma de principe d’un spectrometre IR a transmission a simple faisceau.

Pour un rayonnement électromagnétique de longueur d’onde A traversant un échantillon, la

transmittance T exprimée en pourcentage est le rapport I/Io:

Avec
Io : intensité de la lumiére incidente;
I : intensité de la lumiére sortante;

L’absorbance A est donnée par la relation :

Io
A = —log (T) = log (T)

Les mesures effectuées sont celles d’absorbance en fonction des nombres d’onde.

On définit le nombre d’onde en cm™! par I’inverse de la longueur d’onde :

S — (4.28)
C

La dualité onde corpuscule d’un rayonnement ¢électromagnétique se traduit par :

Les liaisons chimiques se comportent comme un ressort et chaque liaison a une fréquence

d’oscillation propre a elle. Deux modélisations décrivent les différentes vibrations : Ia

modélisation classique et la modélisation quantique.
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Vibration d’une molécule diatomique A-B : modéle classique
La force de rappel F qui déplace une masse m de x élongation est:
F=-kx (4.29)
k étant la constante de rappel caractéristique du ressort.
Equation du mouvement de vibration d’élongation (x) est :

d’x

m—+kx=0 ou g+ x -0 (4.30)
dt m

La solution a cette équation de vibration est une harmonique :

X =X, cos(ot+¢) (4.31)

/ k . .
Avec ®=2nv=,|— est la pulsation ou fréquence angulaire ; v : fréquence
m

Soit une molécule diatomique A-B constituée d’atomes A et B de masse ma et mg respectivement.
En considérant que A et B constituent une liaison oscillante avec une constante de raideur k autour

de leur position d’équilibre avec une fréquence vo.

En considérant que le systéeme A-B est un oscillateur harmonique, la fréquence de vibration est :

o= X (4.32)
2n\n
4 : 4 1’nAI‘nB
avec 1 masse réduite de la molécule p=
m, +m;,

Pour un rayonnement électromagnétique de fréquence v incident sur la liaison A-B, il y a
absorption et vibrations si la fréquence du rayonnement incident est égale a la fréquence propre de

la liaison :
V=V, (4.33)

Si cette condition est remplie, on est a la résonnance.

L’énergie potentielle :
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% E, = L = lkx0 cos’ mt (4.34)
ox 2

F=-— E—
2

En réalité, la forme du potentiel n’est pas parabolique mais suit la loi de Morse :
EP(X):k(l—eBX ) (4.35)

Au voisinage de 0 ou pour des vibrations de faibles amplitudes, la courbe de 1’énergie potentielle

est assimilée a la parabole de 1’oscillateur harmonique.

E, - %k)& (4.36)

Vibration d’une molécule diatomique A-B : modéle quantique

L’équation de Schrodinger pour une onde électromagnétique ¢ vibrant selon la direction x est :

PERpE 1
—2—M§W(X) +5kX Y(x) =Ey(x) (4.37)

La solution qui est une énergie vibrationnelle est :
1
E, =hy, V+E (4.38)

Avec v=0,1, 2,... appelé nombre quantique vibrationnel est un entier positif ; vo fréquence de

vibration propre définie dans le modéle classique.

Pour des niveaux de vibrations équidistants, 1’énergie de vibration est aussi ici un oscillateur
harmonique. Cependant les liaisons chimiques n’étant pas des ressorts parfaits, on a des pas des
oscillateurs harmoniques. En tenant compte de [’anharmonicité, les niveaux de vibration sont de

plus en plus rapprochés selon la loi de Morse.

On distingue deux modes de vibrations dans une liaison chimique :
Des vibrations d’élongations (ou de valence) longitudinales ou mouvement dans ’axe de la
molécule ;

Des vibrations de déformation angulaires ou vibration perpendiculaire a I’axe de la liaison.
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Les transitions roto-vibrationnelles correspondent a des raies avec des intensités proportionnelles
aux transitions impliquées. Les séries de raies constituent le spectre infrarouge de 1’échantillon.

Pour une liaison chimique forte, le nombre d’onde correspondant est élevé.
Appareil

Le spectrometre IR utilisé dans cette étude est un spectrometre FTIR 65 Perkin Elmer type ATR
(« Attenuated Total Reflectance ») connecté a un ordinateur (acquisition des données, calcul des

TF et affichage).

Echantillon
/_m‘ﬁ
Cristal de diamant /\/\
Faisceau incident Faisceau réfléchi

Figure 4.14: Schéma de principe d’un spectrometre IR ATR (Benabdallh, 2008)

L’échantillon est déposé sur une surface réfléchissante et les analyses des faisceaux sortant de
I’échantillon s’effectuent par réflexion (Figure 4.14). On place 1’échantillon a analyser au contact

d’un cristal a fort indice de réfraction dans I’infrarouge tel que le germanium.

Bien que I’infra-rouge soit découvert par F.W Herschel en 1800, la spectroscopie FTIR a connu
un essor pour les recherches au milieu du XX siécle. La FTIR repose sur le concept d’espace de
Fourier, les mesures des spectres sont effectuées dans I’infrarouge et I’infrarouge lointain de 100
cm™ a4 10 000 cm!. L’appareil de mesure repose sur I’interférométre de (Albert Abraham)
Michelson qui effectue les mesures des transitions vibrationnelles, rotationnelles ou roto-
vibrationnels dans les molécules constituants un échantillon. La FTIR est avantageuse par rapport
a ’IR pour des mesures plus rapides, non-destructives avec une excellente résolution et un bon
rapport signal sur bruit grace au développement des ordinateurs qui effectuent les calculs rapides
des transformées de Fourier. L’interférométre de Michelson est constitué de :

e Une source lumineuse monochromatique émettant un rayonnement lumineux de longueur d’onde
) donnée dans le domaine de I’infrarouge ;

e Un miroir fixe qui réfléchit la lumiére vers la lame ;



e Un miroir mobile dont le déplacement est controlé par pas ;

e Une lame diviseuse des faisceaux qui divise le rayonnement incident en un rayonnement vers
le miroir fixe, un second rayonnement vers le miroir mobile et le troisiéme vers 1’échantillon.
Le rayonnement vers I’échantillon est une combinaison des deux premiers rayonnements
orientés vers les miroirs ;

e Un détecteur du signal provenant de 1’échantillon

e Un systéme de traitement de signal (transformation du signal en données discrétes dans le
temps puis dans le domaine fréquentiel, calculs des transformées de Fourier des signaux) qui

génére I’interférogramme.

L’acquisition des données est fondée sur I’enregistrement des fréquences des vibrations en
fonction des longueurs d’ondes absorbées par 1’échantillon selon les modeles vibratoires ci-haut
décrits. Aprés la mise en marche de I’appareil, un signal de référence a été acquis avant I’insertion
de I’échantillon pour les mesures. Le signal de référence, appelé interferogramme est soumis a une
transformation de Fourier qui fournit le spectre de référence pré-enregistré. Ensuite, on a inséré
I’échantillon dans le spectrometre sur le porte-échantillon et on a lancé la mesure en répétant la
procédure de mesure précédente (acquisition d’un signal soumis a la transformée de Fourier). Le

spectre FTIR recherché est obtenu par division du dernier spectre par le spectre de référence.

La résolution de I’appareil est 4 cm™ pour les mesures. Le choix du domaine de mesure est 4000
cm™! - 450 cm™! dans le domaine IR moyen. Les spectres de transmittance ou d’absorbance sont

enregistrés en fonction de longueurs d’onde.

Le spectre obtenu est la transmittance en fonction du nombre d’onde ou 1’absorbance en fonction
du nombre d’onde. Pour une forte absorbance (100% est le maximum ou absorption totale) du
rayonnement électromagnétique, on a une faible transmittance. Pour une faible absorbance (0%
d’absorption ou transmittance totale) du rayonnement électromagnétique, on a une forte

transmittance.

Les spectres d’absorptions traduisent les états de vibrations des liaisons des molécules de
I’échantillon et sont tracés dans I’article 3 au chapitre 6. Les bandes d’absorptions sont plus ou

moins intense, fine ou large. Les mesures effectuées ont permis de mettre en exergue les liaisons :

e Zn-O dans la couche mince de ZnO. Pic observé a 425 cm™ 4 560 cm™ ;
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e  W-O et O-H dans I’échantillon d’acide tungstique. Pic observé respectivement a de 550-

950 cm™, 24 1641 cm™' et 4 3494 cm™ ;
Zn-0, W-O et O-H dans I’échantillon de ZnO dopé avec I’acide tungstique.

La spectroscopie FTIR mesurée par A. Dhanalakshmi et al. (Dhanalakshmi, Natarajan, Ramadas,
Palanimurugan, & Thanikaikarasan, 2016b) montre des vibrations au nombre d’onde 450 cm™ |
848 cm! et 900 cm™!. (Tableau 4.3) Pour ces chercheurs, le dopage de ZnO par le Mn n’a pas eu
d’influence sur la vibration de la liaison pour un nombre faible de 450 cm™'. Ce nombre coincide

avec les pics que nous avons obtenu pour ZnO entre 425 cm™ a 560 cm™!

Tableau 4.3: FTIR vibration frequencies for different modes of ZnO pure and Mn-doped ZnO
(Dhanalakshmi et al., 2016b)

Undoped ZnO (cm™) Mn-doped ZnO (cm™) Vibration mode
450 450 Zn-0
- 677 Mn-O

848 - Z/n-0

900 - Zn-0

1036 1036 C-O stretching vibration
2360 2360 CO2 molecule
3451 3451 O-H

4.7 Résistivité et résistance surfacique des couches minces semi-

conducteur

La mesure de la résistivité peut étre effectuée a 1’aide de la méthode de 4 pointes qui mesure la

résistivité surfacique ou a I’aide d’un moniteur de conductimeétre.

4.7.1 Résistivité par la méthode de 4 pointes

Le principe de mesure par 4 pointes schématisé sur la figure 4.15 peut se décrire comme suit : :

Placer les 4 pointes équidistantes loin des bords de la couche a caractériser. Les pointes doivent

étre alignées.

Le courant est envoyé par un générateur de courant entre les pointes 1 et 4, tandis que la tension

est mesurée entre les pointes 2 et 3.




Le rapport de la tension mesurée sur l'intensité qui traverse 1'échantillon donne la résistance du

(2 )—

trongon entre les pointes 2 et 3

Figure 4.15 : Principe de la technique de mesure par 4 pointes °

Une revue de la littérature a été faite sur les propriétés €lectriques notamment sur la mobilité des
porteurs des charges, la concentration des porteurs de charges, le type (n ou p) du matériau et la

conductivité des échantillons ZnO.

La mobilité des porteurs de charges p (cm?.V'!.s) est la capacité de diffusion des porteurs des
charges dans un réseau cristallin. Elle est étroitement liée a la conductivité et aux nombres des
impuretés dans un semi-conducteur. La conductivité o exprimée (Q.cm)! est une caractéristique
du matériau a laisser les porteurs de charges (ou courant) a circuler dans le matériau. Elle est

I’inverse de la résistivité (2.cm). Loi d’Ohm dans un matériau est:
j=0E soit E=p]  (4.39)

1

avec 0 =—

Pour un champ électrique appliqué E (V.cm™) 2 un matériau, la mesure de la vitesse v (cm.s™') des

porteurs charges permet de calculer la mobilité recherchée de ces porteurs de charges.

—

= uE (4.40)

<l

9 http://en.wikipedia.org/wiki/File:Four-point.png
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Par définition, le vecteur densité de courant total est proportionnel a la vitesse des porteurs de

charges :
j=q(pv,-nv,) (441
Pour les électrons, le vecteur densité de courant est: 3 =qnv, (4.42)

Pour les trous, le vecteur densité de courant est : j =qnv, (4.43)

Donc, en combinant les équations de densité de courant, la conductivité le long des abscisses

devient :

v vV v \%
“:q(pf““f“J:q(pE—““E—“ =a(pu, +nu,) (444)

X X

On pose I’expression des mobilités des trous et des électrons:

_ th . _ an
Wp=p s =g (4.45)

X X

Pour un matériau de type N comme le ZnO:
K, >H, ;n>p et DR, > PU, (4.46)

Donc la conductivité devient :
1

C=—~(Qqny, (4.47)
p

Pour ces oxydes métalliques transparents et semi-conducteurs déposés sous formes de couches
minces, on définit la résistance de surfacique (ou sheet resistance en anglais) exprimée en /sq
comme la résistance d’une couche mince uniforme dans un élément de plan carré. Considérons un
conducteur tridimensionnel régulier de longueur 1, de largeur w, d’épaisseur x; tel que décrit par la
figure 4.16. Pour un courant traversant ce matériau, la résistance exprimée en ohm (€2) est régie
par la relation :

I pl
R=p—=-"" (4.48)
A X;W
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Ou:
p est la résistivité s’exprime en Q.cm,

A est la section transversale et s’exprime cm?. Elle peut étre obtenue par le produit de la largeur w
(cm) et de I’épaisseur x; (cm);

1 est la longueur et s’exprime en cm.

R : résistance en Q.

a)

R=pi R=R,=F

| — — X —

Figure 4.16: a) Résistance (résistivité); b) résistance surfacique (sheet resistance)

Si I=w (carré), alors la résistivité est égale a la résistance surfacique : R=Rs

Rs (€2/sq) est appelée « sheet resistance » et mesure la résistance d’une couche mince uniforme
dans un élément de plan carré. Cette résistance est utilisée pour caractériser les matériaux ¢laborés
par dopage de semi-conducteurs, impression de pate résistive ou revétement de verre.

Pour un semi-conducteur extrinséque, on définit la résistivité moyenne p (ou conductivité

moyenne G ):

(4.49)

al|—

La résistance surfacique (sheet resistance) pour le semi-conducteur est alors :

R _P_1 1

X, C_TX~: X
j ] .[0 G(X)dX

(4.50)

1 Xj
Avec : 6=—I o(x)dx (4.51)
X; "0
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4.7.2 Mesure de la résistivité surfacique (sheet resistance)

La mesure de la résistivité surfacique a été faite a I’aide du moniteur de conductance Delcom
Instruments. La technologie Delcom Instruments est basée sur un assemblage de deux inductances
dans un noyau de ferrite (Figure 4.17 b). Un courant oscillant issu de la source de courant RF
(Figure 4.17 a) circule dans les bobines d’inductances générant un champ magnétique oscillant
entre les deux inductances en regard (Figure 4.17 b et ¢). Lorsqu’un échantillon conducteur est
introduit entre les deux inductances dans le champ magnétique oscillant, un flux d’électron
circulaire appelé courant de Foucault est induit dans la couche conductrice de 1’échantillon (Figure
4.17 d). La difficulté a maintenir ce courant de Foucault est mesurée en résistance surfacique du

matériau étudié.

GENERATOR

@RFCURRENT .
1 = = =
~—T> %\ 1 j. ABER

INDUCTOR ]| _CAPACITOR - ‘

SCHEMETIC SHOWING EXPLODED VIEW SHOWING MAGNETIC FIELD EDDY CURRENTINTHE
SIMPLIFIED CIRCUIT FERRITES & INDUCTORS CONDUCTIVE LAYER
a) b) c) d)

Figure 4.17: Schéma de principe de Delcom Instruments ': a) électrique, b) deux inductances dans un
noyau de ferrite, ¢) génération de champ magnétique, d) présence d’un échantillon soumis a un champ

magnétique

Contrairement aux mesures effectuées par les sondes a 4 pointes, Delcom Instruments offre

I’avantage des mesures sans contact, non destructives, instantanées, peu onéreuses.

Les résistances surfaciques ont été présentées dans I’article 2 (chapitre 5) et article 3 (chapitre 6).

19 source: http://www.delcominst.com/technology.html; consulté le 4/11/2021
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4.8 Le profilomeétre DektakXT Bruker

L’épaisseur et I’'uniformité des couches minces peuvent étre mesurées a I’aide du profilometre
DektakXT Bruker. La rugosité des couches est évaluée en comparant 1’épaisseur des couches a
différents endroits (Figure 4.18). L’ épaisseur d’une couche est évaluée en faisant la différence

entre la hauteur de la couche et celle du substrat.

Pl s wn e
deplacement
vertical

FPoimte dimmiamt

Echuwntillomn

Figure 4.18 : Principe de mesure d’épaisseur a I’aide d’un profilometre

C’est une technique de mesure rapide, sans contact, non-destructive qui fonctionne par le
déplacement d’un stylet en pointe de diamant et d’une caméra optique entre le substrat et différents
points sur la couche mince pour effectuer la mesure sur une épaisseur 3D. Cet appareil est utilisé
pour les mesures des couches des semi-conducteurs, en microélectronique, en médecine ou en
science des matériaux. L appareil a une résolution permettant d’effectuer des mesures des hauteurs

de pas inférieures a 10 nm. Les profils des échantillons obtenus présentent toutes des rugosités.

Caractéristique courant-tension des DSSC

Deux types d’électrodes sont a identifier dans les DSSC élaborées

Une ¢lectrode ZnO-dye ou photoanode;

Une seconde métal-électrolyte ou platine-couple redox (I7/13°):

Lorsqu’on plonge 1’électrode ZnO déposée sur le substrat FTO dans une solution de dye (N719),
le colorant pénétre dans le réseau du semi-conducteur et peut atteindre le substrat. L’électrode
nanoporeuse atteint I’équilibre dans I’obscurité si les 3 phases (FTO-ZnO-Dye) ayant des fonctions

de travail différentes s’équilibrent a une valeur unique du niveau de Fermi.
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Figure 4.19 : Schéma de fonctionnement d’'une DSSC a base de ZnO-WOj3 avec leurs niveaux
d’énergies
La mise en contact d’un semi-conducteur, d’un oxyde transparent conducteur (FTO) ou d’un métal
(platine) plongé dans une solution provoque un état d’équilibre électrochimique qui s’établit par
I’égalité du niveau de Fermi de 1’électrode plongée dans une solution et celui du couple redox

contenant cette solution. La tension d’équilibre aux bornes de la pile est la différence de potentiel

entre les deux électrodes :

eq _ yreq _yeq
VDSSC — Ycathode Vanode (4-52)

Les valeurs énergétiques des niveaux d’énergie de conduction, de valence ou de Fermi des
différents matériaux et couples redox sont données dans la littérature. A I’aide de ces valeurs, on
peut tracer le diagramme énergétique de la cellule et calculer la valeur de de la tension de court-
circuit.

Les ¢électrodes de référence a savoir standard (ou normale) d’hydrogene (ESH ou ENH) et SCE
(€lectrode au calomel saturé) sont utilisées en électrochimie alors que les valeurs énergétiques en

des niveaux d’énergies (valence, Fermi et conduction) par rapport au vide en physique des solides.



La relation entre €lectrode standard (ou normale) d’hydrogene (ESH ou ENH) et I’échelle du vide

est:

Ep iox (€V)=—4,5¢V—(E, . pour ENH (4.53)

Ep iox (€V)=—4,74eV—qE . pour SCE (4.54)

redox

Avec : Er redox €nergie de Fermi d’un coupe redox s’exprime en eV;
Eredox potentiel du couple redox s’exprime en (V)
Les niveaux d’énergie influencant les propriétés électriques dans un semi-conducteur sont :
¢ le niveau de valence occupé par des €lectrons de valence;
e e niveau de Fermi;
e le niveau de conduction;
Le travail de sortie @ est I’énergie correspond a I’énergie entre le niveau de Fermi et le vide alors
que I’affinité y entre la bande de conduction et la sortie.

Un couple redox est caractérisé par son potentiel standard E%eqox qui correspond a son état

d’énergie.
Vi = %(EF ~E( /1)) (4.55) (Trémillon, 1993)

Interface anode/sensibilisateur vs Pt/€lectrolyte (I7/137)
Anode - Tension due au couple redox sensibilisateur
Tension standard (table du couple redox N719)

Tension d’équilibre : on applique la loi de Nernst

Vol /o = VBusp + Spin s (4.56)

Vl§)+/D = %(VLUMO — Viomo) (4.57)

Vps/p = (=3,43V — (=5,34V)) (4.58)
Vpep = 1,91V (4.59)

D, D" : étant adsorbé et séché, leur activité est assimilée a celle d’un solide donc égale a 1;

118



Aox = V[D+] =ayeq =V[D] =1 (4.60)
Donc,
Vot/p = Vpap = 1,91V (4.61)

A la contre électrode, on a la réaction de réduction suivante :
I3 +2e” — 3™
On peut donc écrire le potentiel selon la loi de Nernst :
3]

RT
V]_/13_ = V]O_/13_ + n_Flnﬁ (462)

Pour 2 électrons mis en jeu, n=2 et I’équation devient :

BT L (4.63)

Viejiz- = V10—/13— +r 3

La tension d’équilibre aux bornes de la pile est la différence de potentiel entre les deux électrodes :

VDegSC = chzcllthode - V;le;fode (4.64)
RT ,  [I5]
Vosse = V2 s + Elnﬁ —Vi+/p (4.65)

L’interface anode/sensibilisateur est traversée par une densité de courant anodique i.. L interface
Pt/électrolyte (I'/I37) est traversée par une densité de courant cathodique ic.

La densité de courant i(A/cm?) et la surtension 1 dans une cellule électrochimique peuvent étre
décrites selon la relation de Butler-Volmer :

i=io[exp(%>—exp(—%>} (4:66)

1o est la densité de courant d’échange. Si i, est élevé alors le catalyseur est performant.

o : coefficient de transfert de charge a I’anode ; [ : coefficient de transfert de charge a la cathode.
On a toujours : a+B=1

En utilisant I’approximation de Tafel, on a:

a la cathode, on néglige la surtension anodique et I’expression de Butler-Volmer devient :

pnFn, )}

itotal =ia +lc =ic =1 = _io |:eXp(— RT
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Surtension: 7, = —%ln(— .L) (4.67)
"

a I’anode, on néglige la surtension cathodique et I’expression de Butler-Volmer devient :

_2303R-T

" 2303R-T i 2,303R-T10gi0} (4.68)

i
log(—) =
g(i,,) [anF

a-n-F

La tension réelle de la cellule la tension d’équilibre diminuée de la surtension anodique, de la
surtension cathodique et des pertes joules.

VDrggéle = VDesqsc —Na— 1INl =i X R; (4.69)

Avec
iy R; : chute de tension ohmique;

Y. R; : résistance interne de la cellule DSSC;
7, : surtension anodique;
7 . surtension cathodique.

La Figure 4.20 est un schéma de base expérimental du potentiostat pour une tension contrdlée et
un courant mesuré pour une cellule électrochimique. La variable est la différence de potentiel du
potentiostat imposée aux bornes des ¢électrodes de travail et la contre-électrode et on mesure le
courant traversant la cellule électrochimique (Figure 4.20). Un générateur génére des tensions
controlées avec une rampe et un pas de tension. Du point de vue électrochimique, le potentiostat
injecte un flux d’¢lectrons nécessaire (courant et potentiel étant fonctionnellement lié, ce flux est
unique a chaque pas) pour entretenir les processus électrochimiques actifs a des vitesses

compatibles avec le potentiel.

Function ; -
generator — Potentiostat | T‘" Ref | }O>

E controlled

L)

i(f) measured

Figure 4.20: Schéma de base expérimental du potentiostat a tension controlée pour une cellule

¢lectrochimique (Bard & Faulkner, 2001)
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La mesure courant-tension dans 1’obscurité peut étre simplifiée par le schéma de la Figure 4.21.
En appliquant la source de tension continue aux bornes de la cellule DSSC, on mesure a 1’aide
d’un voltmetre et d’un amperemetre, le courant en fonction de la variation de la tension. On obtient
finalement la caractéristique courant-tension est une courbe similaire a une jonction p-n. (voir

article DSSC).

®
BO

Figure 4.21: Schéma simplifi¢ de mesure courant-tension d’une cellule solaire dans 1’obscurité.

Les résultats obtenus ont permis de mettre en évidence que les cellules solaires fabriquées se
comportent comme une diode dans I’obscurité.

La mesure courant-tension avec éclairement peut étre assimilée au schéma simplifié de la Figure
4.22 avec une source de tension variable appliquée aux bornes de la cellule PV. A I’aide d’un
voltmeétre et d’un amperemeétre, on mesure le courant en fonction de la variation de la tension.

La caractéristique courant-tension est une courbe courant-tension type générateur de puissance.

C’est la caractéristique d’une cellule solaire photovoltaique.

hu

O

Figure 4.22 : Schéma simplifi¢ de mesure courant-tension avec éclairement

Les mesures courant-tension ont ét¢ effectuées et présentées dans le chapitre 6 article 3.
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4.10 Erreurs de caractérisation

L’erreur absolue 6X ou écart de mesure est la différence entre la valeur expérimentale a la valeur

exacte.

X =X-Xe
X: valeur expérimentale ou approximative de la grandeur.
Xe: valeur exacte de la méme grandeur.

Pour les mesures courant tension, 1’erreur de mesure pour la tension est de 100 mV et celle du

courant est 10 pA.

Le pourcentage d’erreur ou erreur relative (+ %) est le quotient de 1’erreur absolue et de la valeur

exacte : (0X /Xe) x 100.

4.11 Conclusion

Dans ce chapitre nous avons décrit la méthodologie de synthése de ZnO et ZnO dopé a I’acide
tungstique. En nous inspirant des auteurs qui ont déja emprunté cette méthode, nous avons effectué
les synthéses avec succes en y ajoutant I’additif HoWO4 qui s’est totalement dissout dans la matrice

de ZnO en milieu basique. Les analyses :

e XRD ont permis de déterminer la structure cristalline hexagonale et la taille moyenne des
cristaux (cf. chapitre 5 article 2);

e MEB ont donné les reliefs et morphologies des nanoparticules en grains, . Ces morphologies
sont clairement modifiées en polyedres lors du dopage de ZnO par HoWOs; (cf. chapitre 5
article 2);

e EDS pour déterminer les pourcentages atomiques dans les échantillons (cf. chapitre 6 article 3)

e UV-visible ont donné les bandes interdites des différents échantillons allant de 3,25 eV a 3,75
eV. Notons une augmentation de la bande interdite avec une augmentation en concentration de
dopant; (cf. chapitre 5 article 2);

e La spectroscopie FTIR a donné des bandes de vibrations entre 425 cm! a 560 cm

correspondant aux liaisons Zn-O; (cf. chapitre 6 article 3)
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La spectroscopie XPS a confirmé les liaisons Zn-O pour les échantillons et les liaisons Zn-O,
W-0O pour les échantillons ZnO dopé HoWOs. (cf. chapitre 5 article 2)

De résistivité au moniteur de conductance ont permis de déterminer les sheets resistance des
semi-conducteurs. (cf. chapitre 5 article 2);

D’épaisseur des échantillons a 1’aide de DektakXT. (cf. chapitre 5 article 2 et chapitre 6 article
3);

Performances des cellules par des mesures courant-tension.

Nous avons également diminué la température de synthése de ZnO a 50 °C pour le cas de

synthese inspiré de Hasnidawani et al.(Hasnidawani et al., 2016).
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5.1 Abstract

The effect of tungstic acid doping on the structural and optical properties of ZnO material
synthesized using sol-gel method is studied for the first time. The concentration of 0.00005 to
0.00015M of tungstic acid (H 2 WO 4) was respectively added to the initial solution as a doping
agent of ZnO. The synthesis was done in a basic medium at pH of 9.5 to 10 in the presence of
alcohol and monoethanolamine. This sol-gel mixture was used to deposit ZnO thin films by spin
coating on the FTO/glass substrate. X ray diffraction (XRD) methods results showed that ZnO
deposited with and without taungstic acid has the same hexagonal crystal structure. Scanning
Electron Microscopy (SEM) micrographs showed a significant effect of the tungstic acid on the
morphology of ZnO seeds. The high porosity of the ZnO films and their chemical composition due
to tungstic acid addition are also shown. UV-visible spectroscopy measurements indicated one
band gap energy value for samples deposited without tungstic acid and two band gap energy values
for samples deposited with tungstic acid. It was found that Eg of ZnO is indeed 3.26 eV at 300°K
and increases with the amount of dopant up to 3.88 eV for a value of 1.5%10 -4 M of ', WO 4+ XPS
semi-quantitative analysis was performed to determine the chemical composition of the ZnO
samples. It was concluded that WO3 was incorporated in the films of ZnO doped with tungstic acid

which may form ZnO-WO3.
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5.2 Introduction

Zinc oxide (ZnO) which is a high band gap transparent semiconductor is an interesting material to
be used shows promising for fabrication of semitransparent dye-synthetized solar cells (DSSC). A
semitransparent DSSC structure use ultraviolet (UV) light for producing the electricity but
allowing visible light to pass through the building facades and windows.

Semiconducting metal oxide thin films are widely used in optoelectronic applications, particularly
in solar cell devices. Zinc oxide is an inorganic compound with the formula ZnO which
corresponds to the group II-VI binary semiconductor compound according. Some of the other
semiconductors in this groups are Cadmium Sulfide (CdS), Cadmium Selenide (CdSe) and
Cadmium Telluride (CdTe) which are widely used for the fabrication of thin film solar cells
(Williams, 1960). Among the important characteristics, ZnO is a non-toxic, photoconductive and
piezoelectric material which has a wide band gap energy (around 3.3 eV ) (S. Agarwal, Jangir,
Rathore, Kumar, & Awasthi, 2019) at room temperature, and an exciton bond of 60 meV (Jie et
al., 2004; Laurent, Yu, Tusseau-Nenez, & Leprince-Wang, 2008; Sengupta, Sahoo, Bardhan, &
Mukherjee, 2011; Thomas, 1960; Vyas, 2020). Zinc oxide is already used as a transparent window
for several types of solar PV cells (Alias & Mohamad, 2014; Ellmer & Klein, 2008; Fodjouong et
al., 2013; Matsubara et al., 2003; Vittal & Ho, 2017). Also, due to its hexagonal crystallographic
wurtzite type structure (a=0.325nm, ¢=0.521nm) (Ozgiir & Morkog, 2018) ) (Norton et al., 2004),
ZnO can be deposited as a flexible thin film that made it interested for fabrication of flexible
devices such as solar cells and sensors (Belaid et al., 2015; Xiang et al., 2006).

Among of the electrical and optical properties, ZnO is inherently a n-type material with a good
electron mobility (200 cm?® V! s71) ) (Norton et al., 2004); which facilitates high electrical
conductivity of the material. According to the literatures (Matsubara et al., 2003; Segets, Grad],
Taylor, Vassilev, & Peukert, 2009), the light transmission coefficient of ZnO is 91% in the visible
spectrum, between 400 nm and 1100 nm. For the wavelengths between 200 and 360 nm (UV-
visible range) the transmittance of ZnO is almost zero and therefore its absorbance is very high.

The mechanical properties of ZnO medified are also interesting which a good stability (Fan,
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Zhang, Wu, Yu, & Russell, 2020; Wei et al., 2019) and a long lifetime are reported for the
fabricated ZnO-based solar cells (Kay & Gritzel, 2002).

In addition to the above mentioned properties of ZnO, this material is among of the inexpensive
and very abundant materials on the earth (Pan, Risley, Martindale, & Heagy, 2018; Y. Wang et
al., 2018; H. Zheng, Tachibana, & Kalantar-Zadeh, 2010). ZnO thin film can be synthesized by
various methods such as hydrothermal (J. Qu et al., 2014), chemical bath deposition (C.-P. Lee et
al., 2014), sputtering (magnetron) (Pham et al., 2015) and sol-gel method gel (Foo et al., 2014;
Hasnidawani et al., 2016; Saleem, 2012). Regard it, the morphology of ZnO is also controllable
according to the preparation methods and conditions, such as temperature and pressure (Arya et
al., 2021; T. Guo et al., 2019; Sivakumar, Victor, Nayak, & Dhas, 2019).

In order to use a material in solar cell applications, its electrical properties should be improved
using suitable doping elements that can be carried out in the synthesis process. As the doping
additives, polyoxymetalates are excellent electron acceptors in their conduction bands.
(Weinstock, 1998). Previous works had shown the improvement of the properties of solar cells
based on CdS, CdTe, CdSe and In2Sbs which had been prepared by chemical and electrochemical
deposition with different heteropolyacids such as phosphotungstic acid, silicotungstic acid and
phophomolybdic acid as the dopants (Savadogo, 1998). It had been resulted that there is
dissociation of the tungsten-based heteropolyacid additives into different products including
tungsten oxide in the doped material, in the case where silicotungstic acid is used. But until now
from our previous results, the effect of heteropolyacid modifications of semiconductor on their
properties is not well known.

It has been shown that heteropolyacids improve the performance of sensitized solar cells but
remain intact in the ZnO (J. Li et al., 2013). The pH of the synthesis medium would be near neutral
as it is a mixture of zinc acetate (0.33g) in ethanol solvent in the presence of a very small amount
of polyoxymetalate (10 mL, 10 M) (J. Li et al., 2013). Moreover, the effect of polyoxometellates
in improving the electrical performance of ZnO has been shown (Sang et al., 2012). The role
played by phosphotungstic acid in improving the properties of ZnO has been also shown in a
solvothermal synthesis from zinc acetate dehydrate (Q. Y. Li et al., 2008). The presence of PW 12
observed in ZnO matrix has contributed to the enhancement of the photoluminescence and

absorbance of phosphotungstic acid modified ZnO (Q. Y. Li et al., 2008). The pH of the synthesis
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medium has been kept nearly neutral by mixing a 0.5-1 g of zinc acetate dihydrate in 10-20 mL of
ethanol, in the presence of 4 x 10* M of H3PW 1,049 (J. Li et al., 2013). In the process of doping
ZnO, the W®" ion with an ionic radius close to the radius of Zn?" and is prone to substitute Zn 2"
(Ngom et al., 2009).

As an additive, tungsten has a highly variable oxidation state (-4, -2, -1, 0, 1, 2, 3, 4, 5, 6) and
tungstic acids (sources of the dopant) are distinguished according to their water content. Tungstic
acids or WO3 hydrates of the general formula WO3-nH2O are closely bound to the tungsten oxides
(WOx) and generally produce WOs3 hydrates in solution, which are annealed and cooled to give the
desired crystalline phase of WOx (Haidong Zheng et al., 2011) where x is a positive value
expressing the oxygen content in the molecule since tungsten has a variable oxidation state. The
most studied hydrates of WO; are : WO, . 2H,0 (the dihydrate), WO, .H,O (the monohydrate),
WO, . 0.5H, O (the hemihydrate) and WO4 . 0.33H2 O. Zheng and Thanh-Khue stated in their
reports that the hydrates of WO; can be dehydrated and finally transformed into WO; by
calcination (J. Y. Zheng et al., 2015).

Tungsten oxide has electro-optical, electro-chromic, ferroelectric and catalytic properties
(Georgieva et al., 2007; Svensson & Granqvist, 1984; Haidong Zheng et al., 2011). WOs is an n-
type wide bandgap semiconductor that can act as an anode and/or help improve the performance
of photovoltaic solar cells (Georgieva et al., 2007; Hara et al., 2011; H. Zheng et al., 2010). WO;
can be considered in a simplified model as a modification of the ABO3 perovskite lattice in which
the A site remains unoccupied and the W atoms occupy the B site (Gillet, Aguir, Lemire, Gillet,
& Schierbaum, 2004; Haidong Zheng et al., 2011). The perovskite electronic structure of WO3
reveals that the band gap of WOs3 corresponds to the difference between the energy levels of the
valence band formed by the O2 p orbitals and the conduction orbitals W5d (Gillet et al., 2004).
The above literature reviews show that the species responsible for the improvement of the
properties of semiconductors modified with the same heteropolyacid are different from one work
to another. Moreover, in the case of ZnO, the effects of tungstic acid as a dopant for this material
does not exist in the literature. Specially, it is interesting to study the optical and structural
properties of the tungstic acid modified ZnO and determining the issues that are responsible for
the modification. Our final objective will be the development of semi-transparent electrodes for

applications in photosensitized cells. Based on our previous studies on the effect of hetero
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polyacids on the physical-chemical, optoelectronic and PV solar cells properties of various
semiconductors, this work will add significant knowledge for the understanding of the properties

and behavior of these nanocomposites materials.

5.3 Methodology

In this work, the effect of tungstic acid monohydrate (HoWOQs) as the additive in the precursor
solution for synthesizing of W-doped ZnO material is studied. Sol-gel method as an efficient and
less expensive method is considered for preparing ZnO material and depositing it as thin film on
FTO/glass substrate for further application in DSSC solar cells. Investigations include the role of
the additive on structural, optical, and electronic properties of ZnO material, through various
characterization methods including XRD, SEM, UV-Visible spectroscopy and XPS. The
chemicals products and equipment used are summarized in the following paragraph, then synthesis

method and characterization techniques were presented.

5.3.1 Materials

To prepare the solution for synthesis, zinc acetate dihydrate Zn(CH3 COO). 2H> O with the purity
of 98.0 to 101.0%, was purchased from Sigma Aldrich as the precursor. For the solvent, alcohol
ethanol 95.0%, methanol or isopropanol were used. The catalyst consisted of NaOH >97% (Sigma
Aldrich), HCI 15% or KOH. Finally as the stabilizer, monoethanolamine HOCH>CH>NH> 99.95%
(Fisher  Chemical),  diethanolamine  and  tetramethylammonium  hydroxide  or
ethyldiaminetetraacetate were used. These chemicals are used without further purification. As the
substrate, a glass board with a layer of fluorine-doped tin dioxide FTO (SnO»/glass) on its top was
purchased from Sigma Aldrich TEC7. FTO was considered as the substrate (for a DSSC cell)
because it is a good transparent to the light with transmittance of 80-82% Visible, and also, it has
low electrical resistance of about 7 Q/m? which facilitate electron flowing to the material. In
addition, its electrical resistance is not changed in the temperature up to 500°C (according to Sigma
Aldrich), which is the process temperature of the sol-gel method.

Before synthesis, the FTO coated glass was cut into the 2 cm x 2 cm samples where the area of the
deposition was considered to be about 1 cm?. Deposition of ZnO layer from prepared sol-gel was

done using a KW-4A spin-coater (8500 rpm & 3.9” max) at the room temperature and atmospheric
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pressure. The samples were dried in a Thelco Laboratory OVEN dryer and annealed ina VULCAN

3-550 programmable oven.
5.3.2 Synthesis of samples

5.3.2.1 Synthesis of ZnO thin film

The synthesis of ZnO seed layer using sol-gel method was started by preparing a solution of 4.4¢g
zinc acetate in 100 mL ethanol and stirring using a magnetic stirrer at 60°C for 15 minutes until
a white solution was produced. After that, 1.2216 g of monoethanolamine (MEA) solution was
drop by drop added to the solution which was kept at 60°C, under magnetic stirring for 2 hours,
until a clear solution was reached. This solution was left for 24 hours at room temperature then its
pH was measured which was about 7.5.

To prepare the substrate, the FTO/glass plates were cleaned in ultrasonic bath of acetone followed
by ethanol, rinsed with deionized water and dried under a jet of ozone gas. Also, to keep reaching
the conductive substrate, the two edges of FTO were covered with a Teflon tape. For producing a
uniform deposition of the solution on the substrate, the prepared solution was spin coated on FTO
at 3000 rpm for 20s. Then the sample was dried at 150°C for 10 minutes. The deposition-was
repeated about 3 times to increase the thickness of the film to about 150 nm. The sample was
annealed at 450°C for 2 hours using VULCAN 3-550 programmable oven, followed by cooling to
25°C, with the cooling rate of 10°C/min from. Finally, the sample was annealed in average
temperature of 470° to improve the connections between the ZnO and the FTO substrate, and also,
to rearrange the ZnO material into a hexagonal crystal structure. The final annealing also leads to

produce a porosity of nanoparticles.

5.3.2.2 Synthesis of Doped-ZnO with H2WQ4

The procedures of the synthesis of ZnO, which is doped with tungstic acid, is similar to that
described above, except that the acid tungstic of different respective concentrations is added to the
emulsion solution when the white solution is prepared. Tungstic acid was added with three
different concentrations: 0.5x10% M, 10* M,1.5 x10* M. Then a solution of 1.2216 g of
monethanolamine (MEA) was added to this mixture under magnetic stirring at 60°C. The

procedure be justified to reach a pH of 9.5 to 10 for the solution as a neutral to basic medium is
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appreciated for successfully synthesis of ZnO (Alias & Mohamad, 2014). To ensure the complete
dissolution of the tungstic acid, it was necessary to add drop by drop an additional amount of a
solution of monoethanolamine until the pH of the solution was between 9.5 and 10. The mixture
was kept under magnetic stirring at 60°C for 2 hours where the color of the solution get yellow.
The yellow color is attributed to the presence of tungstic acid. The prepared solution was kept for
24 hours at room temperature. Finally, the sol-gel solution was used for depositing the thin film of
doped-ZnO on the prepared FTO/glass substrate as the previous deposition was done. Like the
deposition step in section 3.1, the spin coating was repeated three times where the final thickness

of the thin films was increased to 300 nm. A summary of the synthesis procedures are given in

Figure 5.1.
Zinc Acetate dehydrate
+ Solvents
Stirring
60° , 15 min
I Spin Coating on FTO/glass
Emulsion Solution 3000 rpm, 20 sec
] 3 times
0 Preheating
150°, 10 min
Monoethanolamine l
Stirring Annealed
60° , 120 min 450°, 120 min
Sol-Gel Zn0: H,WO, thin film

Figure 5.1 : A summary of the synthesis method for preparation of W-doped ZnO thin film and

doping processes.

The synthesized ZnO thin film which made it suitable for DSSC solar cell application should have
a large surface area to allow a high chemisorption of the electrolyte molecules. It is expected that
the solid structure be cracks and defects free to facilitate fast and efficient interfacial load transfer.
In addition, a porous structure is favored to hold a large amount of the electrolyte and ensure the

interaction between the sensitizer molecules and those of the dye. This interaction is the
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regeneration of the sensitizer. The oxidized sensitizer is regenerated by taking electrons from the
triiodide ions in solution. Furthermore, to avoid accumulation of the charge carriers when the
DSSC is subjected to a light irradiation, continuity of the bonds should be maintained between the
particles of the semiconductor which allows the movement of the produced charge carriers.

To be suitable for solar cell application, the optical and electrical properties of ZnO is expected to
be improved through the employed doping procedure. Dissolving tungstic acid (WO3.H,0) in
synthesis solution would have mainly produced WO; with excess oxygen. (J. Y. Zheng et al.,
2014). When calcining WO3 hydrate in the presence of oxygen, WO3 product obtained will contain
an excess of oxygen due to the oxidation of WO3 tungsten. Under vacuum (in the absence of
oxygen), calcination at 450°C of WOs3 hydrate produces WO3; with an oxygen deficit WO3.x.
(x<0.0001). Oxygen excess or deficit are defects that affect the optical and electrical properties of
WOs.

In further sections, the properties of the synthesized ZnO will be inspected using standard

characterization methods and the observed behaviors will be discussed.

5.3.3 Characterization methods

5.3.3.1 X-ray Diffraction (XRD)

The XRD analysis allowed to identify the crystalline structure of the semiconductor. The
diffractometer used in this work was a Buker D8 ADVANCE brand consisting of an X-ray source,
a chamber where the ZnO samples are inserted in a slide, and the adhesion is ensured by the
vacuum grease. The X-ray source was a tungsten filament at the cathode and copper at the anode.
The device emits Ka lines of Cu with a weighted value of 1.5418 angstrom that strike the ZnO-
based sample. The imposed voltage was 40 kV and the current was 40 mA. The detector above the
sample in the diffractometer detects the diffracted light intensity as a function of the diffraction
angle. The incident light arrives on two successive planes (of atoms) which is diffracted. If there
is a constructive interference, based on Bragg’s law, the following relation will be applied (Le
Pevelen, 2010):
2d,, sin6,,, =ni (70)
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Where (h,k,]) is Miller index, d is the distance between atomic planes or inter-reticular distance, n

is the diffraction order, A is wavelength, and 0 is the angle of incidence.

The inter-reticular distance in a hexagonal system is given by the relation:

<=3 > +— (71)

1 _4(h’+hk+k*) I
a ¢’

With a=b=0.325 nm and ¢=0.521 nm.

5.3.3.2 The Scanning Electron Microscope (SEM)

To interpret the morphology and chemical composition of the ZnO thin films, A JEOL JSM-7600F
SEM equipment was used which is a primary electron field emission SEM. The acceleration
voltage was set at 10 kV. Also, the magnifications of the samples were 35,000 times and 220,000

times of the particle seeds.

5.3.3.3 UV-visible spectroscope

UV-visible spectroscopy was used to measure the light transmittance or absorbance as a function
of wavelength to determine the absorbance property and band gap energy of the undoped and W-
doped ZnO. The spectrometer used was a LAMBDA 1050 UV vis/NIR with PerkinElmer
processing software in analytical mode. Using a monochromatic deuterium light source,
wavelengths from 250 nm to 1200 nm are emitted onto and through the sample. Measurements
was made with an error of 5 nm using two different detectors, the center mount and the sphere.
The measurement system produce an error of + 2% in the transmission spectra.

For electromagnetic radiation of wavelength A passing through a transparent medium, the

transmittance T expressed as a percentage is the ratio I/I, (Picollo, Aceto, & Vitorino, 2019):

T=—=e (72)

o

Where [, and I are the intensity of the incident and outgoing light, respectively. A is the absorption
coefficient and d is thin film thickness or optical path length.

The absorbance A is given by the relation:

A = —log (T) = log () = ad (73)
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The curve of the variation of the absorbance according to log (Io /I) makes it possible to deduce
the coefficient of absorption alpha if the thickness of the sample is known.
According to Tauc’s equation, the absorption coefficient is related to the width of the band gap of

the material by the following relation:

1
ahv = B(hv — E,)? (74)
Where B is a constant, E; is the optical gap in eV, and hv is energy of the photons.

5.3.3.4 XPS measurement

Some surface points of the electrode samples were subjected to XPS analysis to determine the
presence of WO3 and the chemical composition of the inspected surfaces. The measuring
instrument in this study was Thermo Scientific capable of detecting all elements of the periodic
table except hydrogen. The accuracy was 0.05% for most of the elements detected. The X-rays
used in these measurements were Al with Ka=1486.6 eV. The diameter of the spot for XPS

analysis was 400 pm.

5.4 Results and discussion

5.4.1 X-ray diffraction (XRD)

The ZnO sample deposited on the FTO was also subjected to XRD. The XRD spectrum of ZnO
deposited on FTO (Figure 5.2) is a superposition of the detected ZnO and FTO spectra. The
spectrum obtained after analysis is compared to the reference spectrum of pure ZnO (red peak
above the XRD spectrum). The comparison of this superimposed spectrum of the sample prepared
with tungstic acid to that of the reference spectrum of ZnO without tungstic acid highlights the
contribution of tungstic acid on its chemical composition.

ZnO reference pattern 01-071-6424 JCPDS identifies ZnO synthesized by the peaks: (100), (002),
(101),(102), (110), (103), (200), (112), (201), (004) around 31.77°, 34.44°, 36.26°, 47.55°, 56.6°,
62.88°, 66.38°, 67.96°, 69.10°, 72.61°, respectively (the 2*Theta diffraction angles). A hexagonal
wurtzite structure is identified for the samples with a preferential orientation along the (101)
direction. These results confirm that the method used led to a synthesis of ZnO with hexagonal

crystallographic structure of wurtzite type (a=0.325nm, ¢=0.521nm) and space group P63mc.
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* SnO; reference spectrum (JCPDS: Pattern: 00-041-1445 Quality: Star*) identifies peaks: (110),
(101), (200), (111), (210), (211), (220), (002), (310), (221), (112), (301) respectively around the

diffraction angles (2*Theta). A tetragonal structure is identified for the fluorine-doped tin oxide

layer.

Z1n0:0.00015H, WO,

110)
(101)
)0
0
(200)
11)

Zn0:0.0001H,WO,

Intensity

n0

H ﬂ 7n0:0.00005H, WO,

Substrate

20 30 40 50 60 70 80
20 (Degree)

Figure 5.2 : all the diffraction peaks of the XRD spectrum of the prepared ZnO electrode on the
FTO substrate: superposition of the 2 spectra. In blue: indexation of ZnO and in red indexation of

SnOx:F (FTO).

Note that there is no additional diffractogam for the tungsten oxide phases due to the presence of
the tungsten additive. Calculations performed on the XRD data showed that W had almost no
influence on the orientation of the diffraction planes. The wurzite structure is therefore the growth
structure of the elaborated nanoparticles. These diffraction results corroborate those obtained by
doping ZnO with P (D. Zhao, Li, Sathasivam, & Carmalt, 2020).

The two thin films: ZnO and FTO have perfectly diffracted X-rays according to the Bragg's law
for the electrodes prepared with ZnO.
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Crystal size:_The crystal size (denoted by 1) is determined by measuring the broadening of the
maximum XRD peak and using the Scherrer formula:

180 kA

T = —
T cosON FWHM? +s* (75)

With : 7=3.142; A=1.5406: radiation wavelength of CuKq, k=0.89 is the Scherrer constant; s is the

instrumental width (corresponds to 0 for Bruker Advanced X-ray solutions D8 instrument); O
angle corresponding to the plane; FWHM: is the full width at the half plane.

The positions of the diffraction peaks (101), the values of the total width at half maximum
(FWHM) and the sizes of the crystallites of the samples calculated are shown in the table 5.1 below
and plotted in Figure 5.3.

The effect of tungstic acid is to decrease the crystallite size to a minimum value of 17.14 nm for
10* M dopant. The average crystallite size is obtained by averaging the crystallite sizes in all the
diffracted planes. The resistivity of the samples was measured using the conductance monitor

Delcom Instruments. Similarly, there is also a decrease in resistivity to a minimum value of 1.45

QO/sq.
Table 5.1: XRD data and crystallites size and sheet resistance of samples
. Mean
. Crystallite Sheet
% H WO in i Yy .
* 4 (101) FWHM P;ngPosmon size T cl:ystalllte resist
ZnO (Degree) (nm) size (nm) (Q/sq)
0 0.339 36.26 27.42 26.88+1 2.29+0.05
0.00005 0.44 36.74 21.11 22.09£0.8 [ 1 .8140.03
0.00015 0.448 36.75 20.4 20.9£0.7 1.95+0.03

The evolution of FWHM or crystallite size decreases with the content of the HoWO4 additive and
can be attributed to an interaction between the ions from the additive in solution in a matrix of
ZnO crystals. As mentioned in the introduction, tungsten ions are likely to replace zinc ions in the
same hexagonal crystal structure giving the samples a doping. Figure 5.3 shows the effect of the
tungstic acid additive which decreases the size of the ZnO crystallites. And the doping size of ZnO
with tungstic acid is minimal for a doping of 10 % of the dopant
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Figure 5.3: Variation of the crystallites size and sheet resistance with the concentration of the

dopant.

5.4.2 Scanning electronic microcopy (SEM)

The SEM image of the synthesized ZnO samples is presented in Figure 5.4. The topographic view
in Figure 5.4 (a) shows the nanometer size ZnO seeds in the form of spheres, with a variable
diameter between 20 to 30 nm. The notion of surface-volume of nanoparticles seems fundamental
in this study of modified ZnO material. Indeed, for samples with spherical nanoparticles (Figure
5.4 (a)), the surface volume ratio is low and thus the absorption capacity of dyes and light rays is
low.

On the other hand, for modified ZnO samples where the spherical shape is deformed in the form
of a polyhedron (Figure 5.4 (b) and (c)) and fractals (Figure 5.4 (d)), the surface-to-volume ratio
is high and therefore a better absorption of dyes and light rays could be predicted for DSSCs.
The SEM results shows that by increasing the quantity of the acid in the sol-gel, the grain size of
ZnO is slightly increased from an average of 25 nm to 50 nm which indicates that the material is
more crystallize when it is doped by tungsten acid.

The SEM results show that by increasing the quantity of the acid in the electrolyte of the sol-gel
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process the grain size of ZnO is slightly increased from an average of 25 nm to 50 nm which
indicates that the material is more crystallize when it is doped by tungsten acid.

For ZnO doped with HyWOs4, a change in the thin film morphology is observed which is
proportional to the amount of doped tungstic acid. Figure 5.4 (b) show the morphology of ZnO
which is prepared by adding 0.00005M H>WOs4 to the initial solution. A modification of the relief
of ZnO seed layer into polyhedral seeds is seen in this figure. Also, in some part of the image
(Figure 5.4 (¢)), the presence of tungsten in the ZnO matrix can be observed by a more voluminous
and sub-bright phase. In Figure 5.4 (d), the morphology of the ZnO thin film is presented where
the quantity of the acid is increased to 0.00015M, the image show that the porosity of the layer is
increased by increasing the quantity of the dopant element to 0.00015M. This porosity is an asset

for the adsorption of dyes and light rays.

" 100nm JEOL
X 100,000 10.0kV SEI SEM

(d)
Figure 5.4 : Morphology of ZnO thin film deposited using sol-gel method: a) Seed layer, b) Doped
with 0.00005%H2WOs, c) Doped with 0.0001%H2WOs, and d) Doped with 0.00015%H>WO4.



5.4.3 UV/visible spectroscopy

UV-visible transmittance curve of ZnO and ZnO doped versus wavelength is shown in the Figure
5 (a). It is seen that electronic absorption peaks for all the samples are occurred between 250 nm
to 380 nm. Also, By adding HoWO4 to the synthesis solution, the transmittance peaks are decreased
between 375 nm and 750 nm. Through the absorption peaks, calculation of the band gap is possible
using equation (5). But a more precise values for the bandgap energy can be determined from tauc
plot which was obtained from equation (4). This plot directly shows the absorption peaks versus
absorbed energy in electron-volt at the point where the tangent meets the x-axis. The slopes of the
curve (ahv)? as a function of hv are shown in Figure 5 (b).

The optical criteria for the semiconductor to be photosensitized is that the ZnO must have a wide
band gap. WOj3; monoclinic has a band gap of 2.62 eV while WO3; amorphous with the most distorted
structure has a band gap of 3.25 eV. Furthermore, J. C. Chou et al. demonstrated that the WO3 based
semiconductor can have a variable band gap ranging from 2.66 ¢V to 3.24 eV depending on the
proportions of excess or deficit oxygen in the semiconductor (D. Zhao et al., 2020). The
experimental parameter in this sputtering synthesis is the variation of the deposition pressure of the
target material WO3. The modifications of ZnO by a source H;WO4 widen the gap band in the new
sample with an observation of 2 linear parts on the curves of modified ZnO (Figure 5 (b) in grey
and yellow). This can be identified as two semiconductors in one sample: ZnO and another

tungsten-based semiconductor, WO; from tungstic acid.
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Figure 5.5 : UV-Visible spectroscopy of ZnO doped by various quantity of HyWQO4, a) UV-

visible Transmittance curve and b) Tauc plot for bandgap estimation



Plotting the slopes (in black) of the different parts of the (a*h v)2 curves of the samples gives the
following summary gap band values (Table 5.2).
Table 5.2: Effect of the grain size of the particles on the low region band gap and high region
band gap respectively of the samples

Sample Grain Size (nm) Egi (eV) Eg> (eV)

ZnO 25 3.274+0.030 -
Zn0:0.00005H2WO4 30 3.26+0.026 3.80+0.02
Zn0:0.0001H2WO4 45 3.25+0.023 3.88+0.01
Zn0:0.00015H2WO4 50 3.24+0.025 3.84+0.01

Tungstic acid doped ZnO nanoparticles are direct transition type semiconductor. The band gap for
intrinsic ZnO nanoparticles was 3.27 eV while the bands gap (Egl) between 3.26 and 3.24 are
attributed to ZnO in tungstic acid doped ZnO. The band gaps (Eg2) for tungstic acid doped ZnO
was increased from 3.8 to 3.88 eV probably because the donors atoms provide additional carriers
that causes the shifting of Fermi level towards conduction. Therefore, band gap becomes larger.
From these analyses we deduce that the sample consists of the semiconductors ZnO and probably
a mixt nanocomposite ZnO-WQOs3. The relative variation of the band gap of the the nanocomposite
ZnO-WOs3 material must be related to the concentration of the doping agent as shown in Figure
5.5 and Table 5.2. These ZnO and tungsten-doped ZnO-based samples are potential candidates
as DSSC electrodes. Sensitization of these newly synthesized materials was done by immersion in
a 0.3 mM N719 dye solution for 30 minutes. We obtain a purples and semi-transparent electrodes.
Spectral responses with broad absorption bands in almost the entire UV-visible range are obtained
for the dye-immersed ZnO and doped ZnO curves (Figure 5.5) while the absorption band of the
non-immersed electrode stops at around 385 nm (Figure 5.5). These results prove that the
fabricated electrode samples are likely to be good candidates for DSSC. These results corroborate
those obtained by F. Wang et al. [52] in their studies on the spectral behavior of ZnO and ZnO
immersed in N3 dye.

These curves help to identify the effect of the doping on the absorption spectral response of the
ZnO based sample with the dye. N719 and in the widest possible range of solar rays. The
significant increase of the band gap after doping (3.25 vs 3.8 eV) is favorable for a better
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absorption of the solar rays of the dye when doped samples are used. With an absorption of
sufficient energy (E=hv), the electrons will be released from the Highest Occupied Molecular
Orbital (HOMO) to the lowest energy Lowest Unoccupied Molecular Orbital (LUMO).

These electrons are then injected into the conduction band (CB) of the semiconductor oxide and
are transported to the anode terminal to be discharged into the circuit. The photocurrent depend on
the interaction between semiconductor-dye and the absorption of solar rays bye the dye (C.-Y.
Chen, Wu, Wu, Chen, & Ho, 2006). In Figure 5.6, dye N719 is responsible for this very high
absorption. In fact, the absorption of light by the dye is attributed to the transfer of charge from
the transition metal to the ligand and to the molecular orbitals HOMO and LUMO (Shalini et al.,
2016). The metal-to-ligand charge transfer peak position is around 530 nm. The slight blue shift
when increasing the doping concentration is due to the electron coupling between the excited dye
and the surface of the material. The oxide semiconductor plays more the role in the transport of
charge carriers and as adsorption material for the dye. By increasing the doping level from 0.0001
to 0.00015, it is seen that the absorption peak between 450 and 600 nm is decreased, but between
300 to 400 nm, there is an increasing in the absorption peak when the concentration of the doping
is augmented.

Finally, it is resulted that the absorption peaks are shifted towards the lower wavelengths, when
ZnO is doped with tungsten, by adding HoWO4 to the solution. The latter indicates that the material

1s more suitable for fabrication of the ultraviolet solar cell detector device.
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Figure 5.6 : Electronic absorption spectra of ZnO based electrodes immersed in the N719
sensitizer. In Yellow: absorption of ZnO; in Blue, pink and grey spectra of samples (ZnO, ZnO :
0.5 x 10* HoWO4, ZnO: 10* HoWO4 and ZnO :1.5.10° ZnO) immersed in N719.

5.4.4 X-ray photoelectron spectroscopy (XPS)

XPS analysis was used to determine the oxidation state of the chemical species present as well as
their chemical composition. The XPS survey spectra at energy range of 1400 to 0 eV shows
nanoparticle morphology for samples with and without tungstic acid (Figure 5.7). W is only
detected with the samples doped with tungstic acid. The deconvolution peaks of zinc,, oxygen and
tungsten detected in the sample are shown in Figures 5.8 a), b) and c) respectively.

The two Auger peaks of Zn L2MM and Zn L3MM are centered at 475 and 499 +0.54eV,
respectively. For all the ZnO and tungstic acid -doped ZnO samples, the analysis shows two main
peaks attributed to the Zn>" doublet peaks type, related to the Zn—O bonding where the peaks at
1022+0.035% eV and 1045 eV (figure 5.8 a)) correspond to Zn 2p32 and Zn 2p1.2, respectively. It
has been verified experimentally that the binding energy of Zn is the same for doped and undoped
ZnO.For all W-doped ZnO samples, the W4f submitted for analysis reveals an assigned W¢*
doublet with a binding energy centered around 36.0 £0.32 eV (figure 5.8 (b)).

Figures 5. 8 (c) shows the fitting curves of the oxygen 1s peak by Gaussian functions around a
binding energy of 531 £0.53% eV which is characteristic of O** (D. Zhao et al., 2020). This binding
energy attests the presence of WO3 (Ji et al., 2017) material in the doped ZnO sample. XPS analysis
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identified Zn, O, and W in the doped ZnO samples. The binding energies of Zn prove that they are

oxides: ZnO, WO;,
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Figure 5.7 : X-ray photoelectron overview spectra of ZnO films prepared without tungstic acid
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Figure 5.8 : a) XPS spectrum of detected Zn 2p, on the surface of all the doped and undoped
samples, b) XPS spectrum of detected O1s, on the surface of all the doped and undoped samples,
and c¢) XPS spectrum of detected W on the surface of tungstic acid-doped sample

5.5 Conclusion

The Sol-gel method was used to fabricate ZnO with and without tungstic acid. In the presence of
tungstic acid a total dissociation of H,WOy, in the ZnO matrix was observed. The obtained products
were subjected to XRD analyses for identification of XRD structural compositions. The XRD
analyses allowed to determine the phases of the samples: ZnO with hexagonal structure. A
decrease in the size of the crystallites was determined when zinc oxide was doped with tungstic

acid. This decrease in crystallite size results in an increase in the band gap of the W-doped ZnO.



This is a first route of modification of ZnO by tungstic acid in total dissolution and this leads to
the elaboration of semi-transparent electrodes for DSSC application.

SEM observations of the relief and morphologies reveal for tungstic acid-doped ZnO: polyhedral
and fractal morphologies susceptible to high dye adsorption and high light absorption. SEM
observations of the relief and morphologies show: the effect of the modification on the seed layer
particles of ZnO, the tungsten base wungsten, high porosity based on fractal morphology which
allows high dye adsorption and high light absorption. The XPS spectra of the sample prepared
with tungstic acid shows the presence of WO3 in the sample. This may conduct to the formation
of new composite ZnO-WOs.

The UV-Visible spectra shows a variation of the band gap ZnO with the concentration of tungstic
acid. The band gap value (3.25 eV) obtained without HyWOy is attributed to that of ZnO. The
value of the band gap increases from 3.5 eV to 3.88 eV for various concentrations of tungstic acids.
The results show that without band gap of ZnO is indeed 3.26 eV at 300°K and increases to 3.75
eV when the concentration of the H;WO4. is 0.5x10* M and up to 3.88 eV for a dopant
concentration of 1.5.10* M. The variation of the band-gap with concentration of H;WO4 might be
attributed to the band gap of the new nanocomposite ZnO-WOs3 which relative ratio between ZnO
and WO3 may probe the band gap to large values toward entire UV- visible spectrum when the
concentration of the doping agent increases. By immersion of these ZnO and tungstic acid-doped
ZnO electrodes in 0.3 mM ethanolic solution of N719, the spectral responses are almost in the

entire UV-visible range. This makes these samples good candidates for DSSC.
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6.1 Abstract

The elaboration and characterization of dye (photo)sensitized solar cells (DSSC) based on ZnO
un-doped and ZnO doped with tungstic acid (HWO,) samples as photo anodes are shown. The
tungstic acid was added at 10-4 M during the synthesis processes to modify/dope the zinc oxide.
Zinc acetate dehydrate is used as the precursor, the sol-gel synthesis route was used to produce
solution-gels of ZnO and ZnO: HoWO, which are respectively deposited by spin-coating in thin
films on Florine-doped Tin Oxide (FTO) coated glass. The cathodes were fabricated using doctor
blade deposited platinum thin film pastes. XRD analysis of ZnO powders and ZnO seed layer
(deposited by spin-coating) allowed to determine the hexagonal crystal structure of the
synthesized ZnO grains. The SEM observation showed the effect of the tungstic acid doping on the
morphology of ZnO seeds. It was clearly shown that this morphology is modified by the addition
of tungstic acid doping. The current-voltage (I-V) performance of DSSCs fabricated
with ZnO and ZnO:HoWO, were measured. Moreover, an improvement of the DSSCs with

H>WO, additive was obtained.

Keywords -- sol-gel method, zinc oxide, acid tungstic, dye (photo)-sensitized solar cell (DSSC).

6.2 Introduction

(Photo)sensitized solar cells (DSSC) are more and more developed during the recent years because
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they are promising as an alternative power supply (Babar et al., 2020; Kokkonen et al., 2021).
They are considered as part of the third generation of photovoltaic cells technology. They have
various advantages which include: (i) low manufacturing cost, low fabrication energy
consumption, thin film cell (monolayer) requiring very small material. Their operation at low
intensity and diffuse lights levels, their conversion efficiency not very sensitive to the angle of
incidence of light rays and their flexibility (glass or plastic substrate) make them serious candidates
as a source of autonomous power or energy backup on portable objects or any electrical receiver
outdoors or indoors to capture the illumination of light bulbs. As examples of applications we can
indicate their integration on the windows of buildings, laptops, bags, clothing, etc.
Photosensitized cells are photo-electrochemical cells made of titanium oxide (TiO,), tin (SnO,),
zinc (Zn0), tungsten (WO3) semiconductors on which a sensitizer is adsorbed (Babar et al., 2020;
Kokkonen et al., 2021) (Figure 6.1). TiO2-based DSSCs achieved a maximum efficiency of 12.3-
14% (Kakiage et al., 2015; Mathew et al., 2014; Yellaetal., 2011). The DSSC efficiency depends
on the one hand on the ability of the dye to inject electrons (under the effect of solar rays) into the
HOMO layers (highest occupied molecular orbital) of the semiconductors and on the other hand
on the ability of the semiconductors to accept these electrons.

Solar cells based on ZnO semiconductors have already been realized by using various methods
such as hydrothermal method (J. Qu et al., 2014), Chemical Bath Deposition (C.-P. Lee et al.,
2014), Chemical Vapour Deposition (Baxter & Aydil, 2005; H. Chen et al., 2008), Physical
Vapour Deposition (Fodjouong et al., 2013; L. E. I. Guo & Kerr, 2011) sol-gel for the fabrication
of photoanodes. To improve their performance, ZnO additives or doping have been applied to the
working electrode (anode) in these DSSCs. We successfully developed a sol-gel method for the
doping of ZnO with tungstic acid in our paper 1 (ZnO-H, WO, properties). We use this electrode
to develop the DSSCs in this paper. The results of doping ZnO with tungstic acid showed the
presence of W in the ZnO matrix bringing a change of the band gap from 3.3eV to 3.5e¢V and 3.8
eV depending on the amount of W in the ZnO matrix (see paper 1via sol-gel on ZnO:H,WOy,).

This new metal oxide semiconductor could be an advantageous replacement for TiO, and ZnO in

the preparation of DSSCs. The efficiency obtained from DSSCs based on ZnO and the dye N719
are around 4 to 5 %. (Gerrit Boschloo et al., 2006; Chauhan et al., 2016; 1.-D. Kim et al., 2007;
Y.-Z. Zheng et al., 2010).
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The isoelectric point (zero charge point) of ZnO is at 8-9 pH (Blok & Bruyn, 1970) which makes
it more basic than TiO, which has its isoelectric point 5.5 to 6.5 pH (Kosmulski, 2002). Dyes being
acidic tend to attack ZnO leading to the formation of agglomerates which slow down the injection
of electrons into the conduction band to generate photocurrent (Vittal & Ho, 2017). The modified
or HWO4 doped ZnO could facilitate this injection of electrons in the conduction band of the
doping element and thus contribute to improve the photocurrent in the solar cell. Indeed the W®*
ion with an ionic radius close to the radius of Zn*" is inclined to substitute Zn (Ngom et al., 2009).
Photocatalytic properties of W, O and H based additives have been demonstrated in solar cells
(Savadogo, 1998; Savadogo & Mandal, 2019a, 2019b) and/or in semiconductor electrodes (J. Li
et al., 2013; Sang et al., 2012; Weinstock, 1998).

J. Li et al added some heteropolyacids (H3PW 12049, H4SiW12049, HiGeW1204) to ZnO in the
fabrication of electrodes for photosensitized cells (J. Li et al., 2013). The results of their work
indicate the intact presence of these heteropolyacids at the anode and improve the performance of
photosensitized cells. In this work, tungstic acid was a sol-gel dopant of ZnO and used for the
fabrication of DSSC photoanodes. The role of tungstic acid in the ZnO semiconductor and in the
photosensitized cells was explored in the results and discussions.

In the following paragraph, the fabrication methodology of zinc oxide and tungstic acid doped
zinc oxide based on DSSC cells has been described. The anodes of these cells were made by sol-
gel route using a single precursor zinc acetate dehydrate. The cathode, sensitizer and electrolyte
are identical for the two different DSSC cells. The developed photo-electrochemical cells are
constituted at the anode of a dye adsorbed semiconductor (N719) and at the cathode of a metal
(platinum) immersed in a redox electrolytic solution (I/13"). The substrate used at the anode and
cathode is fluorine-doped tin oxide (SnO2:F). The performance results of the 2 cells were
presented and discussed in the results and discussion section and a conclusion was made to finish.
DSSCs work like a battery when they are under illumination. We can schematize the DSSC as a
stack of FTO, semiconductor, dye, electrolyte, platinum, FTO materials schematized on the Figure

6.1.
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FTO (F:Sn0,)/Cathode (+)

Counter-electrode (platinum)

Electrolyte I-/I5

FTO (F:5n0,)/Anode (-)

Figure 6.1: Structure of the undoped or doped ZnO-based DSSC

6.3 Materials and methods

6.3.1 Materials

The precursor zinc acetate dihydrate (Zn(CH3COO)2 2H;0, 98.0 to 101.0% Sigma Aldrich), the
solvent which is an alcohol: ethanol 95.0%, methanol or isopropanol, catalyst (NaOH >97% Sigma
Aldrich, HCI 15% or KOH) and stabilizer (monoethanolamine HOCH2CH2NH, 99.95% Fisher
Chemical, diethanolamine, tetramethylammonium hydroxide or ethyldiaminetetraacetate). These

chemicals are used without further purification. The substrate used is a glass on which a layer of
fluorine-doped tin dioxide FTO (SnO2 : F, glass) of the brand Sigma Aldrich TEC7 was applied.
We used a good FTO substrate for a DSSC fabrication which has the following characteristics: (i)
A high transparency to light with a transmittance of 80-82% Visible; (2) low electrical resistance
to facilitate electron flow; 7 /m?; This electrical resistance must be independent of temperature
up to a temperature of 500°C, which is the operating temperature of the sol-gel method; (3) Cut
surface of the substrate: 2 cm x 2 cm for an active surface of deposit of 1 cm?.

A kW-4A spin-coater (8500 rpm & 3.9” max) and Automatic Doctor Blade MSK-AFA-III
equipment are also available for the deposition of solutions on the FTO substrate. The solutions
deposited at room temperature and under an atmosphere were dried in a Thelco Laboratory OVEN
dryer. A VULCAN 3-550 programmable oven was used for annealing ZnO.

The dye used is a synthesized sensitizer N719 from the manufacturer Solaronix. Since it is the dye
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that injects the electrons into the cell, we will look for an adsorption of the sensitizer by the doped
ZnO semiconductor. This dye is identified or synthesized for a DSSC solar cell because its band
edge coupling with the semiconductor meets the following criteria(Katoh, Furube, Barzykin,
Arakawa, & Tachiya, 2004; Nelson & Chandler, 2004; J. X. Zhao et al., 2013) :: (i) The Dye
regeneration may be faster than the recombination of charge carriers (Katoh, Furube, Barzykin, et
al., 2004) ; (i1) its LUMO (lowest unoccupied molecular orbital) level is higher than the conduction
band level of the semiconductor (Nelson & Chandler, 2004); (iii) The density of electron acceptor
states in the semiconductor might match the electrons injected by the dye; (iv) the HOMO level
(highest occupied molecular orbital) of the dye must be higher than the valence band level of the
semiconductor; (v) Its structure may allow the dissociation of the exciton charges; (vi) it is Stable
in electrolyte, under irradiation; (vii) its absorbs a wide range of solar radiation spectrum:
sensitivity ; (viii) The lifetime of the excited state of this dye is long enough to allow charge transfer
to the electrodes.

The N719 sensitizer from Solaronix meets these criteria and is the only one used in the manufacture
of the 2 DSSCs.
The electrolyte used is iodolyte Z-150 from the manufacturer Solaronix. The electrolyte is a
solution containing a redox couple such as I/I3". The solvent is methyl3 propionitrite, the additive
is alkylbenzimidazole and the redox concentration is 150mM.
The assembly of the DSSCs was carried out using a Dupont Surlyn gasket material (25um
Solaronix) fixed between the two electrodes for the confinement of the electrolyte. The contact of
the different components of the cell according to the Figure 6.1 The result is a ZnO-based solar

cell sensitized with N719 dye.

6.3.2 Preparation of ZnO/ZnO:H,WQO4 and DSSC

In fact, tungstic acid (with a W/Zn ratio 0.5 M10™* to 1.5 M10™*) is taken as the doping element
and added to the mixture of the precursor solution. The mixture is stirred (about 7 minutes) until a
homogeneous, colorless solution is obtained.

This section focuses on the description of the manufacturing processes of ZnO samples. Based on
the method described by K. L Foo et al. [29] we performed the synthesis as follows: Firstly, 4.4 g

of zinc acetate were weighed and introduced into 100 mL of ethanol solution. This solution was
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then stirred with a magnetic stirrer at 60°C for 15 minutes which led to a white solution.
Tungstic acid was added with three different concentrations: 0.5x10* M to 1.5 x10* M. Then
1.2216 g of monethanolamine (MEA) solution was added dropwise to this mixture which was
kept under magnetic stirring at 60°C for 120 minutes. The procedure be justified to reach a pH of
9.5 to 10 for the solution as a neutral to basic medium is appreciated for successfully synthesis of
ZnO (Alias & Mohamad, 2014). To ensure the complete dissolution of the tungstic acid, it was
necessary to add drop by drop an additional amount of a solution of monoethanolamine until the
pH of the solution was between 9.5 and 10. This solution was left for 24 hours at room temperature
to give a pH of about 7.5. In a second step, a glass substrate with a conductive FTO (fluorine-
doped tin oxide) surface is placed in the solution obtained below for deposition. For this purpose,
the FTO conductive glass substrate is first cleaned in an ultrasonic bath with a detergent solution,
acetone followed by isopropanol (or ethanol) and then rinsed with deionized water and dried with
ozone; In a third step, the edges of the FTO are covered with a Teflon tape and the solution is
deposited on the FTO. The FTO-solution assembly is rotated by spin coating at 3000 rpm for 20s
allowing a uniform deposition of the solution on the substrate. Then the sample is dried at 150°C
for 10 minutes. The deposition-drying operation is repeated 3 times. Then, the sample is annealed
at 450°C for 120 min using the VULCAN 3-550 programmable oven, followed by cooling in the
oven at a speed of 10°C/min from 450°C to 25°C. A thin layer of ZnO or doped ZnO is obtained.
A summary of the synthesis procedures are given in Figure 6.2. a. The sample was immersed in

3.10* M N719 during 30 min before being removed and dried according to the Figure 6.2. b
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Zinc Acetate dehydrate ZnO film or doped ZnO film | 3.10' M N719
+ Solvents J
l Immersion of the filmin N719
Stirring during 30 min
60° , 15 min

3

I Remove and dry for 1 hour
Spin Coating on FTO/glass

.

i i 3000 , 20 L2
Ekistigt ik il Photoanode: (FTO+Zn0/doped
[ 3 time Zn0+N719)
Preheating
150°, 10 min b)
Monoethanolamine ———— l
Stirring Annealed
60° , 120 min 450°, 120 min
Sol-Gel — Zn0O: H,WO, thin film

Figure 6.2: a) Summary of the steps of the synthesis method for preparation of tungstic acid-doped
ZnO thin film and doping. b) Immersion of the anode in dye: flowchart for the manufacture of the

photoanode

The method of elaboration of the cathode consists in depositing a few drops of the Platisol T/SP
solution with spreading of a thin layer on the substrate by Doctor Blade (Figure 6.3). The assembly
is heated in an oven at a speed of 10°C/min from 25°C to 450°C for 10 minutes. Then the cooling

down of at a speed of 10°C/min from 450°C to 25°C follows.

| Platisol (solution) |

Spread the platisol on the FTO substratein a
thin layer

Heat in the oven from 25°C to 450°C, rate
10°C/min

| Keep at 450°C for 10 minutes in the oven ‘

| Cool from 450°C to 25°C in the oven ‘

| Platinum cathode |

Figure 6.3: Steps of the procedure for manufacturing the cathode from the Platisol solution



To assemble the two electrodes into a DSSC cell, the electrolyte (I17/157) is sandwiched between the
photoanode and the cathode (Pt) thanks to Dupont Surlyn 25um of Solaronix. The electrolyte
solution was inserted between the 2 electrodes by capillary action. Dupont Surlyn 25um is a

transparent, thermoplastic polymer material used to seal the two electrodes into DSCC.
6.3.3 Characterizations

6.3.3.1 X-ray Diffraction (XRD)

The XRD analysis allowed to identify the crystalline structure of the semiconductor. The
diffractometer used in this work was a Buker D8 ADVANCE brand consisting of an X-ray source,
a chamber where the ZnO samples are inserted in a slide, and the adhesion is ensured by the
vacuum grease. The X-ray source was a tungsten filament at the cathode and copper at the anode.
The device emits Ka lines of Cu with a weighted value of 1.5418 angstrom that strike the ZnO-
based sample. The imposed voltage was 40 kV and the current was 40 mA. The detector above the
sample in the diffractometer detects the diffracted light intensity as a function of the diffraction
angle. The incident light arrives on two successive planes (of atoms) which is diffracted. If there
is a constructive interference, based on Bragg’s law, the following relation will be applied (Le
Pevelen, 2010):

2d,, sinf,, =nl (76)

Where (h,k,]) is Miller index, d is the distance between atomic planes or inter-reticular distance, n

is the diffraction order, A is wavelength, and 0 is the angle of incidence.

6.3.3.2 Scanning Electron Microscope (SEM)

The JEOL JSM-7600F SEM was used to observe the surfaces of the ZnO-based samples to
interpret their topography and chemical composition. It is a primary electron Field Emission
Scanning Electron Microscope (FEG). The electron acceleration voltage was set at 10 kV and the

magnifications of the samples were 000 10times and 220 000 times of the particle seeds.

6.3.3.3 Energy dispersive spectroscopy (EDS)

The EDS apparatus used is of the brand OXFORD Instruments coupled to the SEM JEOL JSM-
7600F. The same sample analyzed by SEM can be analyzed by EDS.
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6.3.3.4 Dektak XT Bruker

It is a high resolution profilometer capable of measuring thin films with thicknesses of less than
10 nm. Dektak XT Bruker is equipped with a diamond-tipped stylus and an optical camera to

perform thickness measurement on 3D.

6.3.3.5 Infrared spectroscopy

The samples were subjected to infrared spectroscopic analysis in order to determine the bonding
of the molecules of a sample using absorption, emission or transmittance band spectra. The peaks
and/or bands of the absorption spectra reflect the vibrational states of the bonds of the molecules
in the sample. Also, these peaks and/or absorption bands can be more or less intense, fine or wide
depending on the molecules in the sample. This technique allows to determine in a qualitative way
the chemical elements of the analyzed sample. The IR spectrometer used in this study is a Perkin
Elmer FTIR 65 type ATR (Attenuated Total Reflectance) spectrometer connected to a computer

that calculates the Fourier transforms and processes the detected vibrations.

6.3.3.6 Resistance sheets

The resistivity of semiconductors is intermediate 10 to 10> Q.m between that of insulators and
metals. The instrument for measuring the resistivities of ZnO and doped ZnO thin films is the
Delcom Instruments 737 monitor. In contrast to four-point measuring equipment, the measuring
technique of this monitor is non-contact and non- destructive. To perform the conductance
measurement on two or more layers, the operator must first read the conductance of the first layer
and then coat the sample with the new material and perform the second measurement. The
conductance of the second layer is obtained from the difference of the two measured values. Delcom

guarantees an accuracy of 99.9% in eddy current measurements.

6.3.3.7 Current-voltage measurements

The measurements of the quantities were performed using a Model 273 A potentiostat/Galvanostat
connected to the terminals of the fabricated DSSC cells submitted under the standard laboratory
pressure temperature conditions AM1.5, 25°C P= latm. For an illumination of 100 W/cm? using a
Xenon lamp (XQ-500W, Beijing Changtuo Device, PR), the current-voltage density (Figure 6.11)

is acquired.
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6.4 Results and discussion

6.4.1 X-ray diffraction (XRD)

For the ZnO deposited by spin-coating, the XRD analysis also allowed to identify the hexagonal
crystal structure (ZnO reference pattern 01-071-6424 JCPDS) of the ZnO semiconductor. The
diffractometer used is a Buker D8 ADVANCE. The average grain size is 23.82 nanometers. These
results confirm that the method used led to a synthesis of ZnO of good purity with a hexagonal
crystallographic structure of wurtzite type (a=0.325nm, c=0.521nm)

The XRD spectrum of ZnO deposited on FTO (Figure 6.4) is a superposition of the detected ZnO
and FTO spectra.

=] I RO TTIA%%
— | PDF 01-071-8424 Zn O Zincite, syn 51.1 % 232.54
400-] | PDF D0-041-1445 (Tune Cell) Sn O2 Cassiterite. syn 48.0 %

100)

300-|

(110)
—

(211)

200

01)
e (200)

(110)

2Theta (TwoTheta) WL=1.54060

Figure 6.4: XRD spectrum of ZnO (in blue) on FTO (in red): superposition of the 2 spectra. In
black the measurement, in red the indexation by the reference of the pure compound of ZnO and
in blue the indexation by the reference compound of FTO which allows to identify all the peaks.
XRD analysis of ZnO doping with tungstic acid did not reveal a change in crystal structure but a

decrease in crystal size.

Crystal size
The crystal size (denoted by 7) is determined by measuring the broadening of the maximum

XRD peak and using the Scherrer formula:
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180 kA
T =

T cosONFWHM? + s*

With : 1=3.142; A=1.5406: radiation wavelength of CuKoq, k=0.89 is the Scherrer constant; s is the

instrumental width (corresponds to 0 for Bruker Advanced X-ray solutions D8 instrument);
©=36°/2 angle corresponding to the (101) plane; FWHM=0.2640 °: is the full width at the (101)
half plane. The average grain size is 55.8 nanometers.

These results confirm that the method used led to a synthesis of ZnO of good purity. These values
are in accordance with the SEM observation of ZnO seed layer (Figure 6.5 a)).

The tungstic acid additive decreases the size of the ZnO particles during doping. The positions of
the diffraction peaks (101), the values of the total width at half maximum (FWHM) and the sizes

of the crystallites of the samples calculated are shown in the table 6.1.

Table 6.1: XRD data and crystallites size and sheet resistance of samples

. : Mean
% H2W04 n (101) Peak Position Cry.stalllte tallit Sh(?et
20 size T crystaliite resist
7ZnO FWHM (Degree) (nm) size (nm) (Q/sq)
0 0.339 36.26 27.42 26.88+1 | 2.29+0.05
0.00005 0.44 36.74 21.11 22.09£0.8  1.81+0.03
0.00015 0.448 36.75 20.4 20.9+0.7 | 1.95+0.03

6.4.2 Scanning electron microscope (SEM)

The Figure 6.5 a) topographical view gives an observation of ZnO seeds with variable dimensions
between 20-40 nm in the form of a sphere. There is a relative uniformity in the distribution of

particles on the FTO substrate.



Figure 6.5: (a) SEM micrographs which shows the Morphology of ZnO seed layer deposited on
FTO/glass. (b) SEM micrographs of the Morphology of ZnO doped with HWO4 deposited on
FTO/glass by spin coating (right).

This topographic view of ZnO at 100,000x magnification (left) and 220,000x magnification (top
left) reveal particle seeds. In the Figure 6.5 a), there is a change in the relief of ZnO seed layer into
polyhedral seeds, more uniform and smaller in volume for ZnO doped 10™* with HyWO,. These
morphologies have higher surface-to-volume ratios than the case shown in Figure 6.5 b). The
porosities are likely to facilitate the mobility of charge carriers. Also note a better interconnection
between particles in the case of ZnO seed layer modification by tungstic acid. The presence of
tungsten is observed in the ZnO matrix by a more voluminous and sub-bright phase. These
morphological changes are also observed in the synthesis of ZnO doped with Cu (Joshi et al.,

2016).
6.4.3 EDS

The analytical spectrum and chemical composition of the sample in mass percentage is given in
Figure 6.6. The mass percentages are respectively 20.3% for oxygen and 79.7% for zinc which
corresponds to an atomic percentage of 50.86% for oxygen and 49.24% for zinc. (see table 6.2).

The measurement was made with a standard deviation of 0.3%.
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Figure 6.6: EDS semi quantitative analysis of the chemical composition of ZnO: spectrum of the

chemical elements and chemical composition in the following Table 6.2.

Table 6.2: Chemical composition of the sample in mass and atomic percentage

6.4.4 Profilometer

The profiles of the doped ZnO and ZnO are not uniform but show a rough surface. Over an
inspected distance of 7 mm, we have an average thickness of 10 um. However, a variation in
thickness between 0 and 2 mm, swept by the stylus, is noted, with a maximum thickness of 40 nm.
Then from 2 to 3.5 mm, we have thickness peaks reaching 0.6 um, 1.2 um and 0.27 pm which are
at the edges of deposits. Finally, between 3.5 mm and 7.4 mm of stylus reading, the maximum
thickness is 14 pm. These thickness variations are explained by the substrate which is a doped
compound body does not have a flat surface without roughness and at its edges, we also fixed

ribbons to avoid deposits. The edges serve as collection points for the current generated by the

cell.

Chemica| Theoretica| Theoretica| Mass| Atomi
1 1 mass 1 atomic EDS Y
element percent percent perc EDS
(%) (%) ent | percen
()| t(%)
O 19.66 50 20.3 50.86
7n 80.34 50 79.7 49.14
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6.4.5 Sheet resistance

The measurement of sheet resistance of doped ZnO/ZnO based electrodes as a function of doping
is reported in table 6.1. The resistivity reaches a minimum value for a doping of HoWO4 a a
concentration of 10 M when compare to those of ZnO. This result may support the performance
of HoWO4-doped ZnO-based DSSCs, which might exhibit higher power density than those based

on ZnO alone.

6.4.6 FTIR spectroscopy

The FTIR spectroscopy measurements carried out (Figure 6.7 to Figure 6.10) have made possible
to highlight the following aspects: Figure 6.7 is the FTIR transmittance spectrum of FTO. The
absorption band located between 450 and 700 cm™ correspond to the vibrations of Sn-O and Sn-
O-Sn bonds. This result is corroborated by those obtained by Arghya NARAYAN Banerjee and
S. Kundoo (Banerjee, Kundoo, Saha, & Chattopadhyay, 2003).

Transmittance FTO
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o(cm™)

Figure 6.7: FTIR Spectrum of the transmittance energy variation with the wavelength for FTO

coated glass.

Figure 6.8 shows the FTIR transmittance spectrum of ZnO seed layer deposited on FTO. Sn-O and
Sn-O-Sn peaks between 450 and 700 cm™! in the FTO glass fills Zn-O in the ZnO thin film. The

absorption peaks in the region from 425 cm™! to 560 cm™! are due to the elongation vibrations of



the Zn-O (Dhanalakshmi et al., 2016b). M. Kooti and N. Sedeh (Kooti & Naghdi Sedeh, 2013)
identified these Zn-O bond vibrations at 436 cm ! while G. Nagaraju et al. (Nagaraju et al., 2017)
and H. Kleinwechter et al. (Kleinwechter, Janzen, Knipping, Wiggers, & Roth, 2002) observed
vibrations between 425 cm™ to 560 cm™! . According to Dhanalaskshmi (Dhanalakshmi, Natarajan,
Ramadas, Palanimurugan, & Thanikaikarasan, 2016a) the observation of a strong peak at 450 cm"
! would be attributed to the elongation vibration of ZnO which confirms the Wurzite structure of
the synthesized samples. The peaks confirming the presence of Sn-O and Sn-O-Sn (Banerjee et

al., 2003) bonds overlap with the vibrations of Zn-O.
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Figure 6.8: FTIR Spectrum of the transmittance energy variation with the wavelength for the

ZnO layer deposited on FTO

Figure 6.9 shows the FTIR spectra of the FTO, ZnO alone and an increase of the H,WO, from
0.00005 M to 0.0001 M in the ZnO semiconductor.

We have note experimentally that from 2700 cm™ to 4000 cm™!, there is a strong absorption when
we increase the amount of dopant . This is supported by other authors (Dhanalakshmi et al., 2016a).
At high wave numbers, we see a transmittance proportional to the amount of dopant. While at low
wave numbers, there is a decrease in transmittance from 500 cm™ to 2700 cm™! with the increase
in the amount of dopant.

For the FTIR spectra of ZnO with H,WOQO, additives there are also overlaps of the W-O, Zn-O and
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Sn-O absorption peaks between 500 - 900 cm™ (Figure 6.9). It is also worth noting a small shift
around the wavelengths of 536 cm™ for the ZnO spectrum and 550 cm™! for those of the ZnO with
tungstic acid spectra (0.00005 M and 0.0001 M) . Also, the amplitude of the transmittance
spectrum of ZnO without additives is larger than that of the transmittance spectrum of ZnO with
H, WO, for strain vibrations between 450- . This is justified by the W-O vibrations which are less
important than that of Zn-O because of the size of the W atom which is larger than Zn. Also we
can say that the absorbance is more important in the doped samples from 450-2700 cm™.
Consequently, ZnO deposited with tungstic acid might give a nanocomposite material type of
ZnO-WOs3 which might have its own bang gap which is different from ZnO and that of WO3
respectively. We may anticipate that the performance of DSSC based on ZnO-WO3 will

Transmittance: undoped ZnO and doped ZnO

0.09
0.08
0.07
0.06
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—T-Zn0 = T-Zn0:0.00005% H2WO4 T-Zn0O: 0.0001 %H2WO4

Figure 6.9: FTIR Spectrum of the transmittance energy variation with the wavelength of ZnO
thin film (blue), ZnO thin film doped with 5.10* M HyWO4 (brown), ZnO thin film doped with
10* M HaWOx4 (grey).

This is supported by the FTIR Spectrum of the transmittance energy variation with the wavelength
of HyWO4 which is shown in Figure 6.10. We can see in this Figure 6.10 that W-O peaks are
observed at 550-950 cm™! and O-H peaks are observed at 1641 cm™ and 3494 cm™! respectively.
Accordingly, the broad absorption band located at wave number 3494 cm™ is a feature of the O-H
bond elongation vibrations of H,O contained in H,O.WOj; (Nogueira, Cavaleiro, Rocha, Trindade,

& de Jesus, 2004). The absorption band at 1641 cm™ is also attributed to the O-H bond vibration
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(Kleinwechter et al., 2002) .The strong absorption peaks at 550-950 cm™! corresponding to the W-
O bonds which is consistent with the results of the work of H.I.S Nogueira et al. (Nogueira et al.,

2004), G.N. Kustova et al. (Kustova, Chesalov, Plyasova, Molina, & Nizovskii, 2011).;

Tungstic acid absorbance

Ahsorbance

450 950 1450 1950 2450 2950 3450 3950 4450
a{cm™)
Figure 6.10: FTIR Spectrum of the transmittance energy variation with the wavelength for
tungstic acid

6.4.7 Effect of the tungstic acid doping of ZnO photo anode on the DSSC
performances

Figure 6.11 shows the curves of the variation of the current vs voltage under illumination of 50
mW/cm? and 100 mW/cm? of the DSSC based on ZnO fabricated (Cell 1) without tungstic acid
and the DSSC based on ZnO fabricated with tungstic acid (Cell 2). Cell 1 is a spin-coated ZnO-
based DSSC with a geometric surface area S=lcm x 1 cm= lem?. Cell 2 is the DSSC based on
ZnO doped with HoWO4 with a mass ratio of 1:10 “*and deposited on the FTO conducting glass
using spin-coating with the same surface area as the un-doped sample. The curves were obtained
using a potentiostat/Galvanostat Model 273A under the normal conditions of laboratory of
pressure and temperatures AM1.5, 25°C and p= latm.

We do not show the current-voltage curves under dark because in the dark the two DSSC (Cell 1
based on un-doped ZnO and Cell 2 based on tungstic acid doped ZnO) behave like a diode and
exhibits the similar curves with a low current density which The Accordingly, in the dark, the
tungstic acid doping has no effect on the current voltage characteristics of the cells.

When the two DSSC cells are respectively illuminated there is a significant increase of the current
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and the potential. The improvement in the short circuit current (Isn) and the open circuit voltage
are more important for DSSC based on cell 2, e,g. ZnO fabricate with tungstic acid than those of
cell 1 in comparison to that or ZnO fabricated without tungstic acid (Figure 6.11). The values of
the characteristics obtained on the DSCC based on un-doped ZnO are similar to those obtained
elsewhere on ZnO-based DSSC (Anta, Guillén, & Tena-Zaera, 2012; Hongsith, Mangkorntong,
Mangkorntong, & Choopun, 2008; R. Kumar et al., 2017). This is an indication that the tungstic
acid doping of ZnO may change the optoelectronic properties of ZnO or may add another
semiconductor (WO3) to ZnO or induce the formation of new nanocomposite material (ZnO-WO3)
which electronic properties are different from ZnO. The tungstic acid doping may also induce a
significant decrease of the trap or carrier recombination centers; enhancing the DSSC

performances under illumination.
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Figure 6.11: Current-voltage curves under dark of DSSCs based on ZnO undoped (Cell 1)and
DSSCs based on tungstic doped (Cell 2) for illumination lights of 50 mW/cm? and 100 mW/cm?.

The thickness of each ZnO based sample is around 10 pm.

The values of the short circuit current Isc, the open circuit voltage Voc, the optimum or operating
current Iv, the optimum or operating potential and the calculated values of the efficiency and the

fill factor are summarized in table 6.3 for incident light of 50 mW/cm? and 100 mW/cm?.
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Table 6.3: Summary table of the electrical performance of the DSSCs under, respectively, 50

and 100 mW/cm?
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DSSC Isc (mA/cm?) Voc (V) Iv (mA) Vu (V) n (%) FF(%)

Cell 1 *6.15./%*%12.2 *0.58/**0.75 *4.67/**%9.2 *0.45/**0.60 *4.2/ ¥*5.52 *60./ *60.3

Cell 2 *7.65/**15.4 *0.65/%*0.77 *6.55/%*12.2 *0.47/*%*0.64 *6.1./%*7.1 *62/**65.8
Increase (%) *19.6/*%*20.8. *10.8/*%*2.6 *21.6/**24.6 *4 3/%%6.25 *31/*%22.25 *3.2/**8 4

* Values obtained under 50 mW/cm?; **Values obtained at 100 /mW/cm’

The DSSC performances determine in this work are the efficiency, the fill factors and the series

and shunt resistances of DSSCs. The parameters involved in the determination of these

characteristics are :

Vu : voltage at optimum power (optimal) expressed in V;

Ju @ current density at maximum power (optimal) expressed in A/cm?;
Iy : current at maximum (or optimum) power expressed in A;

Voc circuit voltage in volt (V) measured experimentally;

Jsc : short-circuit current density (mA/cm?).

The electrical conversion efficiency of a DSSC is given by the relation:
Py Vy-ly VeI FF
P P P,

inc inc inc

Where

FF is the fill factor;

Pinc (W): power of light radiation incident on the DSSC; P,,., =@+ S
S : surface of the cell expressed in cm?

@ : irradiation (W/m?) ; @= 50, 75 and 100 mW/cm?.

To verify the following classical relation, we made also measurement under the above 3 incident

power light densities. The various parameters are shown in Table 6.4:
Iee = kP
Ic_cl _ P incl

I cc2 P inc2

The values in Table 6.3 for DSSC based on ZnO un-doped and ZnO doped with tungstic acid

show that there is no significant improvement of the cell open circuit voltage due the tungstic

acid doping, in particular under high illumination where the improvement due to doping is almost




2.6% under illumination of 100 mW/cm? in comparison to an improvement of 10.8% under
illumination of 50 mW/cm? (Table 6.3) . This indicates that high voltage can be obtained prior
to proper doping of the photoanode. This doping effect might be related to a favorable shift of
the band edges upon coupling ZnO to WO3 nanocomposites and introduce further studies to be
done on correlations between band edge shift, recombination rates and tungstic acid doping of
ZnO. This interpretation is in agreement with those obtained previously on the improvement of
the Voc of TiO, — based DSSC doped with ZnO and Au nanoparticles (Borbon et al., 2020).
Figure 6.11 and Table 6.3 show also clearly an increase of the short circuit current of cell 2 in
comparison to those of cell 1. This improvement is evaluated as (Isc> — Isc1)/ Isc> which is for
example 20.8% for an incident light of 100 mW/cm?. The most important improvement (24.6%
increase) due to the doping of ZnO with tungstic acid is obtained on the operating or optimum
current density of the DSSC. The significant increase in the operating current and the short
circuit current must be attributed to a lower intrinsic recombination centers or because of the
addition of the conduction band edge of WO3 to that of ZnO for DSSC based on ZnO doped
with tungstic acid (Figure 6.11). If the tungstic doping may add WO3 on ZnO, the injection
efficiency may increase because the conduction band of WOs3 is lower than that of ZnO.
Accordingly, the carrier injection from the LUMO/dye excited site to the conduction band edge
of WO3 is more favorable than the injection from the LUMO to the ZnO conduction band (Figure
6.12). This simultaneous injection of electrons from the dye excited state (LUMO) to the
conduction band of ZnO and WO3 must be favorable to the enhancement of DSSC performances.
Global photoelectrochemical relations are summarized:

i) At the anode
2S+hv— 2S*  (Photon absorption of dye/excitation)
2S* — 28" + 2¢" (two electrons injected to the conduction band of ZnO and WO3)
2S* +3I > 2S + I5™ (dye regeneration)
3I' > Iz~ +2e- (oxidation of iodide ions I")
ii) At the cathode

Iy +2¢ > 3I (Is” reduced by electrons)
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Figure 6.12: Energy diagram of the relative position of the band edges of the HOMO and the
LUMO of the dye, the redox energy of I37/I, the valence band and the conduction band of ZnO
and WOs respectively.

This is an indication that more WOj3 in the composite electrode will cause more carrier injection
from the dye to both the conduction band of ZnO and WO3 (Figure 6.12) and consequently the
performance of the DSSC characteristics will increase. This can be attributed to a more rapid
transport of electrons in DSSC based on the tungstic acid doped ZnO in comparison to the cell
based on un-doped ZnO. In other words, this means a higher diffusion coefficient of the electrons
in doped ZnO than in un-doped ZnO. This in agreement with studies which have shown that doping
levels and illumination intensity may have significant effect on the performances of ZnO-based
DSSC (Anta et al., 2012; Tiwana et al., 2011). But if the doping involves two photo anodes
electrodes composed of ZnO and a new ZnO-WO3 nano composite material with its own band
gap which might be higher than respectively the individual band gap of WO3 and ZnO
respectively, the injection efficiency could be affected and in this case the role of the relative
importance of the intrinsic traps density may more play an important role in the increase of the
current density.

The presence of WO3 is in agreement with other results we obtained previously various



semiconductors doped with silicotungstic acid (Savadogo, 1998; Savadogo & Mandal, 2019a).
This interpretation is different to the results and interpretation of J. Li et al (J. Li et al., 2013) who
indicated that the doping is achieved without any decomposition of for example the tungstic acid.
No WOs was identified in their studies. In the present work, the presence of WO3 contributes to
the increase the performance of the characteristics of the DSSC.

Another possibility of this important improvement of the DSSC performances for cell 2 could be
an increase in the active surface area when the working electrode of ZnO is doped. Indeed, due to
the tungstic acid doping, there is an increase in the interpenetrating dyes in the ZnO lattice which also
increased in volume. Accordingly, we would have a better interconnection between the particles
for the doped ZnO than pure ZnO (SEM views) which would increase the current. A larger surface
area might appear due to the reaction interface between the nanoparticles ZnO and WO3,

On going investigations are under way to determine which of the above fundamental explanations
might be the real raisons of this improvement of the performances of this DSSC characteristics
due to tungstic acid doping.

Series resistance Rs and shunt resistance of the cell

The series resistances are due to the ohmic losses in the material and the semiconductor/metal
contact. In other words, it depends on the resistivity of each of the components connected in series
of the DSSC including those of the electrodes and the semiconductor/metal contact. The series
resistance and shunt resistance do not normally affect the solar cell at open-circuit voltage and at
short circuit current. But excessively high values of the series resistance can affect the short circuit
current. Series resistance contributes in the reduction of the optimum current or/and optimum
potential. The fill factor (FF) through the optimum power may also change with the series and the
shunt resistances The series resistance is evaluated by determining the inverse of the slope of the
current-voltage curve at Voc

The shunt resistance is rather due to the manufacturing defects of the cell than on power losses due
to the solar cell design. It has a more drastic effect on the cell characteristics at low light
illumination levels. The shunt resistance can be estimated from the slope of the current vs voltage
curve near the short circuit current. At low current densities, the effect of the shunt resistance on
the celle performance are more important than at high current densities. The shunt resistance of

DSSC based on ZnO doped with tungstic acid is higher than those cell fabricate without tungstic
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acid.

On the other hand the variation of the optimum or operating power densities of the cell dependence
to series resistance is given by: Pms = Pm(1-R¢/Ren) where Prys is the optimum power with series
resistance Rs. Pm is the optimum (operating) power without series resistance and shunt resistance.
It is obtained for an ideal cell which does not exist in practice.

Rer= Vuw/ln is the characteristic resistance which may take in account the series and the shunt
resistance. Vi is the optimum voltage and I is the optimum current. The optimum power
dependence of shunt resistance is given by:

Pinsh = Pm(1-R¢/Rsn) where P Is the optimum power with shunt resistance Rsh. P is the optimum
(operating) power without series resistance and Re¢n 1S Ren = Vi/In 1s the characteristic resistance
of the celle ; Vm is the optimum voltage and I is the optimum current. Accordingly, the
appropriate way to evaluate the series resistance and the shunt resistance is the determination of
the slope of the current vs voltage curve at V. and at Jg, respectively.

These resistances are determined from curves of Figure 6.11 for Cell 1 based on un-doped ZnO
DSSC and for cell 2 based on tungstic acid doped DSSC when they are illuminated under 100
mW/cm? We determine the slope(AI/AV) of the current-voltage curve at Voc of this figure and
we calculate the series resistance (Rs) by taking the inverse of this slope ( AV/AI) of the cell. From
the same Figure we use similar approach by taking the slope of the current vs voltage curve
(AI/AV) at the short circuit current and we calculate the shunt resistance (Rsh) by taking the inverse
of this slope. The series resistance and the shunt resistance are shown in table 6.4 for DSSC based
on un-doped ZnO (Cell 1) and doped ZnO with tungstic acid (Cell 2) under illumination of 100
mW/cm?. For DSSC based on un-doped ZnO, the values of the series and the shunt resistance
obtained in this work are 10 times less than those obtained in reference (Hongsith et al., 2008).
This is probably due to the difference of method of fabrication of the ZnO films and the utilization
of buffers between ZnO layer and the FTO glass. In reference (Hongsith et al., 2008), radio
frequency (rf) sputtering method was used with various buffer whereas in our work the ZnO
photo-anode films were fabricated by sol-gel method without any buffer. The differences are
supported by, of course, the respective slopes of the curves at the open circuit voltage and at the
short circuit current which are high in our study and moderate in the case of reference (Hongsith

et al., 2008).
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Table 6.4: Summary table of the shunt resistance and series resistance determined from the

slope determination of the current voltage curves of Figure 6.11 a V. and Jsh respectively .

Rsh Rs Rch Pm(mW/cm?)
(Q.cm?) (Q.cm?) Q.cm?)
Celll (ZnO un-doped with 0.065 5.52
H,WO4) 250 8.19
Cell2(ZnO doped with 0.053 8.81
HWO4) 310 5.55

The shunt resistance of DSSC based on ZnO doped with tungstic acid is higher than that of the
cell fabricated without tungstic acid. In contrary the series resistance of DSSC based on ZnO doped
with tungstic acid is lower than those of the cell fabricated without doping (Table 6.4). These

values agree with the optimum power (Pm) of celll which is lower than that of cell2 (Table 6.3)

6.5 Conclusion

Sol-gel method was successfully used for the synthesis of ZnO and ZnO doped with HyWO,. Spin-
coating based on Doctor Blade method was used to deposit the thin films at the electrodes. The
fabricated samples were used to fabricate DSSCs based on ZnO and tungstic acid doped ZnO as
photo anode. XRD analysis of these samples confirmed a hexagonal crystallographic structure of
wurtzite type (a=0.325 nm, ¢=0.521nm). SEM micrographs have shown spherical seed layer for
un-doped ZnO films and a modification of the relief seed layer into polyhedral seeds for ZnO
doped with HoWOs.

Voltage-current curves have been acquired for the DSSC based on un-doped ZnO and tungstic
acid doped ZnO. The responses under STC illumination, show a significant improvement in short
circuit current (19,6%) and the operating current (20,8%) of the DSSC based on ZnO doped with
tungstic acid w=in comparison of DSSC based on un-doped ZnO. An improvement of the series
resistance and the shunt resistance is also obtained due to the ZnO- tungstic acid doping. Over all,
a significant improvement of the DSSC photo-conversion was observed; passing from 5,52% from
the DSSC based on un-doped ZnO to 7,1% for DSSC based on HyWO4-doped ZnO.

One of the interpretations of the results is based on a mechanism of cell operation based on the
presence of two semiconductors (ZnO and WO; due to H2WO, doping) has been proposed to

explain the effect of the tungstic acid doping on DSSC performance.



CHAPITRE7 DISCUSSIONS GENERALES

7.1 Discussion sur les cellules DSSC élaborées

La synthése des échantillons de ZnO et de ZnO dopé par voie sol-gel s’est opérée a la température
ambiante ou proche de celle-ci (25°C a 120°C) exigeant trés peu d’énergie (Cf. figure de synthése
et dépdt: Figure 3.1 et Figure 3.2). Seulement, les recuits des électrodes a base de ZnO et de platine
ont nécessité une température allant jusqu’a 450°C. Cela démontre que la technologie DSSC est

plus respectueuse de I’environnement que celle a silicium.

Le fonctionnement de la cellule DSSC sur les deux faces et sa possible réalisation sur des substrats
flexibles sont d’autres avantages de cette technologie qui est en voie d’application sur plusieurs

domaines.

Le dopage a 10* M de I’acide tungstique semble étre la meilleure modification de ZnO car elle

présente la plus faible résistivité de la couche mince et offre un meilleur rendement de DSSC.

Le dopage de ZnO dans des milieux basiques est une piste pour 1I’étude d’autres nouveaux
matériaux. La fabrication de ces types de cellules solaires sur des substrats flexibles pourraient

constituer aussi d’autres pistes de recherches et développement.

7.2  Discussion sur les diffractions XRD

L’acide tungstique n’a pas chang¢ la structure cristalline mais la taille des nanoparticules.

Comparaison entre ZnO recuit et non recuit : effet de la température

L’observation des pics de diffraction de ZnO non recuit et de ZnO recuit montre que les pics de
ZnO traité thermiquement sont légérement supérieurs a ceux non recuits. On a par exemple autour
de I’angle de diffraction de 26=36,4° I’intensité de pic principal de ZnO recuit est a 1177 alors que
celui de ZnO non recuit est de 1036. Les pics de diffraction fort et nets indiquent une bonne
cristallinité de I’échantillon méme si le traitement thermique semble étre sans effet sur la structure
cristallographique du ZnO. Nous deduisons de ces résultats que le recuit améliore la cristallinité
de I’échantillon de ZnO

Comparaison entre ZnQO seul et ZnO dopé a I’acide tungstique : effet du dopage
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Les spectres XRD de ZnO et de ZnO dopé par Philipps X’pert montrent que les intensités des pics
ne sont pas identiques. Il en est de méme pour les mesures effectuées a de 1’aide Bruker 8 Advance.
Une estimation d’erreur dans les angles de diffraction est estimée £ 0,01 °. Le dopage n’a pas
changé la structure cristalline du matériau mais a réduit la taille des cristallites. Cette technique

n’a pas permis de détecter les dopants qui sont en trés faibles quantités.

7.3 Discussion sur les spectres d’absorption, transmission et réflexion

UV-visible

Les résultats des mesures des échantillons a base de ZnO obtenus et discutés dans I’article 2
(ZnO :H2WOs) sont ceux prévus par Burntein-Moss (Figure 7.1) et certaines littératures citées
dans I’article. En effet, la bande interdite de ZnO dopé augmente (jusqu’a 3,57 eV au lieu de rester
constante 3,24 eV) avec la concentration des porteurs a cause du décalage de Burstein-Moss (C.
C. Singh & Panda, 2018). Le décalage de Burnstein-Moss est observable par une augmentation de
la bande interdite lorsque le niveau d’absorption est pouss¢ a des €nergies plus élevées a cause de

certains états proche de la bande de conduction.
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Figure 7.1 : Effet de Burstein-Moss (Manimozhi et al., 2020)

Pour des longueurs d’ondes inférieures a 400 nm, on peut constater que la présence de 1’agent

dopant acide tungstique tend a faire baisser Iégerement 1’absorption a la photoanode alors que pour
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des longueurs d’ondes compris entre 400 nm a 700 nm, on a une meilleure absorption des rayons

lumineux pour 1’échantillon ZnO :10* M H,WO4 par rapport aux autres échantillons.

7.4 Discussion sur les pics XPS

Par cette technique d’analyse sous vide, nous avons enregistré des pics correspondant aux liaisons
chimiques entre électrons de coeur et atomes ou molécules pour les différents échantillons
synthétisés (cf. article 3). Nous avons ensuite procédé a I’identification des éléments présents dans
les échantillons analysés ainsi que leur pourcentage atomique (cf. article 3). Nous avons également
précisé la structure wurztite des échantillons a base de ZnO et les types de liaisons entre les
¢léments chimiques de la surface analysée. Pour la synthése de :

e 7n0, on a selon les pics obtenus les liaisons suivantes : Zn-O, Zn métal.

e 7n0O :HoWO4, on a selon les pics obtenus, les liaisons suivantes : Zn-O, Zn métal, W-O, W

métal.

L’analyse d’une surface d’un matériau est d’une grande importance pour connaitre ses propriétés
¢lectroniques, chimiques et physiques ainsi que son interaction avec son environnement. Les
réactions aux électrodes d’une cellule électrochimique, la bande interdite d’un semi-conducteur,
la résistance de contact d’un matériau, les effets de catalyseur, le phénoméne de corrosion ou anti-

corrosion, 1’adhésion, la transmittance peuvent étre élucidés par une analyse XPS.

7.5 Discussion sur la résistivité et la résistance de surfacique

Les conclusions de nos mesures de résistance surfacique ont montré I’effet de I’acide tungstique
sur la résistivité de cette couche mince de ZnO. Par exemple, 1’effet de [’acide tungstique (pour
10* M de dopant) a contribué¢ a diminuer la taille des cristallites de 27,42 nm (pour le ZnO
intrinséque) jusqu’a une valeur minimale de 17,14 nm (pour le ZnO dopé). Cette diminution en
taille de cristallites s’accompagne d’une amélioration des surfaces spécifiques des nanoparticules,
de la diminution des résistances surfaciques (de 2,29 Q/sq a 1,45 Q/sq) des couches minces et au

final de la diminution des résistances séries (de 8,19 Q.cm?a 5,5 Q.cm?) de la cellule DSSC dopée.

Des résultats similaires ont été obtenus dans plusieurs travaux sur le dopage de ZnO avec des
éléments comme ’aluminium (Mandal, Mullick, Majumdar, Dhar, & Ray, 2008) ou le cobalt

(Habubi, Yousif, & Haider, 2012).
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Les propriétés thermoélectriques de ZnO :Al synthétisé¢ par voie hydrothermal (ZnixAlkO ou
x=0,0; 0,01; 0,02; 0,03 et 0,006) ont ét¢ étudiées par expérimentation et par simulation (Jantrasee
et al., 2016). S. Jantrasee et al ont effectué¢ des simulations suivies des expérimentations sur les
propriétés thermoélectriques de ZnO et ZnO dopés (Jantrasee et al., 2016). La Figure 7.2 montre
I’effet de la concentration du dopant et de la température sur 1’évolution de la conductivité des
¢chantillons a base de ZnO. La conductivit¢ augmente avec la température de recuit de 400°C
atteignant une valeur optimale de 75,48 (Q.m)"! pour un dopage de 6% de 1’aluminium alors que
pour la couche de ZnO non dopé, la conductivité est de 16,01 (Q.m)™! 2 la méme température. La
conductivité est d’autant plus grande que le dopage augmente de 1 % a 6 % et/ou la température

est grande pour des valeurs de 50°C a 400°C.
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Figure 7.2: Conductivité €lectrique de ZnO et ZnO dopé a I’aluminium (Jantrasee et al., 2016)
La dépendance de la conductivité électrique de ces échantillons qui augmente sous 1’effet de la
température est un comportement typique au semi-conducteur (Jantrasee et al., 2016). Les résultats
XRD obtenus par Jantrasee et al. ont aussi revelé une diminution de la taille des nanoparticules
pour I’oxyde de zinc dopé (Jantrasee et al., 2016). En conclusion, on peut affirmer que la présence
de I’élément dopant Al dans le réseau cristallin de ZnO est un facteur influencant les propriétés
¢lectriques (amélioration de la conductivité électrique) et la taille des nanocristaux.
S, Mandal et al. (Mandal et al., 2008) ont montré dans leurs travaux que le ZnO dopé présente une
réduction de la résistivité de 10* Q.cm contre 2,2.107 Q.cm lorsque la concentration du dopant
augmente de 0 a 5% (Figure 7.3). Une augmentation de la bande interdite de ZnO (3,53 eV) a été

mesurée pour les échantillons de ZnO dopés a Al. Ces performances mesurées sont justifiées par
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la présence des ions Al** dans les sites de substitutions des ions Zn>" , des atomes interstitiels

d’aluminium et de zinc et des lacunes d’oxygene (Mandal et al., 2008).

10°
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Figure 7.3: Variation de la “sheet resistance™ en fonction de la concentration de dopage en

aluminium(Mandal et al., 2008)

Plusieurs travaux ont montré 1’'importance du traitement post-thermique (recuit) des couches
minces de ZnO pour améliorer leur conductivité ou diminuer leur résistivité (Jantrasee et al., 2016;
Mandal et al., 2008). Quant a I’effet de la température de dépot sur 1’évolution de ces performances
¢lectriques des couches minces de ZnO, les conclusions divergent selon la technologie développée.
En utilisant la technique de dépot a arc cathodique filtré sous vide, X.L. Xu et al.(X. L. Xu et al.,
2001) ont montré que la résistivité ne varie pas de fagon linéraire selon la température du substrat
(Figure 7.4). Pour des températures de substrat de 120°C a 230°C, il y a une augmentation de la
résistivité de 2,38.10* Q.cm a 1,3 Q.cm. Et cette résistivité reste quasiment constante entre 230
°C et 320 °C mais elle décroit a température supérieur a 320°C jusqu’a atteindre une valeur de

6.107 Q.cm a 440 °C.

174



R —a— Resistivity [
19:3 —e— Mobility 10" f—0
coti Concentration i,mz: =l
= o § Lo
g‘ 'O;i _—. F10" & [— g
a o™ w8 R g
~ 10 3 ./-0 - 10" g e 5
"1 e [ = o
§ 10° h - ‘ 10" 8 L =
3 | il z
o107} [10" o 107 ©
E — E
% 10° . £ 10" o D
: [ %
2 ) [ an'? vy L "
10°% [ 10 O 0
‘0‘ o 3 to’f |

100 200 300 400 500

Substrate temperature ( C)

Figure 7.4 : Evolution de la résistivité, de la concentration des porteurs des charges et de la

mobilité dans la couche mince de ZnO (X. L. Xu et al., 2001)

En 1999, Subramanyam et al (Subramanyam, Srinivasulu Naidu, & Uthanna, 1999) ont étudié
I’effet de la température entre 548 K et 723 K du substrat en verre sur les propriétés physiques des
films de ZnO obtenus par pulvérisation magnétron réactive a courant continu. Les auteurs ont
trouvé a travers leurs expériences que pour des températures de substrat en verre entre 548 K et

663 K, il y a une amélioration des performances ¢électriques de la couche de ZnO. En effetil y a :

une décroissance linéaire de la résistivité du film de ZnO de 34 Q.cm (2 548 K) 2 6,9 102 Q.cm
(663 K). Cette décroissance a été attribuée a une augmentation, sous I’effet d’une température
élevée, des lacunes d’oxygene et des atomes interstitiels de zinc qui agissent tous deux comme des

donneurs.

une croissance linéaire de la mobilité Hall des porteurs de charge de 9,2 cm?/V.s (2 548 K) a 16,8
cm?/V.s (2 663 K). L’augmentation de la mobilit¢ des porteurs de charges serait due a

I’augmentation des tailles des grains révélés dans les mesures XRD.

une croissance linéaire des porteurs de charge de 2.10'¢ cm™ (a 548 K) a 5,4.10'® cm™ (663 K)

sous ’effet de I’augmentation de la température du substrat.

Ces performances ont légerement baissé€ lorsque la température du substrat continue de croitre

jusqu’a 723 K. La diminution de la mobilité (15,8 cm?/V.s a 723 K) a été attribué a une diminution
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des tailles des grains des cristaux. Aussi I’augmentation de la résistivité (9,6 Q.cm a 723K) a été

justifié par une réduction des lacunes d’oxygene et des atomes interstitiels de zinc.

Le Tableau 7.1 dresse un récapitulatif des températures de substrat avec les différentes techniques

de dépots ainsi que les valeurs minimums de résistivité atteinte.

Tableau 7.1 : Résistivités minimums des couches minces de ZnO en fonction des techniques de

dépot et des températures de substrat

Technique de Température Résistivité Bande Référence
dépot de substrat ¢lectrique interdite (eV)
(°C) (Q.cm)
DC magnetron 390 6,9.102 (ZnO) 3,28 (Subramanyam
sputtering et al., 1999)
DC magnetron 350 3,8.102(Zn0O : - (Sato et al.,
sputtering Al) 1994)
RF magnetron 380 4,8.10*(ZnO : 3,254a3,35 (Martinez,
sputtering Al) Herrero, &
Gutiérrez,
1994)
Ion beam 350 2.102(ZnO) 3,29 (Y. Qu, Gessert,
sputtering Coutts, &
Noufi, 1994)
Evaporation 400 4,3.103 (Zn : Al) - (Ma, Ji, Ma, &
Li, 1996)
Spray 400 101 -10 3,17 (Messaoudi,
pyrolysis (Zn0O : In) Sayah, & Abd-
lefdil, 1995)
Ultrasonic 400 10 3,29 (T.Y.Maetal.,
spray pyrolysis 1996)
Sol-gel 500 0,99 (ZnO) - (J.-H. Lee, Ko,
& Park, 2003)
Sol-gel 500 9 (ZnO : Al) 3,22-3,44 (M. Sahal,

2006)
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7.6 Discussion sur la corrélation entre les propriétés des couches minces

et les DSSC

La présence de 1’agent dopant HoWO4 dans la couche mince de ZnO exerce une influence non
négligeable sur la performance globale de la cellule DSSC. En effet, on peut distinguer les

avantages (cf.
Tableau 7.2) suivants:

e Une diminution de la taille des cristallites de 27,42 nm a 17,14 nm;

¢ Une diminution de la résistance surfacique, de la résistance série Rs ;
Une augmentation de la surface spécifique (polyédriques et fractales) et de la résistance parallele
Rsh (Tableau 7.2);

e Un apport supplémentaire d’une seconde bande interdite du nanocomposite ZnO-WO3

(Egr=3,8+0,02 V).

Ces propriétés corrélées les uns aux autres justifient I’amélioration des performances des DSSC
dopés par rapport a celle non dopé. Par exemple, pour un dopage optimal de 10 M d’acide
tungstique, on obtient un rendement maximal de 7,1 % par rapport 5,52 % pour les cellules non-
dopées et une amélioration du facteur de forme atteignant 65,8 % pour les DSSC dopées et 60,3%

pour les DSSC non dopées.



Tableau 7.2: Résumé des performances des couches minces et DSSC a base de ZnO et ZnO dopé

Couche mince (anode) Cellules solaires (DSSC)
%
H2WO4
dans Sheet R 2
ZnO T (nm)| resistance (E‘%) * 2 R (Q2.cm ) ((3) (l:/F)
(Q/sq) (Q.cm ) * ¢ ¢
0 27,42 2,29 Egi 250 8,19 5,52 60,3
Egi
0,00005 21,11 1,81 281 6,3 6,3 62,5
+Eg>

0,00015

20,4

1,95

Egi
+Eg>

289

5,8

6,54

63,6

T (nm) : taille des cristallites;

Eg : bande interdite de I’échantillon;

Egi =3,254+0,03 eV correspond a la bande interdite de ZnO;

Eg>=3,840,02 eV correspond a la bande interdite de nanocomposite ZnO-WOs3;

Rsn : résistance parallele; R; : résistance série; 1 : rendement de la DSSC; FF : facteur de forme.

Ces performances ¢électriques (tel que le rendement de conversion photovoltaique de 7,1 %) sont

parmi les meilleures performances des DSSC a base de ZnO obtenus de nos jours. Ces DSSC se

distinguent par exemple de celles de Memarian et al. (Memarian et al., 2011) qui ont utilisé la

technique ‘spray pyrolyse’ et des nanoparticules ‘ZnO hierarchical’ qui leur auraient permis

d’atteindre un rendement photovoltaique record de 7,5 %.
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CHAPITRE 8 CONCLUSION ET RECOMMANDATIONS

8.1 Conclusions

Des cellules solaires DSSC répondant aux faibles éclairements ont été élaborées a 1’aide de ZnO
et ZnO dopé a I’acide tungstique. L.’ oxyde de zinc a été dopé a différents pourcentages de HyWO4
a I’anode de la cellule. Le dopage a 10* M de I’acide tungstique a donné un effet d’amélioration
sur les performances électriques courant-tension par rapport aux autres pourcentages de dopage

ou des DSSC ¢laborées sans dopage de ZnO dans les mémes conditions.

La méthode sol-gel a été adoptée a cause de son mode opératoire peu énergivore et peu onéreux
pour fabriquer le ZnO/ZnO dopé a partir du précurseur acétate de zinc dihydraté. Une dissolution
et dissociation de I’acide tungstique ont été observées lorsque la synthése a été effectuée en milieu
basique (pour un pH avoisinant 10). En milieu neutre ou pour des pH inférieurs a 9 1’acide

tungstique reste intact dans le processus de synthése.

Les techniques de dépots des couches minces sur le substrat FTO utilisées sont : spin-coating,
doctor blade et le dip-coating. La synthése de 1’oxyde de zinc, sa modification avec 1’acide
tungstique et leurs dépdts sur le FTO, une dizaine d’analyses ont été effectuées :

e la caractérisation XRD des échantillons pour prouver la cristallinité hexagonale de 1’oxyde de
zinc et le calcul des tailles des cristallites ;

e la caractérisation au MEB pour I’observation de la morphologie des grains. Les observations
au microscope ¢lectronique a balayage (ou MEB) ont révélé des changements morphologiques
et des meilleures interconnexions pour les échantillons dopés a 10 M.

e [’analyse a la spectroscopie UV-visible a permis de déterminer différentes bandes gap des
¢échantillons dopés allant de 3,24 a 3,57 eV. La spectroscopie photoélectronique a rayons X ou
XPS et la spectroscopie par la transformée de Fourier ont confirmé les liaisons chimiques tel
que Zn-O, W-O dans les échantillons.

e Les mesures de sheet resistance par la méthode de courant de Foucault ont été effectuées. Les
performances électriques sont la caractérisation courant-tension, les résistances série, shunt et

surfacique ont été mesurées pour les différentes DSSC.
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Le dopage a apporté une seconde bande interdite supplémentaire (Eg; et Eg>) et a diminué la taille
des cristallites ; cependant on assite a une augmentation de la surface spécifique des nanoparticules
dopés polyédriques et fractales par rapport au nanoparticule sphérique pour le ZnO pur. Ces
améliorations de propriétés anodiques ont contribué¢ au développement des nouvelles DSSC avec
ZnO: H2WO4 présentant un meilleur rendement de 7,1 % par rapport 5,52 % pour les cellules non-

dopé soit un accroissement de 22,24 % de performance.

L’originalité de ce projet est I’étude des DSSC a base de ZnO dopé avec H2WO4 dans un milieu
que nous avons déterminé basique. Contribution au développement des connaissances
scientifiques et technologiques : I’effet de I’acide tungstique sur ZnO (modification de la bande
interdite) et la cellule DSSC. Le milieu basique joue un role déterminant dans la décomposition de
I’acide tungstique. En perspectives post-doctorat, L'étude pourrait s’étendre sur le dopage de ZnO
avec les additifs HPAs en milieu basique dans le but de rechercher des nouveaux matériaux comme

¢lectrodes photocatalyseurs.

8.2 Recommandations

En guise de recommandations d’autres mesures complémentaires pourraient étre effectuées :

e [’élaboration de ces DSSC en intégrant les pérovskites pour augmenter leurs rendements et les
rendre compétitifs avec les cellules solaires a base de silicium;

e [’élaboration de ces DSSC sur des substrats flexibles;

e sur la stabilité des cellules a base de ZnO dopé et non dopé;

e [’étude du composite ZnO+WOs3 pour comparer les résultats;

e la fabrication de ZnO avec un autre semi-conducteur qui aura un niveau de la bande de

conduction plus haut que celui du niveau de I'état excit¢ (LUMO) du dye.

Les applications de ces travaux sont le développement des procédés de fabrications économiques
et respectueuses de I’environnement en photovoltaique. Soulignons également 1’adaptation de ces
cellules photovoltaiques flexibles a couche mince comme source d’alimentation autonome ou
d’appoint en énergie sur des objets portables ou tout récepteur électrique (sur les vitres, a I’intérieur
pour capter I’éclairement des ampoules, ...), intégration sur les ordinateurs portables, les sacs

portables, les habits, etc. car les cellules DSCC fonctionnent méme aux faibles éclairements.
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