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Résumé en français  

 

Face aux inquiétudes croissantes concernant le changement climatique et l'augmentation 

de la demande de sources d'énergie durables, il est devenu impératif de chercher des 

technologies capables de remplacer les combustibles fossiles. 

L'énergie solaire est considérée comme l'une des alternatives les plus prometteuses aux 

combustibles fossiles; il s'agit d'une source abondante. De plus, l'énergie du rayonnement 

solaire qui atteint la surface de la terre en seulement une heure est suffisante pour assurer 

la consommation énergétique de tous les êtres humains pendant un an. En exploitant 

l’énergie solaire, nous pouvons contribuer de manière significative à l’atténuation des 

problèmes liés aux changements climatiques et à la promotion du développement 

durable. 

En suivant cette voie, il a fallu développer de nouvelles technologies pour convertir 

l'énergie solaire. Les systèmes photovoltaïques qui permet de convertir l’énergie solaire 

en énergie électrique deviennent de plus en plus une technologie bien établie sur le 

marché de la conversion de l'électricité solaire. Parallèlement, l’énergie solaire peut être 

transformée aussi en énergie chimique à l'aide de photocatalyseurs. Ainsi, les carburants 

solaires comme l’hydrogène sont attrayants en tant qu'alternative propre aux carburants 

fossiles, puisqu’ils peuvent être produits à partir de ressources abondantes telles que 

l'eau et le dioxyde de carbone. En effet, bien que l'hydrogène soit l'élément le plus 

abondant dans l'univers, il n’existe sur terre que lié à diverses molécules, notamment 

l’eau H2O ou les hydrocarbures. Actuellement, l'hydrogène est majoritairement généré à 

partir de combustibles fossiles. Cependant, pour que l'hydrogène soit considéré comme 

une énergie renouvelable propre, il doit être produit à partir d'une source d'énergie 

renouvelable.  

Dans un contexte d’exploitation de la lumière visible, le gap optique du semiconducteur 

utilisé comme absorbeur dans les dispositifs photovoltaiques ou photocatalytiques, doit 

être inférieur à 3 eV. Cette exigence ouvre la voie aux matériaux chalcogénures. En effet, 

contrairement aux oxydes, les chalcogénures métalliques sont des candidats plus 

appropriés pour le photovoltaïque et la photocatalyse, puisqu’ils bénéficient souvent d'un 

gap optique optimal. Ils ont donc par une plus grande réponse sur le spectre solaire, ainsi 

qu’une plus faible masse effective de porteurs, ce qui favorise leur séparation et leur 

migration. Parmi ces matériaux, les chalcogénures de sulfure à base de cuivre, et en 
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particulier les composés ternaires et quaternaires, sont intéressants en raison de leur 

grande flexibilité de composition, qui permet d'ajuster leurs propriétés optiques. 

De plus, la présence de plusieurs éléments signifie que ces semi-conducteurs présentent 

souvent une forte concentration de défauts, qui peuvent être modifiés par ingénierie des 

défauts pour changer certaines propriétés fonctionnelles, telles que la conductivité 

électrique et les caractéristiques optoélectroniques. En conséquence, notre groupe 

travaille sur le système Cu2S-In2S3-Ga2S3. Ce système est bien étudié, en particulier la 

famille de chalcopyrites Cu(In1-xGax)S2 connue sous le nom de CIGS. Ces matériaux sont 

étudiés comme absorbeurs dans les cellules solaires tandem, mais aussi en tant que 

photocatalyseurs pour l'évolution de l'hydrogène. De plus, notre groupe a identifié dans 

ce système de nouveaux matériaux lamellaires, pouvant présenter des propriétés 

optoélectroniques intéressantes, modulables par leur composition. 

Ces nouveaux matériaux sont de symétrie hexagonale et présentent un caractère 2D 

marqué avec un gap de Van der Waals d’environ 3 Å séparant les blocs et une formule 

générique (M(Td))n-2(In (Oh))Sn (M = Cu, In, Ga ; n = 4, 5, 6 et 7). Ils sont construits à partir 

de couches d’octaèdres (InS6) partageant des arêtes sur lesquelles se condensent de part 

et d’autres des couches de tétraèdres (MS4) avec M = Cu, In, Ga partageant des sommets. 

Le composé CIGS de structure chalcopyrite (symétrie tétragonale), quant à lui, présente 

un caractère 3D avec uniquement des environnements tétraédriques de soufre pour tous 

les cations.  

La présence de lacunes cationiques intrinsèques et l'occupation mixte des sites 

tétraédriques (Td) permettent d'ajuster la composition chimique, et par conséquent de 

modifier les propriétés optiques. De plus, leur gap optique (1.7 - 1.9 eV) est comparable à 

celui de la chalcopyrite Cu(In0.7Ga0.3)S2, étudiée actuellement comme absorbeur dans des 

cellules solaires tandem. D’autre part, les phases CIGSn sont isostructurales des composés 

ZnIn2S4 et Zn3In2S6, utilisés également comme photocatalyseurs pour la production 

d'hydrogène dans le domaine visible. Ceci suggère leur utilisation potentielle dans les 

domaines du photovoltaïque et de la photocatalyse.   

L'objectif de cette thèse est donc d’approfondir l’étude de ces nouveaux matériaux 

nommés CIGSn, et d’identifier leur potentiel pour des applications photoinduites (e.g. 

photovoltaïque et photocatalyse), en comparaison avec la chalcopyrite Cu(In0.7Ga0.3)S2. 

Pour ce faire, leurs diagrammes d'énergie ont été établis en combinant des mesures 

(photo)électrochimiques avec la spectroscopie de photoélectrons X et la réflectance 

diffuse. Les bandes de conduction et de valence des composés CIGSn, se positionnent de 

manière intéressante par rapport aux potentiels redox impliqués dans certaines réactions 

photocatalytiques. D’autre part, quelques-uns de ces composés présentent un 

comportement électrique ambipolaire (type p/n), ce qui les rend prometteurs. Des 

nanopoudres de CIGSn ont été synthétisées par voie solvothermale assistée par micro-
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ondes, afin d'optimiser la microstructure et d'évaluer leur activité photocatalytique pour 

l'évolution de l'hydrogène en présence d’alcools. Parallèlement, des couches minces de 

ces matériaux ont été préparées par co-évaporation afin de fabriquer et caractériser des 

cellules photovoltaïques avec différentes architectures 

Ce manuscrit présentera les résultats obtenus concernant les propriétes photoinduites 

des composés CIGSn. Il se divise ainsi en plusieurs chapitres: 

Chapitre 1 : Focus sur le système Cu2S-In2S3-Ga2S3 

Ce chapitre présente un aperçu sur des matériaux ternaires et quaternaires dans le 

système Cu2S-In2S3-Ga2S3 en se focalisant sur les composés lamellaires CIGSn, CIGS 

stœchiométrique (CuGa0.3In0.7S2), GaInS3 et les composés lacunaires ordonnés (OVC), en 

présentant leurs caractéristiques et leurs applications dans les domaines photovoltaïques 

et de la photocatalyse. 

Chapitre 2 : Propriétés optoélectroniques des composés lamellaires CIGSn 

L'objectif de ce chapitre est de déterminer les propriétés optiques et électroniques des 

composés lamellaires CIGSn, en relation avec les critères nécessaires pour des applications 

photovoltaïques ou photocatalytiques. Une comparaison avec celles du composé CIGS 

(CuGa0.3In0.7S2) chalcopyrite sera faite. 

Pour ce faire, une série de propriétés intrinsèques doivent être évaluées, telles que 

l'absorption de la lumière visible, l'énergie de la bande interdite, la nature des porteurs 

majoritaires (c'est-à-dire le type de semi-conducteur), la durée de vie des porteurs de 

charges ainsi que le niveau de Fermi. En outre, pour améliorer l'efficacité photovoltaïque 

ou photocatalytique, un bon alignement des bandes est nécessaire, afin d'optimiser la 

séparation et la migration des porteurs photogénérés. Ainsi, les diagrammes d’énergie 

des composés CIGSn ont été déterminés afin de les comparer à ceux des couches tampons 

photovoltaïques standards, ainsi qu'aux potentiels redox impliqués dans certaines 

réactions photocatalytiques. Pour réaliser cette étude, une approche analytique 

combinant la spectroscopie de réflectance diffuse, les mesures (photo)électrochimiques 

et la spectrométrie de photoélectrons X a été mise en place. 

La première partie du chapitre est dédiée à la synthèse et la caractérisation structurale 

des composés CIGSn. Puis, les gaps optiques des composés ont été déterminés par 

réflectance diffuse. 

La deuxième partie du chapitre est consacrée à la caractérisation électrochimique 

complète des composés CIGSn, précédée d'une description des mesures électrochimiques 

effectuées pendant ce travail. Ainsi, des analyses électrochimiques dans l’obscurité et 

sous illumination ont permis de déterminer la nature des porteurs majoritaires ainsi que 

le niveau de Fermi de nos matériaux. Des mesures de photoluminescence ont également 
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été réalisées afin de sonder l'existence de défauts dans le gap de ces matériaux. Ces 

défauts pourraient influencer la cinétique des charges photogénérées et améliorer 

l'absorption de la lumière en déplaçant la région d'absorption vers le rouge.  

Enfin, pour rationaliser les différentes propriétés électroniques et photoconductrices de 

la famille CIGSn par rapport à celles de la chalcopyrite CIGS, les diagrammes d’énergie ont 

été établis, en combinant des techniques de caractérisation électrochimique et 

spectroscopiques, dans un but comparatif. En plus, nous avons effectué un calcul 

supplémentaire pour valider les diagrammes d’énergie obtenus. Cette détermination se 

fait à l'aide d’une approche basée sur sur l'électronégativité de Mulliken et le gap optique 

du matériau.  

En raison des potentiels de bande plate similaires, les diagrammes d’énergie de tous les 

composés lamellaires CIGSn sont très similaires avec un niveau de Fermi autour de  

(-4.4, -4.5 eV), qui est différent de la chalcopyrite CIGS avec un niveau de Fermi égal à  

-5.1 eV et une bande de conduction de plus faible énergie. Ceci est cohérent avec une 

densité d'électrons plus élevée dans les phases lamellaires qui corrobore le 

comportement de type n. Il en résulte cependant que les niveaux de Fermi semblent 

piégés au milieu de la bande interdite pour tous les composés, comme pour un semi-

conducteur compensé, dans lequel les défauts des donneurs et des accepteurs sont liés 

de telle sorte que leurs effets électriques opposés sont partiellement annulés. Toutefois, 

d'après les mesures électrochimiques, seul le CIGS6 se comporte comme un composé 

ambipolaire.  

Par ailleurs, une différence dans les durées de vie des porteurs de charge a été observée 

entre les composés lamellaires et la chalcopyrite CIGS. Il a été constaté que la durée de 

vie associée au processus de recombinaison des porteurs dans les composés CIGSn est 

plus élevée que dans le CIGS. Cela suggère que les composés lamellaires ont besoin d'un 

temps plus long pour que la recombinaison des porteurs se produise. De plus, il semble 

également que ce temps de vie augmente avec le nombre de couches tétraédriques dans 

la structure lamellaire (CIGS6  CIGS5  CIGS4). En fait, cette différence pourrait s'expliquer 

par la structure complexe des composés lamellaires, qui se caractérise par la présence de 

lacunes cationiques intrinsèques et d'une occupation mixte (atomes Cu-Ga-In) sur les sites 

tétraédriques, ce qui donne lieu à un grand nombre de défauts ponctuels dans le 

matériau, qui peuvent certainement influencer le processus de recombinaison. Cette 

hypothèse est confirmée par les mesures de photoluminescence, qui révèlent une densité 

de défauts dans la bande interdite importante, dans le cas des composés lamellaires. Les 

mesures de résistivité par la méthode 4 points, n'ont pas pu être réalisées dans le cas des 

composés lamellaires en raison de leur forte résistivité.  

L'alignement des bandes des composés CIGSn par rapport aux couches tampons les plus 

courantes (ZnO, CdS et ZnOS) utilisées dans les dispositifs photovoltaïques à base de CIGS 

est loin d'être optimal. De plus, les composés lamellaires CIGSn ont montré un 
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comportement de semi-conducteur de type n pour CIGS4 et CIGS5 et un comportement 

ambipolaire dans le cas du CIGS6, tandis que la chalcopyrite CIGS est un semi-conducteur 

de type p. Cela peut amener à changer les couches tampons de type n (ZnO, CdS et ZnOS) 

ou à s'orienter vers un assemblage totalement nouveau comme l'architecture n-i-p en 

considérant le matériau ambipolaire comme un composé intrinsèque. Le potentiel des 

matériaux lamellaires dans les applications photovoltaïques sera discuté dans le  

chapitre 3. 

D'autre part, les bandes d'énergie des composés CIGSn montrent comme pour CIGS, un 

positionnement intéressant en ce qui concerne les potentiels redox impliqués dans 

certaines réactions photocatalysées comme la dissociation de l'eau H2O et la réduction du 

CO2. En fait, les composés CIGSn semblent pouvoir catalyser la réaction de réduction de 

l'eau mais pas celle de l’oxydation de l'eau, ce qui les rend inadaptés à la dissociation de 

l'eau (water splitting). Cependant, les composés CIGSn pourraient être intéressants pour 

la réaction de production d'hydrogène en utilisant un alcool comme agent sacrificiel. De 

plus, nous supposons que le comportement ambipolaire mis en évidence dans ces 

composés, facilitera de manière similaire les réactions d'oxydation et de réduction, 

puisqu’aucune de deux réactions sera limitée par la mobilité d’un type de porteurs de 

charge.  

Chapitre 3 : Couches minces de CIGSn pour les applications photovoltaïques 

La première partie de ce chapitre est consacrée à quelques rappels sur les cellules 

photovoltaïques à base de CIGS. Une description du principe de fonctionnement et de 

l'architecture standard est présentée. L’objectif de cette étude consiste à évaluer le 

potentiel des couches minces de CIGSn en tant qu'absorbeurs.  

La deuxième partie du chapitre est consacrée à l'élaboration des couches minces de CIGSn. 

Ainsi, des films minces de CIGS5 et CIGS6 ont été déposés sur différents substrats par  

co-évaporation, suivi des caractérisations structurelles et analyses chimiques. L'étude 

s'est essentiellement focalisée sur le composé CIGS5, qui a été la seule phase lamellaire 

obtenue avec succès sous la forme de couche mince monophasée. 

Les propriétés optoélectroniques sont également présentées. Ainsi une étude complète a 

été réalisée à l'aide de mesures électrochimiques pour caractériser le type du semi-

conducteur et estimer le potentiel des bandes plates, afin de déterminer le niveau de 

Fermi des couches minces préparées. Ensuite, les diagrammes d'énergie ont été établis à 

l’aide du calcul basé sur l'électronégativité de Mulliken et la bande interdite du matériau. 

Le diagramme d’énergie déterminé pour la couche mince de CIGS5, est proche de celui 

obtenu avec la poudre de référence à haute température, avec des valeurs de niveau de 

Fermi similaires, également confirmées par les analyses microscopie à sonde de Kelvin 

(KPFM).  
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Dans la dernière partie de ce chapitre, la réalisation des assemblages de cellules 

photovoltaïques est présentée. Pour ce faire, deux architectures différentes (classique et 

n-i-p) ont été testées. Les paramètres photovoltaïques des dispositifs résultants ont été 

évalués par des mesures de courant-tension (IV) et de rendement quantique externe 

(EQE). Les deux configurations différentes de cellules solaires aboutissent à des 

rendements très faibles. 

Les propriétés intrinsèques des films minces de CIGSn ont démontré qu'ils ne sont pas 

adaptés aux applications photovoltaïques, en raison de leur résistivité et de la structure 

complexe des composés lamellaires siège de nombreux défauts ponctuels. 

Au cours de cette thèse, l'orientation des couches déposées n'a pas été contrôlée. Par 

conséquent, pour optimiser l’élaboration des cellules solaires, nous pourrions rechercher 

un substrat avec des paramètres de maille proches des composés lamellaires CIGSn, afin 

d'assurer une croissance contrôlée de l'absorbeur et d'améliorer sa microstructure. Ceci 

pourrait se traduire par un meilleur transport des porteurs de charge et une augmentation 

du potentiel de circuit ouvert (Voc) de la cellule.  

Par ailleurs, la qualité du dispositif pourrait être améliorée en remplaçant la couche 

tampon par une couche appropriée permettant un meilleur alignement des bandes de 

conduction et de valence à l'interface, ce qui se traduirait par de meilleurs paramètres 

photovoltaïques. 

Chapitre 4 : Nanopoudres de type CIGSn pour des applications photocatalytiques  

Ce chapitre traite l'élaboration de matériaux lamellaires CIGSn dans le but d'examiner 

leurs potentialités pour la photocatalyse dans le visible.  

Dans une partie préliminaire, quelques principes de base sur la photocatalyse sont 

développés. Les principaux mécanismes photocatalytiques de production d'hydrogène 

par dissociation de l’eau et déshydrogénation des alcools sont décrits. 

La deuxième partie décrit la préparation des nanopoudres par synthèse solvothermale 

assistée par micro-ondes et leurs caractérisations chimiques, structurelles et 

optoélectroniques. 

Ensuite, nous nous concentrerons plus particulièrement sur le composé lamellaire CIGS6, 

qui présente un comportement ambipolaire intéressant, ainsi que sur la chalcopyrite CIGS 

considérée comme une référence dans le cadre de cette thèse. Les nanoparticules des 

composés lamellaires et du composé CIGS chalcopyrite ont été synthétisées avec succès. 

Cependant, les premières tentatives ont montré que le matériau CIGS6 préparé, 

comportait une phase secondaire type chalcopyrite. C'est pour cette raison que deux 

stratégies différentes ont été introduites pour obtenir des nanopoudres monophasées 

présentant un type structurel CIGS6. Ainsi, nous avons avons décidé d'effectuer une 
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substitution cationique dans deux composés isostructuraux (Zn3In2S6 et GaInS3) du CIGS6. 

En effet, malgré la présence de plusieurs polymorphes, aucun de ces matériaux ne 

présente une structure de chalcopyrite. 

Enfin, des expériences photocatalytiques sous illumination visible ont été réalisées sur les 

photocatalyseurs préparés, en utilisant différents agents sacrificiels (acide ascorbique et 

triéthanolamine). Les rendements de production d'hydrogène sont présentés, permettant 

une comparaison avec la littérature. 

Parmi les composés préparés, Zn2.4Ga0.3Cu0.3In2S6, Cu0.3Ga0.9InS3 (ZIS-0.6, GIS-0.1 

respectivement) et CIGS présentent une surface spécifique élevée, permettant une 

activité photocatalytique efficace pour la production d'hydrogène. En revanche, la faible 

surface spécifique des nanopoudres de CIGS6 pourrait expliquer l’absence activité 

photocatalytique.  

En comparant les composés lamellaires à la chalcopyrite CIGS, il est évident que les 

composés lamellaires montrent des performances plus élevées pour la production 

d'hydrogène, en utilisant l’acide ascorbique comme donneur d'électrons sacrificiel. 

Cependant, ce n'est pas le cas dans la littérature lorsque Na2SO3/Na2S sont utilisés comme 

agent sacrificiel. Pour tous les composés, la production de H2 n'est mesurée qu'après 1.5 

heure. Pour les composés lamellaires, elle continue à augmenter fortement dans les 24 

heures. En revanche, l'échantillon de CIGS commence à produire de l'hydrogène 

seulement 4 heures plus tard.  

Par ailleurs, le ZIS-0.6 dérivé de Zn3In2S6 est le seul échantillon qui a généré de l'hydrogène 

en utilisant à la fois des solutions acide (acide ascorbique) et basique (triethanolamine), 

et qui a affiché les meilleures performances. De manière significative, il a été constaté que 

le rendement d’évolution d’hydrogène mesuré (137 μmol.g-1.h-1) en milieu acide est 

comparable à celui des photocatalyseurs Zn3In2S6 et Pt/ZnIn2S4 decrits dans la littérature. 

De plus, dans le cas de ZIS-0.6, l'ajout d'un co-catalyseur n'est pas nécessaire. D’autre part, 

le rendement d’hydrogène du composé GIS-0.1 (52.1 μmol.g-1.h-1) est comparable à celui 

rapporté pour le CuGa2In3S8 utilisant Na2SO3/Na2S comme agent sacrificiel  

(40 μmol.g-1.h-1). En effet, ce dernier composé présente une composition chimique assez 

proche de celle de GIS-0.1 (Cu0,74Ga2In3.1S8). 

Pour l'ajout d'un co-catalyseur, nous avons choisi de suivre le même protocole que celui 

utilisé pour le composé lamellaire CuGa2In3S8 afin de faciliter la comparaison. L’utilisation 

du Ni2+ comme co-catalyseur réduit l'activité photocatalytique avec le temps. Ceci laisser 

penser à une altération du photocatalyseur et/ou du co-catalyseur avec le temps.  

Finalement, les performances s’avèrent meilleures sans utilisation de Ni2+. Par ailleurs, un 

test avec du Pt comme co-catalyseur a également été réalisé. Cependant, nous n'avons 

pas réussi à photo-déposer du Pt sur notre échantillon. 
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Nos matériaux sont des photocatalyseurs prometteurs pour la lumière visible, ce qui 

ouvre de nouvelles perspectives telles que la réduction du CO2. Les études de production 

d'hydrogène seront complétées en utilisant des donneurs d'électrons sacrificiels 

alternatifs tels que Na2SO3/Na2S. Il nous faut également explorer des co-catalyseurs plus 

appropriés qui puissent se greffer/photo-déposer avec succès sur les échantillons 

préparés, afin d'améliorer leur efficacité photocatalytique sans provoquer d'effets 

délétères. D’autre part, il est absolument nécessaire d'explorer et de comprendre les 

mécanismes et la cinétique des réactions. 

Pour une meilleure exploration, il faut optimiser le protocole de synthèse afin de préparer 

des nanopoudres de CIGSn monophasées avec une surface spécifique élevée et des 

morphologies des nanocristaux optimisées. Toutefois, la caractérisation des nanopoudres 

de CIGSn reste un défi pour plusieurs raisons telles que la taille nanométrique des 

particules, la difficulté de contrôler la stœchiométrie et d'identifier leurs structures. Nous 

devons donc réussir à briser les agglomérats de nanograins à l'aide d'ultrasons, afin de 

pouvoir effectuer une caractérisation structurale plus précise par nanodiffraction 

électronique. 

Par ailleurs, dans cette thèse, les composés CIGSn n'ont été étudiés que comme 

photocatalyseurs à matériau unique, alors que leur utilisation dans des hétérojonctions 

pourrait améliorer leurs performances. En effet, d'après la littérature, les hétérojonctions 

présentent généralement de meilleures performances que les photocatalyseurs à 

matériau unique, car la séparation des porteurs est améliorée et les pertes par 

recombinaison sont réduites. Le sulfure MoS2 est considéré comme un des co-catalyseurs 

le plus prometteur pour des hétérojonctions. Par exemple, les hétérojonctions  

MoS2-ZnIn2S4 et MoS2-Zn3In2S6 ont permis d'obtenir une de production d'hydrogène 

notablement supérieure à celle des photocatalyseurs ZISn simples. Par conséquent, il 

serait également intéressant d'explorer l'hétérojonction MoS2-CIGSn.  

Le chapitre 5 présente les conclusions et les perspectives du travail. 
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With the increase of the climate change concerns and the need of sustainable energy 

sources, it became necessary to look for technologies to replace the fossil resources, 

which remains leading over the years, with providing 63.3% of world global electricity 

generation compared to 36.7% supplied from renewable energies.1 

Additionally, with the increasing demand of energy, solar energy is considered as among 

the most promising alternative of fossil fuels; it is an abundant source. Just as well, the 

sun produces an enormous power, around 120 000 Terawatts in one year.2 The 

remarkable thing is that the solar radiation energy reaching the ground of the earth in 

only 1 hour is enough to provide all humans energy consumption for a year,2 that is about 

4.6 x 1020 joules.3 Differently, the total oil reserve on earth is 3 trillion barrels, which is 

said to contain 1.7 x 1022 of energy. To put this in perspective, this amount is equivalent 

to the energy that the earth receives from the sun in just 1.5 days,3 this would save the 

planet as long as we succeed to capture it. The sunlight can be converted into three forms 

of energy: electricity, chemicals and heat.4 

By harvesting solar energy, we can make a significant contribution to mitigating climate 

change and promoting sustainable development. Follow this path, it has been required to 

develop new technologies to convert the solar energy; either into electrical energy using 

photovoltaic systems that are becoming increasingly a well-settled technology in the 

market for the solar-electricity conversion, with 1.5 % of the global electricity generation.5 

Another way is to convert solar energy into chemical energy using photocatalysis, 

whereby solar fuels are attractive as another clean alternative of fossil fuels, because they 

can be produced from abundant resources such as water and carbon dioxide.6–8 Among 

solar fuels, hydrogen is the future energy. In this context, hydrogen generation through 

photocatalytic water splitting appears as a key issue. 

In this context, in order to absorb in the visible light, the semiconductor optical gap is 

tuned to be lower than 3 eV, which opens the way towards chalcogenides materials. 

Therefore, in contrast to oxides, metal chalcogenides are more suitable candidates for 

photovoltaics and photocatalysis as they often benefit from an optimal optical gap, which 

translates into a greater response over the solar spectrum, as well as low effective mass 

of carriers, which favors their separation and migration. 
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Among these materials, copper-based sulphide chalcogenides and especially ternary and 

quaternary compounds are interesting, due to their wide range of compositional 

flexibility, which allows the adjustment of their optical properties.  

In addition, the presence of several elements means that these semiconductors often 

have a high concentration of defects, which can be modified by defect engineering to 

change certain functional properties, such as electrical conductivity and optoelectronic 

characteristics. Accordingly, the Cu2S-In2S-Ga2S3 chalcogenides system is well-studied for 

different applications as photovoltaics and photocatalysis. This system is currently the 

seat of exploring new materials, in particular quaternary compounds, as they can be 

developed by modifying the composition of the elements. 

Therefore, this PhD work is included in this framework. To tackle this issue, new lamellar 

copper-based sulphides named CIGSn, identified in the Cu2S-In2S-Ga2S3 system, will be 

explored for photovoltaics and solar driven photocatalytic hydrogen production.  

Indeed, these compounds exhibit an optical gap (1.7 - 1.9 eV) comparable to that of the 

chalcopyrite Cu(In0.7Ga0.3)S2 (CIGS), studied as absorber in tandem solar cells. On the other 

hand, the CIGSn phases are isostructural of the compounds ZnIn2S4 and Zn3In2S6, used as 

photocatalysts for hydrogen production under visible light. Furthermore, CIGS was also 

studied as photocathode in photoelectrochemical water splitting. 

The manuscript is divided into the following chapters: 

Chapter 1 provides an insight into the Cu2S-In2S-Ga2S3 system. It defines the Cu2S-In2S-

Ga2S3 pseudo ternary system with focusing on stoichiometric CIGS (CuGa0.3In0.7S2), GaInS3 

and the ordered vacancy compounds (CuIn5S8, CuGa3S5 and CuGa5S8). It also reports their 

characteristics and some of their applications in the fields of photovoltaics and 

photocatalytic hydrogen production. Finally, it introduces an overview on the CIGSn 

lamellar compounds, which are the main objective of the thesis. 

Chapter 2 presents the fundamental approach followed, in order to determine the CIGSn 

compounds optoelectronic properties, compared to CIGS. To do this, a series of intrinsic 

properties is evaluated such as visible light absorption, band gap energy, the type of the 

semiconductor (nature of the majority charge carriers), charge carrier lifetimes and the 

position of the conduction and valence bands as well as Fermi level. It first describes the 

synthesis and characterisation of powder samples. Then, some notions about 

(photo)electrochemical methods carried out during this thesis are presented. Moreover, 

it reports the energy diagrams construction, combining three techniques (diffuse 

reflectance, electrochemical impedance and X-ray photoelectron spectroscopies). Finally, 

photoluminescence and conductivity measurements were also performed to complete 

investigation. 
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Chapter 3 reports some photovoltaics basics, highlighting the operating principle and the 

CIGS-based solar cell standard configuration.  Then, it describes thin films deposition using 

co-evaporation and the different structural and optoelectronic characterisations used to 

provide a better understanding of thin-film properties. In addition, electrochemical 

measurements were performed to estimate the Fermi level, in order to complete the 

energy diagrams determined using a calculation based on Mulliken electronegativity. 

Finally, the photovoltaic parameters obtained using current-voltage and external 

efficiency measurements from two different device architectures (conventional and n-i-p 

configurations) are discussed. 

Chapter 4 outlines some of the basics of photocatalysis, focusing on hydrogen evolution 

mechanisms using water splitting and alcohols as sacrificial agents. It also describes the 

nanopowders synthesis using microwave-assisted solvothermal synthesis, in order to 

optimize their microstructure properties. In addition, it focuses on the ambipolar CIGS6 

lamellar compound and CIGS chalcopyrite for comparison purposes. Two strategies used 

to obtain single nanopowders are then presented. Finally, photocatalytic hydrogen 

evolution tests carried out under visible light, using different alcohols are reported and 

compared to the literature. 

Chapter 5 presents the work conclusions and perspectives. 
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The aim of this PhD project is to explore the potential of lamellar CIGSn compounds for 

photoinduced applications, in particular for photovoltaics and photocatalysis. 

Therefore, in this chapter we will summarise some key aspects concerning the Cu2S-In2S3-

Ga2S3 pseudo-ternary system, focusing on the stoichiometric chalcopyrite CuGa0.7In0.3S2 

that will be our reference during this work. Additionally, GaInS3 alongside the ordered 

vacancy compounds (OVC) CuIn5S8, CuGa3S5 and CuGa5S8 will be also considered. Finally, 

the report will focus on the new CIGSn lamellar compounds, forming the subject of this 

thesis. For each of these compounds, we will highlight a few examples of applications in 

the fields of photovoltaics and solar-driven photocatalytic hydrogen production. 

1. Chalcogenides 

Chalcogenides are compounds that consists of at least one element from the chalcogen 

group (sulphur, selenium or tellurium), combined with at least one more electropositive 

element.1 These materials have been extensively studied for various applications such as 

solar energy conversion, energy storage, electronics, optics and many others. 

Metal chalcogenides stand out as promising candidates for different visible light 

applications (such as photovoltaics and photocatalysis) due to their distinctive optical 

properties.1,2 They exhibit excellent transparency exposing to visible light with optical 

gaps that are less than 3 eV, allowing them to absorb visible energy. They also have a 

strong solar response and a small effective mass of carriers, which favours charge 

separation and electronic transfer. 

These materials can be classified into two categories, three-dimensional (3D) 

chalcogenides and two-dimensional (2D) metal chalcogenides, where the layers of atoms 

are connected by Van der Waals interactions, offering additional advantages. The 2D 

nature reduces the diffusion length of charge carriers, which improves the kinetics of 

photoinduced reactions. As well, the band gap energy and band positions of 2D materials 

usually depend on their thickness, which can be employed to modify their properties.3 

In this PhD project, we will focus on copper-based sulphide chalcogenides. As shown in 

Figure 1, the copper chalcogenide semiconductors include a wide range of materials, 

ranging from binary compounds (such as Cu2−xS, Cu2−xSe, and Cu2Te) to ternary (Cu-III-VI, 

Cu-IV-VI and Cu-V-VI) and quaternary ones (Cu-III-III’-VI and Cu-II-IV-VI (II = Zn, Cd, Hg; III 
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(III’) = Al, Ga, In; IV = Ge, Sn; VI = S, Se, Te)).1 Copper chalcogenides have the advantage of 

being abundant. Furthermore, compared with selenium and tellurium, sulphur is much 

more abundant on earth, ranking fifth among the most common elements on earth, and 

17th in the earth crust, according to WebElements.4 

Among these materials, ternary and quaternary compounds are interesting because of 

their wide range of compositional flexibility, enabling the band gap and the position of the 

Fermi energy to be tuned, in order to optimize the optical properties. In addition, these 

semiconductors have often a high concentration of defects due to their multi-element 

nature, which may be altered by defect engineering to adjust certain functional features 

like electrical conductivity and optoelectronic characteristics. 

 

Figure 1: Schematic illustration of the different copper-based chalcogenide semiconductors 

available in the literature. Figure from Coughlan et al.1  

2. Pseudo ternary system Cu2S-In2S3-Ga2S3 

The non-stoichiometric CIGS quaternary compounds Cu1−z(In1−xGax)1+z/3S2 (Cu-poor CIGS) 

has been studied in depth by our group, and an extended pseudo−ternary phase diagram 

Cu2S−In2S3−Ga2S3 for the compositions 0.2 ≤ x ≤ 1 and 0 ≤ z ≤ 0.6 could be established 5,6  

(see Figure 2). Indeed, these materials have received much less attention, even though 

investigations have been carried out for potential applications in tandem solar cells. It 

turns out that the sulfide CIGS system is much more complex than the selenide one. The 

single-phase copper-poor domain with chalcopyrite structure is narrower for sulfides.  

A chemical crystallographic approach was therefore carried out for the 

Cu1−z(In1−xGax)1+z/3S2 compounds, with x the Ga-content and z the copper deficit. In these 

compounds, the charge balance is quite well fulfilled with normal valence for the cations, 

that is, Cu(I), In(III), Ga(III), and S(–II). Attempts to synthesize Cu1−z(In1−xGax)1+z/3S2 
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compounds, by solid state synthesis, systematically lead to multiphasic samples for  

z > 0.1.  

In addition, a particular attention was also paid to CuInS2-In2S3, CuGaS2-Ga2S3 and Ga2S3-

In2S3 systems, due to the existence of ordered vacancy compounds widely debated in the 

literature. For example, the CuIn3Se5 phase that plays a key role in solar cell performance 

has no sulphur equivalent (i.e. CuIn3S5). 

 

Figure 2: Pseudo-ternary diagram of the Cu2S-In2S3-Ga2S3 system. 

2.1. Stoichiometric Cu(In,Ga)S2 chalcopyrite (CIGS) 

 Cu(In,Ga)S2 characteristics 

The stoichiometric Cu(In1-x,Gax)S2 compounds (z = 0 and 0 < x < 1) are represented in the 

phase diagram by a red line alloying CuGaS2 and CuInS2. They crystallize in a tetragonal 

chalcopyrite structure with a 𝐼-42𝑑 space group (see Figure 3).6–8 This structure is derived 

from the ZnS sphalerite structure that itself derived from diamond structure.9 

As shown in Figure 3, chalcopyrite is a three-dimensional structure formed of cations (Cu+, 

Ga3+, In3+) in tetrahedral sulphur environments. Lattice parameters of Cu(In1-x,Gax)S2 

compounds are compositionally variable and they decrease as the size of atom decreases. 

The compound CuGa0.7In0.3S2 is one of the most studied in the bibliography, with unit cell 

parameters a ≈ 5.47 Å and c ≈ 10.96 Å.7 
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Figure 3: CuIn0.7Ga0.3S2 chalcopyrite structure-type. 

CIGS compounds are semiconductors with a direct band gap. The substitution of indium 

by gallium induces a band gap variation from 1.54 eV (CuInS2) to 2.43 eV (CuGaS2), 

exhibiting a wider band gap than isostructural Se-based compounds CIGSe, as presented 

in the Figure 4.10–12 This wide range offers good prospects for photovoltaics and 

photocatalysis. The optimum band gap (Eg = 1.7 eV) required for the targeted 

photovoltaic and photocatalysis  applications in this thesis is achieved with CuIn0,7Ga0,3S2. 

 

Figure 4: Gap evolution of CIGSSe depending on the composition. Figure from Bär et al.10 
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 Cu(In,Ga)S2 applications 

Photovoltaics 

The first studies conducted on the CuInS2 (CIS) ternary compound achieved a promising 

conversion efficiency of 9.7%, dating back to 1986.13 However, CIS solar cells presented 

several drawbacks as its low adhesion to the molybdenum substrate. In 1997, 

Nakabayashi et al.14 reported the gallium addition to the CIS with an objective of 

improving its quality, resulting in the common CIGS. 

The CIGS chalcopyrite efficiency is mainly related to different conditions, detailed in 

chapter 3. However, the specific composition of CIGS can also influence its efficiency. 

Copper-poor and copper-rich have been extensively studied, leading to different 

characteristics.15 It was reported that a copper excess during the deposition results in 

improving the thin film crystallinity, however it could also lead to the formation of copper 

sulphide as a secondary phase, that will negatively affects the performance of the solar 

cell. On the other hand, in the case of copper-poor CIGS (Cu/(In+Ga) < 1), the formation of 

the copper sulphide as a secondary phase is limited, allowing higher efficiencies.15  

Figure 5 shows a comparison of the best-reported efficiencies of the devices made from 

Cu-poor and Cu-rich absorbers. According to the literature, it is observed that Cu-poor 

solar cell reported higher performances than that of Cu-rich (with etched copper 

sulphide).15 Moreover, 15.5% is the best efficiency of a Cu-poor device, reported by Hiroi 

et al.16  versus 12.6% of a Cu-rich, reported by Merdes et al.17 

This efficiency has recently been increased in our group, reaching a record solar efficiency 

of 16% using CuIn0.7Ga0.3S2 absorber, demonstrated by Barreau et al.18 

 

Figure 5: The best reported efficiencies of Cu-poor and Cu-rich chalcopyrites solar cells. 

Figure from Siebentritt et al.15 
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Photocatalysis for hydrogen production 

Compared to photovoltaics, fewer studies have been published on photocatalysis.  

The CuInS2 (CIS) photocatalytic activity for hydrogen production was investigated for the 

first time by Kobayakawa et al. in 1992.19 Recently, it reached 59.4 μmol.h−1.g−1 for visible 

light hydrogen evolution, using Pt as co-catalyst and Na2SO3/Na2S as sacrificial agent, 

reported by Zheng et al.20 Further, using MoS2/CIS heterojunction, the hydrogen 

production rate was increased up to 316 μmol.h−1.g−1, according to Yuan et al.21  

CuGaS2 (CGS) compounds were also extensively investigated as photocatalysts,22–24 

reaching up lately 183.6 μmol.h−1.g−1 using Na2SO3/Na2S as hole scavenger.25  

In comparison to the CIS and CGS ternary systems, less investigations have been reported 

on the quaternary CuIn1-xGaxS2 for photocatalysis application. Yu et al.26 investigated the 

effect of gallium concentration on the composition of CuIn1-xGaxS2 nanocrystals, proving 

that CuIn0.7Ga0.3S2 material exhibited the highest hydrogen evolution rate (750 

μmol.h−1.g−1) using Na2SO3/Na2S as sacrificial agent. The study shows that Ga substitution 

into CuInS2 improves the hydrogen production by moving the conduction band upwards, 

enabling the water splitting reaction. However, a reduced rate of H2 is measured in the 

case of high amounts of Ga, due to the band gap broadening related to the Ga insertion, 

concluding that CuIn0.7Ga0.3S2 is the suitable composition for H2 evolution.26 

Although there are not many studies on hydrogen production using heterogeneous 

photocatalysis for CIGS materials, there are available studies on hydrogen production 

using the photoelectrochemical water splitting method.27–29 

Photoelectrochemical (PEC) water splitting is an application that requires the use of a 

semiconductor as a photoelectrode in order to undergo the water splitting under 

illumination.30 The main difference between PEC and heterogeneous photocatalysis is the 

generation of an internal electric field at the semiconductor/electrolyte interface, which 

in PEC leads to the separation of the photogenerated carriers to their opposite sides.31 

The semiconductor/electrolyte interface will be detailed in next chapter as well as the 

heterogeneous photocatalysis in chapter 4. 

As shown in Figure 6, the semiconductor can be a photoanode where the oxidation 

reaction is performed or a photocathode where the reduction reaction occurs. In the case 

of a photoanode, under illumination, photogenerated holes are directed towards the 

interface to oxidise water, while photogenerated electrons are migrated to the back 

contact of the photoanode and are then transported through an external circuit. Whereas 

for a photocathode, the electrons are drawn to reduce H+, while holes are driven through 

external circuit.  

Moreover, when a single semiconductor fails to generate enough voltage for water 

splitting, a PEC tandem cell of photoanaode and photocathode is employed to achieve 
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overall water splitting.31 Therefore, for a higher light absorption, two semiconductors with 

different optical band gaps are combined. Usually, the photoanode exhibit a higher band 

gap in order to absorb high-energy photons while the photocathode absorb the photons 

of a low-energy. The two electrodes will generate water oxidation and reduction, 

respectively. Additionally, in this configuration, the minimum of the photoanode 

conduction band needs to be lower than the maximum of the photocathode valence band. 

 

Figure 6: Schematic representation of semiconductors for water splitting application. a) 

photocathode, b) photoanode and c) photocathode and photoanode tandem configuration. 

Figure from Takata et Domen.31 

CuIn0.7Ga0.3S2 has been evaluated for PEC water splitting. It was used by Guan et al.29 as a 

photocathode for water splitting, coated with CdS and using Pt co-catalyst. A high 

photocurrent density (6.0 mA cm-2 at 0 VRHE) under AM1.5G simulated sunlight (100 

mW.cm-2) was measured.  

2.2. CuInS2-In2S3 system 

 CuIn5S8 characteristics 

Concerning the Cu2S-In2S3 system, the compounds can be described with the formula  

Cu1-zIn1+Z/3S2 in which Cu and In are at +I and +III oxidation state respectively, in order to 

maintain the charge balance. The stability range of the chalcopyrite is limited. 

Consequently, as shown in Figure 2, two-phase region exists immediately when z reaches 

the value 0.1, between Cu1-zIn1+Z/3S2 with a chalcopyrite structure (I-42d) and a Cu-poor 

phase CuIn5S8 7 (Cu0.25In1.25S2) which exhibits a cubic thiospinel structure-type (F-43m).  

It is worth noting that the CuIn3S5 does not exist unlike its selenide homologue. 

CuIn5S8 is a ternary stable phase, in CuInS2-In2S3 system (Figure 2).32,33 The structure, 

depicted in Figure 7, is a 3D structure with In occupying octahedral environments, while 

Cu is located on the tetrahedral sites.  

CuIn5S8 is known as an ordered vacancy compound (OVC). In fact, the off-stoichiometric 

phases defined as OVC are located on the I2VI–III2VI3 pseudo binary systems.34,35 Zhang et 
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al.36 reported that the creation of OVC is due to the arrangement of the donor-acceptor 

defect pairs (2 VCu’+ InCu
°°) (2VCu

-1+InCu
2+) in the Cu-In-VI2 phase.36–38 

 

Figure 7: CuIn5S8 thiospinel structure-type. 

CuIn5S8 is an n-type semiconductor with an indirect band gap around 1.5 eV,39,40 and has 

been used for several applications. 

 CuIn5S8 applications 

Photovoltaics 

There is no mention in the literature of a device composed of a pure CuIn5S8 as an 

absorber, however many studies reported the formation of the CuIn5S8 as a secondary 

phase on the co-evaporated CIGS.41 This interfacial phase formation was proved harmful 

to the performance of the device.42 Moreover, according Abou-Ras et al.,43 a low cell 

efficiency was reported for the absorber deposited at high temperature, forming a CuIn5S8 

phase. This explains the absence of the CuIn5S8 phase as an absorber in the literature. 

Photocatalysis for hydrogen production 

Once again, there is a limited research concerning heterogeneous photocatalysis for 

hydrogen production using CuIn5S8. Conversely, more attention was dedicated to its 

application for PEC water splitting.  

In 1992, Kobayakawa et al.19 were the first to investigate the CuIn5S8 potential for 

hydrogen evolution. In this study, CuIn5S8 photocatalytic activity was compared to that of 

CIS, the materials were synthesised by chemical precipitation and evaluated using 

aqueous sodium sulphite as sacrificial agent under UV light. CuIn5S8 showed an activity 

that is twice of CIS and that enhanced in the presence of Ag2S as a co-catalyst. 

Nevertheless, the obtained yield was found very low (order of 1/50) compared to CdS.19  

S
In
Cu
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Then in 1985, Scrosati et al.44 studied the photoelectrochemical behaviour of CuIn5S8. The 

n-CuIn5S8 photoanode was investigated in several electrolytes, showing a stability in 

aqueous sulphide‐polysulfide solution and a suitable band gap for solar energy use as PEC 

water splitting. 

Later, Gannouni et al.45 developed a three electrodes PEC setup for water splitting using 

n-CuIn5S8 film deposited on titanium oxide (ITO) as the photoanode, Pt as the cathode, 

Ag/AgCl as the reference electrode and Na2SO4 aqueous electrolyte. Under UV 

illumination, they reported the impact of the Cu/In ratio variation, demonstrating the 

highest photocurrent density with CuIn5S8 (Cu/In= 0.28, Eg = 1.59 eV).  

Furthermore, Feng et al.46 also constructed a PEC setup with CoOx/CuIn5S8 photoanode 

and a Pt/CuInS2 photocathode, indicating the potential of these materials for water 

splitting.46 

In the recent years, more attention has been devoted on the use of pure CuIn5S8 as a 

photocatalyst for CO2 reduction than for hydrogen production and has shown promising 

results.47,48  

2.3. CuGaS2-Ga2S3 system 

 CuGa3S5 and CuGa5S8 characteristics 

In the case of pure gallium compounds Cu1-zGa1+Z/3S2, the charge balance is also achieved 

with Cu+, Ga3+, and S2-. Once a small copper deficit (z  0.1) the compounds prefer to adopt 

a stannite derived structure (SG: I-42m) instead of the chalcopyrite one (See Figure 8). 

Two ordered vacancy compounds(OVC) are identified: CuGa3S5 and CuGa5S8
6,7. Contrarily, 

in the CuInS2-In2S3 system only CuIn5S8 exists but it exhibits a cubic thiospinel structure-

type. 

 

Figure 8: CuGa3S5 stannite structure-type. 
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 Applications 

CuGa3S5 

According to the literature, CuGa3S5 is not used for PV applications. However, Ueda et al.49 

investigated its crystallographic and optical properties, expecting that CuGa3S5 could be 

useful to control the band positions at the interface of the absorber and the buffer layer 

in CIGS-based solar cells.49  

On the other hand, concerning hydrogen production, Tabata et al.50 have studied CuGa3S5 

for visible light photocatalytic hydrogen production, with different co-catalysts (Pt, Rh, Ir, 

NiS and FeS) in Na2S/Na2SO3 solution as sacrificial electron donor. This resulted in a higher 

hydrogen evolution (980 μmol.h−1.g−1) using the NiS sulphide co-catalyst, an amount that 

was three times higher than that obtained with the noble metals.50 

CuGa5S8 

Similarly, CuGa5S8 has not been studied for photovoltaic applications, but it has shown 

promising results for hydrogen production. 

Kafa et al.51 have reported the photocatalytic activity of Rh-loaded CuGa5S8 photocatalyst 

in K2SO3/Na2S solution as electron donor, exhibiting a hydrogen production rate equal to 

0.76 L.h-1. In this study, the effect of copper and gallium substitution for 

Zn1−2x(Cu,Ga)xGa2S4 was also investigated, resulting in a higher hydrogen evolution rate 

(1.4 L.h-1) in the case of Pd-loaded Zn0.4(Cu,Ga)0.3Ga2S4. They demonstrated that the 

substitution of copper with gallium leads to an enhanced photoatalytic response to visible 

light.51 

2.4. GaInS3 

GaInS3 is an identified compound in the pseudo-binary system Ga2S3-In2S3 (Figure 2), 

subject to cationic non-stoichiometry phenomena. This fact leads to multiple compounds 

(Figure 9) exhibiting orthorhombic, monoclinic, cubic and hexagonal structures, listed on 

the phase diagram of Ga2S3-In2S3 proposed by Ivashchenko et al.52 The chemical 

composition of these compounds differs slightly from GaInS3, due to gallium and indium 

substitution.  

Among these compounds, layered structures were identified including GaInS3
53 (a = 3.81 

Å, c = 18.19 Å), Ga0.75In1.25S4
54 (a = 3.83 Å, c = 12.22 Å) and Ga1.74In2.92S7 55 (a = 3.82 Å, c =  

21.14 Å) defined in P-3m1 space group. (GaInS3)3.333 56 (a = 3.81 Å, c = 30.65 Å) defined in 

P63mc space group and GaInS3
57 (a = 3.8 Å, c = 45.89 Å) defined in space group R3m.  

The layered structures of GaInS3 are depicted in Figure 8, presenting a marked 2D 

character. The lamellar stacking of these structures consists of all cations (Cu, In and Ga) 

with intrinsic vacancies in the tetrahedral sites and In in octahedral sites. The compounds 
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exhibit a Van der Walls gap and tetrahedral blocks between the octahedral layers sharing 

faces with different thicknesses.  

Kramer et al. reported two additional lamellar compounds (Ga2In4S9 (a=7.64 Å, c=74 Å) 

and Ga2In8S15 (a=3.82 Å and c=100.5 Å)) of ZnIn2S4 structure in the Ga-In-S system.58  

Nowadays, there is still only little research in the applications of GaInS3. They have 

demonstrated a potential use for radiation sensor devices.59 However, research in the 

fields of photovoltaics and photocatalysis is still limited. This could be due to their low 

conductivity of 7.94 x 10-6 Ω-1.m-1, demonstrated by Ivashchenko et al.60  

 

Figure 9: The structures of GaInS3 different polymorphs, including the lamellar polymorphs. 

2.5. CIGSn lamellar compounds 

CIGSn lamellar compounds61 have been recently described in the literature by our group.  

A brief summary is given here to facilitate understanding of the rest of our work. 

Our team studied the pseudo ternary system Cu2S-In2S-Ga2S3, focusing on the 

compositions: Cu1–z(In1–xGax)1+z/3S2 series 0.2 ≤ x ≤ 1 and 0 ≤ z ≤ 0.6. It has been found that 

the chalcopyrite-type structure is less tolerant to copper non-stoichiometry than 

selenides. Indeed, for sulphides a small copper deficiency (z) in CIGS  

(i.e Cu1–z(In1–xGax)1+z/3S2) is sufficient to destabilise the chalcopyrite-type structure, which 

has never been shown for CIGSe (Cu(In,Ga)Se2). This deviation to copper stoichiometry 

leads to the formation of the two-dimensional CIGSn quaternary compounds. 

SG: P63mc
a=3.81 Å and c = 30.65 Å

SG: P3̅m1
a=3.81 Å and c = 18.19 Å

S
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GaInS3 lamellar polymorphs
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a=3.8 Å and c = 45.89 Å

SG: C1c1 - monoclinic
a=11.07 Å, b=6.47 Å and c = 7.05 Å

SG: Bb21m – orthorhombic
a= 19.0 Å, b=6.194 Å and c=3.81 Å

SG: Fd3̅m – spinel
a = 10.79 Å

SG: P61 – Al2S3-type
a=6.67 Å and c = 17.9 Å

GaInS3 polymorphs
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As copper-deficient phases have a strong influence on the performance of CIGS-based 

solar cells, new CIGSn were prepared as single-phase compounds in order to study their 

optoelectronic properties. 

The investigation on the Cu1–z(In1–xGax)1+z/3S2 (z > 0.1) series, resulted in multiphasic 

compounds. Figure 10 presents the DRX pattern of a member of this series, 

Cu0.4(In0.5Ga0.5)1.2S2 (z = 0.6, x = 0.5), revealing the coexistence of several phases. In fact, 

each of the first three reflections observed in the DRX pattern at very low 2θ angles (15.7, 

18.7 and 21.7 Å)  corresponds respectively to the inter-reticular distance d (001) of three 

different new phases. This fact is also confirmed by electron diffraction (ED), since these 

reflections belong to different reciprocal networks (see ED patterns in Figure 10). 

Moreover, the inhomogeneous contrast of grains observed in backscattered electron 

images also evidences the coexistence of several phases. A fourth inter-reticular distance 

d (001) (i.e. 12 Å) was detected in another targeted composition Cu0.4(In0.7Ga0.3)1.2S2  

(z= 0.6, x= 0.3).  

 

Figure 10: XRD pattern of Cu0.4(In0.5Ga0.5)1.2S2 multiphasic compound. The corresponding 

electronic diffraction patterns and SEM electron image are inserted in the top of the figure. 

Figure from Caldes et al.61 

In order to solve the structure of these new phases, four suitable crystals were obtained 

from powdered samples. Four layered structure-types were thus identified (see Figure 

11). They were named CIGS4, CIGS5, CIGS6, and CIGS7.  The notation CIGSn takes into 

account the chemical constituents (Cu, In, Ga, S) and the number n of anionic layers 

necessary to describe the structure.  
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The chemical composition of each single crystal was obtained by EDX analyses: 

Cu0.32In1.74Ga0.84S4 (CIGS4-type), Cu0.65In1.75Ga1.4S5 (CIGS5-type), Cu1.44In2.77Ga0.76S6 (CIGS6-

type) and Cu1.1In2.49Ga1.8S7 (CIGS7-type). The Cu/S ratio of the layered compounds ranges 

between 0.08 and 0.27, compared to 0.5 for CIGS (Cu(In,Ga)InS2). Corresponding unit cell 

parameters and space groups are listed in Table 1.   

Table 1: Main crystal data and structure refinement results for CIGSn. Table from Caldes et 

al.61 

  

 

CIGSn compounds present a 2D structure built upon infinite 2/∞[InS2] layers (edge-shared 

InS6 octahedra) on which condense on both sides, mono-, bi-, or tri-2/∞[MS] layers 

(corner-shared MS4 tetrahedra) with M = Cu, In, Ga (see figure besides).  

[M(Td))n-2(In(Oh)]Sn slabs are separated from each other by a van der Waals gap, and 

subscript n refers to the number of sulfur layers within the building block. As a result, 

these compounds could be identified from their inter-reticular distances d (001), related 

to the thickness of the structural blocks: 12.2 Å (CIGS4), 15.7 Å (CIGS5), 18.7 Å (CIGS6) and 

21.7 Å (CIGS7). 

In addition, the tetrahedral sites (Td) exhibit intrinsic cationic vacancies and mixed 

occupancy (Cu+, In3+ and Ga3+), allowing chemical composition tuning. As consequence, a 

same CIGSn structural type (n= 4, 5, 6, 7) could exhibit various chemical compositions. In 

addition, Td sites vacancies never surpasses 20%, except in the case of CIGS7 that displays 

a rate of 50% for the mixed site (In – Cu). Finally, it is important to mention that In atoms 

in Td sites are mainly located at the boundary of the vdW gap, probably due to steric 

reasons. 

Indeed, CIGS4, CIGS5 and CIGS6 structure types are isostructural to ZnIn2S4 type I, Zn2In2S5 

type IIa and Zn3In2S6,62 respectively (described in chapter 4). The corresponding structural 

sequences can be written: Td(Cu,In,Ga,□)-Oh(In)-Td(Cu,In,Ga,□) (CIGS4), Td(In,Ga)-Td(Cu,Ga,□)-Oh(In)-

Td(Cu,In) (CIGS5) and Td(Cu,Ga)-Td(Ga,In,□)-Oh(In)-Td(Cu,Ga)-Td(Ga,In,□) (CIGS6). Furthermore, the 

CIGS5 stacking sequence is also similar to that of Ag1.25Ga2.5In3.75S10
52 compound. As well, 

as previously mentioned, GaInS3 also exhibits two polymorphs of CIGS5-type and CIGS6-

type structures. In contrast, the CIGS7 structure (Td(In,Ga)-Td(Cu,In,□)-Td(Ga,□)-Oh(In)-Td(In,Ga)-

Td(Cu)) presents a completely new layer arrangement. 
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Figure 11: CIGS7 (Cu1.1In2.49Ga1.8S7), CIGS6 (Cu1.44In2.77Ga0.76S6), CIGS5 (Cu0.65In1.75Ga1.4S5) and 

CIGS4 (Cu0.32In1.74Ga0.84S4) lamellar compounds structures. 

As for many layered compounds and due to the structural similarity between the 

(M(Td))n−2In(Oh)Sn blocks, intergrowths and stacking faults could exit in CIGSn compounds. 

Figure 12 presents [010] electron diffraction pattern, corresponding TEM image and 

HAADF-STEM image (on the bottom) of a faulted crystal, highlighting the tendency of 

these materials to contain intergrowth defects (the value n from (M(Td))n-2(In(Oh))Sn is given 

for each slab). The van der Waals gaps are imaged as dark contrast lines. 
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Figure 12: HAADF-STEM image of a faulted crystal. A TEM image of a larger area and 

corresponding electron diffraction pattern are shown on the top. Figure from Caldes et al.61 

CIGSn compounds were also prepared as powdered samples using copper, gallium and 

indium sulphides. The synthesis protocol will be detailed in chapter 2. According to Le Bail 

refinements, most of the reflections observed for all compounds could be successfully 

indexed using unit cell parameters and space groups determined by single-crystal X-ray 

diffraction. However, various polytypes were identified as extra phases.  A detailed 

explanation will be given in chapter 2. 

The optical gaps of lamellar compounds are close to that of CuIn0.7Ga0.3S2 (CIGS) 

chalcopyrite (1.6 eV), ranging between 1.6 and 1.9 eV. 

In addition, X-ray photoelectron spectroscopy (XPS) analyses were carried out to 

investigate the position of the maximum of the valence band (VBM) level relative to the 

Fermi level. In Figure 13 are plotted the valence band spectra of CIGS4, CIGS5, and CIGS6 

compounds and that of CIGS chalcopyrite, in the 0−10 eV binding energy range. Founded 

on calculated electronic structures of GaInS3 
63, the band peaking at ca. 4 eV observed in 

CIGSn spectra, can be associated with copper 3d orbitals hybridized with 3p orbitals of 

sulfur atoms. The one at ca. 8 eV which is much less intense, can be related to Ga and In 

orbitals mixed with S. 
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The valence band maximum (VBM) position relative to the Fermi level was determined 

for all probed samples by linearly extrapolating the low binding energy (BE) edge of the 

VB region. For lamellar compounds, the binding energy threshold (i.e distance between 

the Fermi level and VBM) is around 1.0 eV, while it is 0.8 eV for CIGS chalcopyrite.  

An in-depth study of the optoelectronic properties of CIGSn compounds will be presented 

in Chapter 2. 

 

Figure 13:  XPS valence band spectra of CIGSn lamellar compounds and CIGS 

(CuIn0.7Ga0.3S2) chalcopyrite.61 

 Applications 

As CIGSn compounds have only recently been identified, no applications for the 

photovoltaic have yet been reported in the literature. However for photocatalysis, 

CuGa2In3S8 
64

 has been reported as photocatalysts for visible light hydrogen production. 

The authors claim that this compound has a lamellar CIGS5-type structure. In fact, in the 

literature, which is not very extensive, there is some controversy about the structural type 

of this compound. For instance, Haeuseler et al.65  mention that in CuIn5S8 - CuGa5S8 

system, a ZnIn2S4 - type lamellar structure (isostructural to CIGS4 structure type) is 

detected for CuGaxIn5-xS8 (1 ≤ x ≤ 2) compounds. 

Going back to the photocatalytic properties, Kandiel et al.64 investigated CuGa2In3S8 

loaded with Ru co-catalyst, achieving a visible light hydrogen evolution rate up to 338 

μmol.h−1, in the presence of Na2S and Na2SO3 as sacrificial electron donors. In this study, 

other co-catalysts such as Rh and Pt were also investigated.64  
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Later, Kandiel et al.66 also studied CuGa2In3S8 using a different sacrificial agent (acid 

ascorbic). This time, they investigated CuGa2In3S8 modified with hydrophilic ligands using 

Ni salt as co-catalyst in acidic solution (acid ascorbic), reporting a higher rate of visible 

light hydrogen evolution (25 μmol.h−1) than when using metal co-catalysts (Pt, Rh and Ru). 

Furthermore, the CuGa2In3S8 nanoparticles produced around 67 μmol.h−1 under full solar 

irradiation.66 

2.6. Afterwords 

Following the initial work on CIGSn lamellar compounds an in-depth crystal chemistry 

study could have been carried out, to determine chemical composition ranges compatible 

with each CIGSn structure-type already identified (i.e. CIGS4, CIGS5, CIGS6 and CIGS7). In 

addition, the existence of these compounds in the Cu2Se-In2Se-Ga2Se3 system or in the 

mixed sulphide-selenide one could also have been investigated. However, our primary 

goal was to obtain a rapid overview of potentialities of these new materials for 

photoinduced applications (photovoltaics and photocatalysis). 

Therefore, we decided to postpone the in-depth crystal chemistry study and focus this 

thesis to explore potentialities of three of four compositions early described, each one 

exhibiting a CIGSn structure-type different: Cu0.32In1.74Ga0.84S4 (CIGS4), Cu0.65In1.75Ga1.4S5 

(CIGS5) and Cu1.44In2.77Ga0.76S6 (CIGS6). Since in this work each type of CIGSn structure-type 

is mainly associated with only one chemical composition, the notation "CIGSn" has been 

also used to label each one of three compositions studied. 

To address our goal, the optoelectronic properties of CIGSn compounds have been 

investigated and their energy diagrams have been determined. Results will be presented 

in chapter 2. This have paved the way for exploring potential applications. Subsequently, 

given the limited time available for this work, we have chosen to explore the potentialities 

for photovoltaics of only two compounds: CIGS5 and CIGS6. Chapter 3 describes the 

preparation of thin films through to device assembly. Concerning photocatalytic hydrogen 

production, only CIGS6 was evaluated. Chapter 4 covers the preparation of nanopowders 

up to hydrogen evolution. In all cases, the chalcopyrite CuIn0.7Ga0.3S2 (CIGS) has been also 

studied for comparison purposes. 
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Chapter 2: Optoelectronic properties of 

CIGSn lamellar compounds  

 

The aim of this chapter is to determine optical and electronic properties of the CIGSn 

compounds, in relation to the specifications required for photovoltaic or photocatalysis 

applications and to compare them to those of the well-reported chalcopyrite CIGS. 

For this purpose, a series of intrinsic properties needs to be evaluated such as visible light 

absorption, band gap energy, nature of majority charge carriers (i.e. semiconductor type), 

charge carrier lifetimes and Fermi level. Moreover, to improve photovoltaic or 

photocatalytic efficiency, a good bands alignment is needed, to optimise the separation 

and migration of the photo-generated carriers. Thus, the energy diagrams of CIGSn 

compounds have been also determined to compare to those of standard PV buffer layers 

as well as to redox potentials involved in some photocatalyzed reactions.  To carry out this 

study, an analytical approach combining diffuse reflectance spectroscopy, 

(photo)electrochemical measurements and photoluminescence spectroscopy was set up. 

Therefore, the first part of the chapter focuses on the synthesis and the structural 

characterization of CIGSn compounds. After obtaining the compounds, optical gaps were 

determined by diffuse reflectance measurements. 

The second part of the chapter is devoted to the investigation of the electronic properties 

of CIGSn through a full electrochemical study, preceded by a basic description of the 

electrochemistry measurements performed in this work. Indeed, electrochemical 

analyses under dark and under illumination were used to determine the nature of the 

majority carriers as well as the Fermi level position of our materials. Photoluminescence 

measurements were also performed to investigate the existence of in-gap defect states, 

which could influence the kinetics of photogenerated charges decay and improve light 

absorption by red shifting the absorption region.  

Finally, in order to rationalize the various electronic and photoconductive properties of 

the CIGSn series compared to those of the chalcopyrite CIGS, the energy diagrams were 

established, combining electrochemical and spectroscopic characterization techniques.  



 

38 
Chapter 2: Optoelectronic properties of CIGSn lamellar compounds 

1. Synthesis and characterisation of CIGSn compounds 

The CIGSn powders presented in this chapter were synthesised by a solid-state reaction 

route, following the protocol already used by our group.1 Cu0.32In1.74Ga0.84S4 (CIGS4), 

Cu0.65In1.75Ga1.4S5 (CIGS5) and Cu1.44In2.77Ga0.76S6 (CIGS6) lamellar compounds besides 

CuIn0.7Ga0.3S2 (CIGS) chalcopyrite were prepared from binary precursors (i.e. metal 

sulphides Cu2S, Ga2S3 and In2S3) in stoichiometric ratios, using a reaction at high 

temperature that proceeds as follows: 

- The precursors are weighed, grinded manually and then introduced into silica 

tubes.  

- The silica tubes are sealed under vacuum, approximately 2x10-3 mbar, before 

placing them in a furnace heated up to 800°C for 48h and then cooled down to 

room temperature by quenching (Figure 1). 

- In the case of CIGS6, annealing is required for a better-homogenized sample. Once 

we recover the powder from the tube, we grind it again before sealing the mixture 

in a silica tube and heating under the same conditions as in the previous step. 

 

Figure 1: Protocol followed for the synthesis and annealing of high temperature powders by 

the ceramic route. 

The obtained samples were characterised by powder X-ray diffraction (PXRD). 

Experimental conditions are described in appendix. XRD pattern and Le Bail refinements 

of CIGSn compounds are shown in Figures 2-4.  

Le Bail refinements attest that we have successfully reproduced the results previously 

published by our group.1 Thus, the majority of observed peaks can be indexed considering 

unit cell parameters and space groups obtained by single crystal X-ray diffraction. 

However, for CIGS4 and CIGS5, two and four polytypes respectively must be considered to 
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explain all the reflections. They have been identified by combining EDX analysis and 

electron diffraction.1  

In the case of CIGS4, Le Bail refinement based on a fundamental approach, was carried out 

with the four polytypes identified. It was not possible to refine at the same time the unit 

cell parameters and the crystallite size for all the polytypes. Moreover, a large preferential 

orientation was also observed due to the platelet shape of the grains, despite careful 

sample preparation (pattern recorded on a diffractometer in Bragg-Brentano geometry). 

Due to the mixed occupancy of the tetrahedral sites (i.e. Cu, Ga, In atoms), over more can 

be quite different, the contribution of microstrains should also be taken into account for 

the peak shape profile. This was also not possible because of the complexity of the 

diagram. Therefore, it results that some residue appear on the curve difference (Figure 2). 

 

 
Figure 2: XRD pattern and Le Bail refinement of the CIGS4 (Cu0.32In1.74Ga0.84S4) compound a) 

prepared during the thesis b) with electron image and electron diffraction patterns 

presented in the backscattered. Figure from reference Caldes et al 1  
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A Rietveld refinement was not possible due to the absence of a structural model for all 

polytypes involved. The polytypism of CIGSn series is not surprising given that this trend 

has also been described for isostructural ZnmIn2S3+m series. The polytypes differ in the 

long-range ordering of the Td-Oh-Td blocks along the stacking axis and the cations 

distribution.2 The polytypism of CIGS4 is illustrated in Figure 2 b. Indeed, although electron 

diffraction patterns attest to the existence of at least two kinds of crystals, the 

homogeneous contrast observed in the backscattered electron image indicates a single 

chemical composition, confirmed by EDX analyses.1 

Concerning CIGS5, the refinement was performed considering two polytypes (Figure 3), 

and for the same reasons as for the CIGS4 sample, the difference curve presents also a 

rough profile. 

 

Figure 3: XRD pattern and Le Bail refinement of the CIGS5 (Cu0.65In1.75Ga1.4S5) compound. 

For CIGS6 all reflections observed in the PXRD could be indexed by considering a single 

polymorph (SG: P3̅m1, a = 3.85, c = 18.69 Å). The broad reflection marked by an asterisk 

on Figure 4, can be considered as a fingerprint of intergrowths defects. 

Figure 5 shows the XRD pattern of CIGS chalcopyrite. In contrast with the CIGSn series, as 

observed all the peaks are perfectly indexed by considering the single targeted 

compound. Unlike the lamellar CIGSn, no extra broad reflections are distinguished.  

Table 1 summarizes cell parameters of CIGSn and CIGS compounds issued from the Le Bail 
refinements and their corresponding reability parameters. 
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Figure 4: XRD pattern and Le Bail refinement of the CIGS6 (Cu1.44In2.77Ga0.76S6) compound. 

The broad reflections (*) present the intergrowths fingerprints. 

 

Figure 5: XRD pattern and Le Bail refinement of the CIGS (CuIn0.7Ga0.3S2) compound. 
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Table 1: Cell parameters of the prepared CIGS5, CIGS6 and CIGS compounds obtained from 

Le Bail refinement. 

Sample a(Å) c(Å) Space group 

CIGS4 

3.8399(3) 12.321(1) P3̅m1 

3.82395(6) 36.6130(8) R3̅m 

3.81115(7) 30.7284(8) P3̅m1 

3.8552(2) 54.281(3) P3̅m1 

CIGS5 
3.7974(2) 30.7124(2) P63mc 

3.7951(2) 46.0465(1) P63mc 

CIGS6 3.8534(2) 18.6956(2) P3̅m1 

CIGS 5.4768(2) 10.9413(2) I-42d 

 

2. Diffuse reflectance 

The UV-vis-NIR transmission spectroscopy is the key technique to investigate the optical 

gap.  It can be determined using transmittance according to Beer lambert 3,4 law that 

relates the absorbance to the intensity ratio of the light beam absorption (equation 1)  

𝐴 = − log(𝑇) =  − log (
𝐼

𝐼0
)        (1) 

where A is the absorbance, T the transmittance, I the light beam intensity reflected or 

transmitted and I0 the incident light beam.  

However, to carry out the transmittance, the light must be able to pass through the 

sample, which is not possible with the powders. For this purpose, the optical gap of the 

CIGSn powered samples were determined by diffuse reflectance spectroscopy (DRS). This 

method consists in sending an incident beam to the sample that will be reflected once it 

reaches the surface. The light could be reflected according to several mechanisms 

depending on the nature of the sample as: 

- The diffuse reflection of light emitted in all directions of space (the one used during 

this study). 

- The specular reflection representing a direct reflection with a reflection angle of 

the material equals to the incidence angle. 

For powders, the sample thickness is considered infinite and the sample-holder is 

assumed not to be involved in the process. The obtained reflection spectrum is then 

processed by the Kubelka-Munk5,6 approximation based on the equation 2: 

𝐹(𝑅) =  
𝐾

𝑆
=  

(1 − 𝑅2)

2𝑅
          (2) 
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where K and S are Kubelka-Munk coefficients of absorption and diffusion respectively and 

R corresponding to the absolute reflectance measured. For Kubelka-Munk application,  

a sample of at least 1 mm thick is required. 

The maximum absorption corresponds to the minimum value of K(λ). Thus, the optical gap 

is determined either from the intercept of the linear portion of the Kubelka-Munk 

transformed spectrum with the x-axis (linear extrapolation), or from the derivative of the 

spectrum. 

DRS measurements were performed using a PerkinElmer UV-visible-NIR spectrometer in 

a reflection mode with a diffuse reflection sphere, following the conditions described in 

appendix. Figure 6 shows the Kubelka-Munk transformed diffuse reflectance spectra of 

the CIGSn lamellar compounds. 

 

Figure 6: Kubelka-Munk transformed reflectance spectra of the CIGS chalcopyrite and the 

lamellar compounds: CIGS4, CIGS5 and CIGS6. 

Table 2: Optical gap values of CIGS4, CIGS5 and CIGS6 lamellar compounds compared to the 

one of CIGS. 

Sample Composition Cu/S Eg (eV) 

CIGS4 Cu0.32In1.74Ga0.84S4 0.08 1.8 

CIGS5 Cu0.65In1.75Ga1.4S5 0.13 1.9 

CIGS6 Cu1.44In2.77Ga0.76S6 0.2 1.6 

CIGS  CuIn0.7Ga0.3S2 0.5 1.6  
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The optical gaps measured for CIGSn compounds are close to that of the chalcopyrite CIGS. 

As mentioned in the previous chapter, the chalcopyrite CuIn0.7Ga0.3S2 exhibits an 

efficiency of 16% for photovoltaic application,7 and a photocatalytic hydrogen evolution 

up to 750 molh-1g-1.8 Thus, regarding the similarity between theirs optical gaps, we can 

envisage a potential use of CIGSn compounds for both applications (i.e. solar cells and 

photocatalysis).  

However, besides optical gap, to evaluate a semiconductor as a potential absorber for 

photo-induced applications, it is also important to determine other intrinsic properties as: 

nature of the majority charge carriers, the position of energy levels (Fermi level, 

conduction and valence bands) and charge carrier’s lifetime. Subsequently, these 

electronic properties were investigated by steady state and transient electrochemistry. 

These measurements were performed at Institut des Sciences Chimiques de Rennes (ISCR) 

in collaboration with Dr Adèle RENAUD. 

Before presenting the experimental results of these measurements in the following part, 

some notions concerning the electrochemistry of semiconductors are given, focusing on 

the semiconductor/electrolyte interface on an electrochemical cell. 

3. Electrochemistry of semiconductors: basics 

3.1. Semiconductors 

The semiconductors (SC) are important materials with many applications, especially for 

electronic devices due to their energy band structure.  

Generally, a semiconductor is characterized by two energy levels limits named the 

maximum of the valence band (VBM) and the minimum of the conduction band (CBM), as 

well as the energy band gap (Eg) that refers to the difference between these two levels. 

Another key parameter is the Fermi level (Ef), defined as the energy level at which the 

probability of occupation of an electron is 50%. The probability of the electrons occupancy 

f(E) in a certain energy state E is expressed by the Fermi-Dirac distribution function9 

(equation 3) 

𝑓(𝐸) =  
1

1 + 𝑒
(
𝐸 − 𝐸𝑓
𝑘𝐵 𝑇

)
 

         (3) 

with T is the temperature, kB is the Boltzmann constant. 

As presented in Figure 7, the Fermi level position reflects the distribution of the donors 

and acceptors of the material.10,11  
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For an intrinsic semiconductor, where the charge carriers holes (p) and electrons (n) are 

presented with an equivalent concentration (p = n), the Fermi level is positioned in the 

middle of the band gap. 

A semiconductor that contains impurities is categorised as an extrinsic semiconductor. In 

this case, levels could be induced in the band gap.  

The semiconductor is an n-type, if the majority charge carriers are electrons (n > p). The 

Fermi level is close to the conduction band following the equation 4, with Ec is the 

minimum of the conduction band, NC is the density of states of the conduction band and 

ND is the donor density. 

𝐸𝑓 = 𝐸𝐶 − 𝑘𝐵𝑇 × log (
𝑁𝐶

𝑁𝐷
)            (4)  

The semiconductor is a p-type, if the majority charge carriers are holes (p > n). The Fermi 

level is close to the valence band following the equation 5, with Ev is the maximum of the 

valence band, NV is the density of states of the valence band and NA is the acceptor 

density. 

𝐸𝑓 = 𝐸𝑉 − 𝑘𝐵𝑇 × log (
𝑁𝑉

𝑁𝐴
)            (5) 

 

Figure 7: Fermi level positioning for different types of semiconductors (intrinsic, n-type and 

p-type semiconductors). 

Furthermore, as presented in Figure 8, we differentiate between direct and indirect band 

gap semiconductors.12–14 A semiconductor is said to have a direct band gap if its VBM and 

CBM are associated to the same wave vector (∆k = 0). Conversely, we speak about indirect 

band gap when its VBM and its CBM are located at different points of the wave vector  

(∆k ≠ 0). 
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The band gap nature is crucial for applications involving electrons and holes. The energy 

and the wave vector must be preserved throughout the electron-hole pairs formation or 

recombination. Thus, their conservation is ensured for direct gap semiconductors, since 

the valence and conduction bands share the same wave vector. The transition of an 

electron is generated by a photon. Whereas, an indirect band gap requires the presence 

of a phonon in order to maintain the same vector during the electronic transition.  As a 

result, a direct band gaps transition is guaranteed with only a photon while an indirect 

gap requires a phonon contribution in order to absorb the photon. This shows that the 

semiconductors with direct band gap will have stronger light absorption than the ones 

with indirect gap, as well as a higher charges recombination propensity.  

 

Figure 8: Schematic representation of direct and indirect band gap semiconductors. 

Tauc plot 15 method is used to differentiate between the two types of band gap. To do 

this, both reflectance and transmission data are needed, making this method more 

suitable for thin films (as shown in chapter 3).  

3.2. Electrochemical cell 

Usually, electrochemical measurements are performed using a three electrodes setup: a 

working electrode (WE) corresponding to the material to be studied, a counter electrode 

(CE) and a reference electrode (RE) all immersed in an electrolyte (see Figure 9). In our 

case, the cell is composed of:  

 CIGS and CIGSn compounds as working electrodes. Their preparation conditions 

are detailed in appendix. 

 Platinum wire as counter electrode. 

 An Ag/AgCl electrode as reference electrode. 

In this thesis, two electrolytes were used: LiClO4 (0.5 M) or KCl (0.5 M) based-aqueous 

solutions. 
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Figure 9: Schematic representation of electrochemical cell with three electrodes, with 

specific electrodes and electrolyte used during this PhD. 

3.3. Interface semiconductor and electrolyte 

The interface between the semiconductor and the electrolyte plays an important role in 

the electrochemical behaviour of the studied compound.16 Before describing it, a brief 

background concerning the electrolyte properties is given.  

An electrolyte is composed of mobile ions responsible of its conductivity. It can contain 

redox species, named mediator redox that governs the potential of the solution. 

According to Nernst’s law 17,18 (equation 6), the redox potential of the mediator depends 

on the concentration of reduced and oxidized species  

𝐸𝑟𝑒𝑑𝑜𝑥 = 𝐸° + 
𝑅 𝑇

𝑛 𝐹
ln (

𝐶𝑂𝑥𝑑
𝐶𝑅𝑒𝑑

)           (6)  

where Eredox is the redox potential of the Red/Ox couple, E° is the standard potential, n 

the number of the electrons, F the faraday constant, R the molar gas constant, T the 

temperature and Coxd and Cred are the concentrations of oxidised and reduced species. 

If we consider the reduced species (Red) as electron donor levels (occupied orbitals) and 

the oxidized species (Ox) as electron acceptor levels (empty orbitals), it is possible to draw 

a parallel with the energy levels described for a solid (valence band and conduction band 
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respectively). We are able to establish a "pseudo" Fermi level for the oxidizing-reducing 

pair in a similar manner to that of the Fermi level in solids. The redox potential of the 

redox mediator corresponds to this intermediate electronic state between the empty and 

occupied orbitals (Figure 10). 

Before contact, the Fermi and pseudo Fermi levels of the semiconductor and the 

electrolyte are not aligned. When they both come into contact, a charge carrier transfer 

occurs from the semiconductor to the electrolyte, that leads to equilibrate the 

electrochemical potentials Eredox of the electrolyte and the Fermi level of the 

semiconductor (see Figure 10).10,19  

 

Figure 10: Schematic representation of Femi levels alignment during the formation of a 

semiconductor/electrolyte interface. 

The charge carriers transfer impacts the surface state of the semiconductor. It results a 

space charge region SCR that is a seat of a strong electric field.16 The thickness of this zone 

ranges between 10 and 1000 nm and the concentration of the electrons and holes notably 

differs from that of the bulk.20 At the same time, in the electrolyte side, two ionic layers 

(i.e. the Helmholtz layer and the Gouy-Chapman layer) are formed to ensure the electro-

neutrality of the interface.21  

The Helmholtz layer is the first layer outer surface. It is a dense layer composed of 

molecular dipoles and solvated ions, oppositely charged compared to the semiconductor 

surface to compensate the charge gradient in the SCR.20,22 The second layer Gouy 

chapman, corresponding to a more diffuse layer, which can be neglected when the 

concentration of the electrolyte is higher than 0.1 M.20,23  
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Figure 11 presents the Helmholtz model in the case of an n-type semiconductor, after the 

equilibrium in depletion situation, the SCR is positively charged since electrons (the 

majority charges) are being transferred to the electrolyte and holes (the minority charges) 

remains at the surface, while the Helmholtz layer is charged negatively.  

 

Figure 11: Schematic representation of an n-type semiconductor electrolyte interface with 

different layers involved: space charge region SCR layer (semiconductor side), Helmholtz 

layer and Guy Chapman layer (electrolyte side), showing the gradient potential difference 

between the layers. 

The equalization of energy levels gives a rise of a difference of internal potential that 

generates the electrical field and induces a band bending at the surface of the 

semiconductor. This band bending depends on the position of the Fermi level.24  

Different situations are distinguished for a semiconductor electrolyte contact 24–26 

illustrated in Figure 12: 

 If before contact Ef is equal to Eredox, there is no charge accumulation at the 

interface. The distribution of electrons and holes in the bulk and the surface is 

similar, resulting no band bending at the semiconductor interface and an absence 

of a SCR region. We are in flat band situation (Figures 12 a and 12 b). 
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Figure 12: Schematic representation of bands bending for n-type and p-type 

semiconductors before and during contact with the electrolyte, presenting different 

situations. 

 If before contact Ef < Eredox for n-type semiconductor or Eredox < Ef for p-type 

semiconductor: the majority charge carriers will accumulate on the surface. The 

semiconductor is in accumulation situation (Figures 12 c and 12 d). 

For an n-type semiconductor, the electrons will migrate from the bulk to the 

surface of the semiconductor and accumulate at the interface, resulting an excess 

of negative charge in the SCR compensated by the positive ions presented in the 

Helmholtz layer. A bending of the conduction and valence bands of the 

semiconductor will appear towards low energies. While for a p-type 

semiconductor, the holes will accumulate on the interface. The excess of the 

positive charge in SCR will be compensated by the negative ions at the surface in 
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the electrolyte and the band bending of the semiconductor will appear towards 

high energies. 

 If before contact Ef > Eredox for n-type semiconductor or Eredox > Ef for p-type 

semiconductor: the majority charge carriers will deplete from the semiconductor 

to the electrolyte, forming a depletion layer. The semiconductor is in depletion 

situation (Figures 12 e and 12 f). 

For an n-type semiconductor, the electrons will deplete into the electrolyte leaving 

the positive charges in SCR. This results a downward band bending. While for a  

p-type semiconductor where the majority charges are holes, the SCR is negatively 

charged and the bend bending is upward. This is the most common situation. 

4. Electrochemical measurements  

In this section, we present a basic description of the different electrochemistry methods 

used to characterize the electronic properties of CIGS and CIGSn compounds presented in 

section 5. 

4.1. Determination of the semiconductor type 

 Determination of the semiconductor type using current potential (I-V) 

curve measurements under dark  

Assuming that the electrolyte used is stable in the potential range and the semiconductor 

material is non-reactive towards the electrolyte, and given the accumulation of charges 

on both sides of the interface, no electrochemical reaction can take place. When the 

electrochemical cell system is at its equilibrium without applying any potential or 

illumination, nothing happens at the macroscopic level, no current is detectable and it is 

at its zero-bias state.27 The imposition of an external parameter will lead to a deviation of 

the position of the Fermi level, resulting in a variation of the internal potential and of the 

carrier charge density inside each medium. This is responsible of the existence of the 

capacitive current.28 This capacitive current will be exploited later in the impedance 

spectroscopy measurements.  

For photo-electrochemical tests, we analyse the faradic current at the two energy levels: 

the bottom of the conduction band by the electrons transfer and the top of the valence 

band by the holes transfer.29 The current is positive for an oxidation current and negative 

for reduction current. This operation can be controlled by the application of an external 

potential.19,30 The voltage imposed affects the interface of the SC-electrolyte and 

therefore modifies the band bending. It results electrochemical processes such as redox 

reactions (Figure 13). 
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Figure 13 presents the different configurations of n-type and p-type semiconductors 

under a potential bias.10,31 

 If the applied potential is equivalent to the flat band one, the Fermi level remains 

at the same level and no current is detected because of the absence of the 

electrical field generated from charge carrier separation (Figures 13 a and 13 b). 

 

 If the applied potentials are more negative than the flat band one, the Fermi level 

on both cases (n-type and p-type) will shift upwards (Figures 13 c and 13 f). That 

results to an accumulation situation for an n-type SC and depletion situation for a 

p-type SC.  As explained previously, in an accumulation state, the majority charge 

carriers will accumulate on the interface and will contribute to the faradic current 

(reduction current for an n-type semiconductor and oxidation current for a p-type 

semiconductor). 

 

 Conversely, in a situation of depletion, the majority charge carriers will depopulate 

the surface by migration into the bulk of the semiconductor leaving an excess of 

the minority charges on the surface (Figures 13 e and 13 d). The densities of 

carriers on the surface are very low, which translates by a limitation (saturation) 

of the current of the minority charge carriers (reduction current for a p-type 

semiconductor and oxidation current for n-type semiconductor) (Figure 14). 

 

 There is another situation called the inversion situation or deep depletion.20,32 

When the majority charge carriers go so far and become globally minority on the 

surface (they fall below the intrinsic level). The minority charges of the solid 

themselves will promote redox reactions and raises partially the limitation of their 

current. This condition appears at very negative applied potentials for the p-type 

semiconductor while at very high potentials for n-type semiconductor (Figures  

13 g and 13 h).  
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Figure 13: Schematic representation of bands bending for n-type and p-type 

semiconductors on contact with the electrolyte during applying a potential bias, presenting 

all possible situations. 
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Figure 14: Current potential characteristics depending on the applied potential, presenting a 

saturated reduction current for p-type semiconductor and a saturated oxidation current for 

n-type semiconductor. 

Figure 14 presents the detectable current induced by the variation of the surface charges 

for p-type and n-type semiconductors. The current-voltage behaviours seem to be 

different, which would allow the characterization of the type of the majority carriers in a 

semiconductor.31  

However, the Figure 14 shows two ideal cases, where the resistance of the material is 

negligible and no parasitic reaction occurs such as the reduction of dissolved oxygen at 

low potential. For this purpose, current potential curves measured under chopped 

illumination were performed during this thesis, to definitely identify the type of the 

majority carriers. 

 Determination of the semiconductor type using current potential 

measurements under chopped illumination 

Current potential IV curves measured under chopped illumination (also called linear 

sweep photovoltammetry) is a photoelectrochemical technique based on the illumination 

of the interface of the semiconductor/electrolyte. As shown in the Figure 15, when a 

semiconductor is excited by an incident photon with higher energy than the band gap 

energy of the material (hν > Eg), an electron-hole pair is created by the movement of an 

electron from the valence band to the conduction band. It results a modification of the 

charge distribution at the surface of the semiconductor. The majority carriers are dragged 

towards the bulk of the semiconductor while the minority carriers are led towards the 

surface under the effect of the band bending. This causes the Fermi level splitting and 

consequently reduces the band curvature and decrease the width of the SCR. The Fermi 

level is then split into two pseudo Fermi levels, Ef,n for electrons and Ef,p for holes, and the 

difference between the Fermi level position in dark and under illumination is defined as 

photopotential.30,33  
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For an n-type semiconductor, electrons are the majority charge carriers. Therefore the Ef,n 

(electrons pseudo Fermi level) is not significantly affected by the illumination. In contrast, 

Ef,p (holes pseudo Fermi level) appears at lower energy value, since the electron hole pair 

creation modifies the charge distribution at the surface (Figure 15 a). Otherwise, for a p-

type semiconductor where holes are the majority charge carriers, Ef,n (electrons) is shifted 

at higher energy (Figure 15 b).  

The photogenerated minority carriers at the surface induce photoelectrochemical 

reactions, resulting in a photo-oxidation current increase for an n-type SC and a photo-

reduction current increase for a p-type SC (Figure 16). By alternating the light and dark 

ranges of the semiconductor, it is thus possible to determine without ambiguity the 

nature of the charge carriers of the material. 

  

Figure 15: Schematic representation of bands diagrams of n-type and p-type 

semiconductors under illumination in depletion situation, illustrating the Fermi level split to 

create a photo voltage. 
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Figure 16: Current potential curves under chopped illumination, for p-type (photo-reduction) 

and n-type (photo-oxidation) semiconductors. 

4.2. Determination of majority charge carriers lifetime using 

chronopotentiometry  

Chronopotentiometry and chronoamperometry are two fast transient electrochemical  

techniques where either a fixed current or potential is applied and the resulting potential 

or current evolution versus time is measured, allowing a fast detection of the smallest 

variations.34 In this work, chronopotentiometry was performed to determine the 

recombination of the photogenerated charge carriers taking place at the SC/electrolyte 

interface. 

During the chronopotentiometry measurements, the open circuit potential (the potential 

established between the semiconductor and the electrolyte, with respect to the reference 

electrode)35 is traced versus time under dark and illumination. As presented in Figure 17, 

one can easily notice the difference between the photo-response obtained for an n-type 

or a p-type semiconductor. 

 
Figure 17: Chronopotentiometry curves under illumination for n-type and p-type 

semiconductors.  
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Using this technique, we can explore the charge recombination process. The electron 

lifetime can be calculated following the equation 7 36  

𝜏 =  
𝑘𝐵  𝑇

𝑒
 (
𝑑𝑉𝑜𝑐
𝑑𝑡

)
−1

      (7) 

where 𝜏  is the photoelectron or photohole lifetime according to the type of the 

semiconductivity, e the elementary charge, Kb the constant of Boltzmann, T is the 

temperature and Voc the open circuit voltage.  

As well, the obtained curve after stopping illumination can be fitted by a binomial 

exponential function37–39 (equation 8)  

𝑉 = 𝑉0 + 𝐴1 . exp(−𝑡 𝜏1⁄ ) + 𝐴2  . exp(−𝑡 𝜏2⁄ )      (8) 

where the first exponential is associated to the majority charge carriers (electrons for n-

type and holes for p-type) movement across the electrode assembly to reach its steady 

state and it is defined by the lifetime constant 𝜏1. While the second exponential expressed 

by the second lifetime constant 𝜏2 is related to the surface recombination process. A1 

describes the maximum value of the collectable voltage, when there is no recombination 

process, while A2 is the collectable voltage, when there is the maximum recombination 

process.37,40  

4.3. Determination of flat band potential (Fermi level) and charge carriers 

density by electrochemical impedance spectroscopy 

As previously explained, the interface of the semiconductor electrolyte is composed of 

three layers: Space charge region SCR, Helmholtz and Gouy chapman layers (Figure 11). 

The last layer (Gouy chapman) is neglected for electrolyte concentrations higher than 

0.1M, which is the case during this thesis.  

The SCR and Helmholtz layers corresponds to gradients of opposite charges  ∆𝑄𝑆𝐶 and 

∆𝑄𝐻 (that conserve the electronegativity of the interface) assimilated to different 

capacities CSC and CH and potentials gradients ∆𝑉𝑆𝐶 and ∆𝑉𝐻 (equations 9 and 10). Since a 

large part of the potential difference is distributed in the SCR of the semiconductor, the 

capacitance in the SCR is much smaller than the one in the Helmholtz layer (equation 

11).20,41,42 

∆𝑄𝑆𝐶 = 𝐶𝑆𝐶  . ∆𝑉𝑆𝐶   𝑎𝑛𝑑  ∆𝑄𝐻 = 𝐶𝐻 . ∆𝑉𝐻    (9) 

𝑊𝑖𝑡ℎ    ∆𝑄𝑆𝐶 = −∆𝑄𝐻      (10) 

  
𝐶𝑆𝐶
𝐶𝐻

 =  −
∆𝑉𝐻
∆𝑉𝑆𝐶

 𝑎𝑛𝑑  ∆𝑉𝑆𝐶 ≫ ∆𝑉𝐻  ⇾  𝐶𝑆𝐶 ≪  𝐶𝐻      (11) 



 

58 
Chapter 2: Optoelectronic properties of CIGSn lamellar compounds 

As a result, the total capacitance of the circuit is approximated as followed (equation 

12).43,44 

  
1

𝐶
 =  

1

𝐶𝑆𝐶
+ 

1

𝐶𝐻
  ≈  

1

𝐶𝑆𝐶
        (12) 

According to the Mott-Schottky equation, the capacitance of the semiconductor depends 

on the potential difference in the SCR (equation 13).45,46 

  
1

𝐶𝑆𝐶
2  =  

2

𝜀𝜀0 𝐴2𝑒𝑁
 [ ( 𝑉 − 𝑉𝑓𝑏 ) − 

𝑘𝐵𝑇

𝑒
]        (13) 

with 
𝑘𝑇

𝑒
 ≈ 25 𝑚𝑉 term, generally neglected, thus the capacitance (equations 14 and 15) 

are expressed as:  

 For p-type semiconductor 

1

𝐶2
 =  

2

𝜀𝜀0 𝐴2𝑒𝑁𝐴
 [𝑉 − 𝑉𝑓𝑏]      (14)  

 For n-type semiconductor 

1

𝐶2
 =  

2

𝜀𝜀0 𝐴2𝑒𝑁𝐷
 [𝑉 − 𝑉𝑓𝑏]       (15)  

where 𝜀0 corresponds to the vacuum permittivity, 𝜀 is the relative permittivity of the 

semiconductor, 𝐴  is the interfacial surface region between the semiconductor and the 

electrolyte, 𝑁 is the majority charge carrier density (𝑁𝐴 is the acceptor concentration and 

𝑁𝐷 is the donor concentration), 𝑘 is the Boltzmann constant, 𝑇 is the temperature, and 𝑒 

is the electron charge.  

Therefore, following the formulas, the capacitance will be modelled to plot C-2 as a 

function of the imposed potential (Mott-Schottky plot).45,47 Regarding the form of the 

plots, we can conclude the semiconductor type. As V > Vfb, a positive slope is observed for 

an n-type semiconductor and conversely, a negative slope (V < Vfb) is obtained for a p-

type semiconductor (Figure 18). As well, the flat band potential 𝑉𝑓𝑏 is determined by 

extrapolation to the zero ordinate (𝐶−2 = 0).  

In addition, the charge carrier density can be estimated from the Mott-Schottky plot.48 

The value of the carrier density N can be calculated by the formula (equation 16), which 

is inversely proportional to the slope 49 

𝑁 = (
2

𝜀𝜀0𝐴𝑒
) [
𝑑 (

1
𝐶2)

𝑑𝑉
]

−1

        (16) 
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where 𝜀 is the dielectric constant of the material, 𝜀0 is the vacuum permittivity which is 

equivalent to 8.854 x 10-12 F m-1, e is the electronic charge unit (1.602 x10-19 C), A the 

surface of contact electrolyte/SC, V is the potential applied at the electrode and C is the 

capacitance. 

 

Figure 18: Mott-Schottky plots depending on the applied potential for n-type (negative slope) 

and p-type (positive slope) semiconductors. 

The capacitance is determined by electrochemical impedance. This is a transient 

technique that allows us to measure the relationship between the current and the 

potential in a frequency amplitude.50,51 It consists in applying a AC voltage by imposition 

of a fix potential while varying potentials of low amplitude (0.1 mV) around it at variable 

frequency. The alternating current generated is recorded and the impedance is 

determined for each potential.  

A Nyquist diagram corresponds to the representation of the real part Zr (resistive part, 

noted Z’) of the impedance, versus its imaginary part Zi (capacitive part, noted Z’’). It is 

obtained by frequency sweep from the high frequencies leading to low values of Zr to the 

low frequencies (high Zr values).39,52  

By fitting Nyquist diagram for each applied potential with an equivalent electric circuit, 

we can determine the electrical characteristics of each part of the electrochemical circuit 

and more especially the capacitance of the semiconductor.50,53,54 Table 3 presents the 

fundamental elements of an electrical circuit alongside the equivalent circuit dipole , the 

resulting impedance and their roles.28,46 
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Table 3: The electrochemical circuit fundamental elements with their equivalent circuit 

dipole, their impedance formulas and their roles. 

Circuit 
fundamental 

elements 

Equivalent circuit 
dipole 

Impedance Z Role 

Resistor  
(R) 

 
𝑍𝑅 = 𝑅 

Describes the faradic 
charge transfer reactions 
through the interface 
layers 

Capacitor  
(C)  

𝑍𝐶 =
1

(𝑗𝑤𝐶) 
  

Describes the capacitive 
charge at the interface 
semiconductor/electrolyte 

Constant phase 
element (CPE)  

𝑍𝐶𝑃𝐸 =
1

𝑄(𝑗𝑤)𝛼 
 

Describes the non-ideal 
capacitance at the 
interface, α coefficient of 
the ideality factor of CPE 
by pure capacitance C,  
0 < α < 1 

Warburg 
diffusion  

(W)  
𝑍𝑊 =

𝜎 √2

√𝑗𝑤 
 

Describes the diffusion 
phenomena of charges on 
the electrode, σ coefficient 
of Warburg that depends 
on the diffusion as a 
function of charge carriers 
concentration 

 

Generally, the electrochemical circuit is modelled using the Randles circuit.55,56 Figure 19 

presents the equivalent Randles circuit, with a serial resistance Rs followed by the 

capacitance C that is placed in parallel with a charge transfer resistance Rtc and a Warburg  

W. At high frequencies (1 kHz – 100 kHz), the diffusion phenomena are neglected, 

therefore the semiconductor/electrolyte interface capacitance can be determined using 

a simplified circuit.39  

 

Figure 19: The Randles equivalent circuit of electrochemical cell. 

The Randles circuit can be approximated into two simplified circuits, a simple RC circuit or 

a Randles circuit neglecting the Warburg component (Figure 20). The presented models 

can be used when the interface studied is ideal.39  
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Figure 20: The Randles simplified circuits: a) RC circuit and b) the Randles circuit with a 

neglected Warburg. 

Alternatively, considering the non-ideality of the surface (roughness, porosity, phase 

inhomogeneity at interface) a more complicated circuit is used (Figure 21) that involves a 

constant phase element CPE (Figure 22).   

 

Figure 21: The equivalent circuit of a non-ideal electrochemical cell used at high 

temperatures (1 kHz – 100 kHz) a) RC circuit and b) the Randles circuit with a neglected 

Warburg. 

 

Figure 22: The equivalent circuit used to model CPE with Rq corresponding to the 

resistance, which reflects the deviation from an ideal capacitive circuit. 

a)

b)

a)

b)
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To calculate the capacitance at the interface, the Brug 57 formulas are used: equation (17) 

in case of RC circuit and equation (18) for a simplified Randles circuit by neglecting the 

Warburg.  

𝐶 = (𝑅𝑆
(1−𝛼) 𝑄)(

1
𝛼
)       (17) 

𝐶 = (
1

𝑅𝑠
+ 

1

𝑅𝑡𝑐
)
(
𝛼−1
𝛼

)

 𝑄(
1
𝛼
)        (18) 

where Q is the CPE constant and α is the coefficient of the ideality factor of CPE. 

5. Characterisation of the electronic properties of CIGSn 

compounds: experimental results 

The semiconducting behaviour of chalcogenides was firstly investigated by current 

potential measurements under chopped illumination. The measurements were 

performed under both illumination and dark under at the same conditions. The setup 

realized is an electrochemical setup with three electrodes, reported previously in Figure 

9, namely an Ag/AgCl reference electrode, a counter electrode of Pt and a dense pellet of 

CIGSn and CIGS as working electrode, all immersed in KCl 0.5 M aqueous as electrolyte. A 

potential sweep (-0.3 – 0.3 V) was performed and the resulting current was measured 

(Figure 9).  These current-potential measurements were carried out under chopped 

illumination using an MI-LED illuminator (Edmund Optics). To alternate the ranges of 

illumination and dark, a chopper was placed between the cell (work electrode) and the 

lamp. As explained previously, in this experiment when the cell is illuminated, in depletion 

situation, the photocurrent is due to the minority charge carriers. This leads to an increase 

of oxidation current for an n-type semiconductor and reduction current for a p-type. 

In order to avoid the detrimental redox processes of the material, the evolution of the 

potential of the CIGS and CIGSn-based electrodes at equilibrium, namely the open circuit 

potential (OCP), under chopped-light conditions (Figure 23), was investigated before 

carrying out a potential sweep (Figure 24 and 25). The OCP increase under the light 

indicates that the CIGS chalcopyrite electrical current is, as expected, dominated by hole 

transport whereas the decrease of the OCP for the lamellar CIGSn phases suggests a 

current dominated by electron transport. The cathodic photocurrent of CIGS is recorded 

whatever the potential applied is in line with the literature.58,59  
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Figure 23: Open circuit potential (OCP) curves under illumination (yellow region) and under 

dark of a) CIGS, b) CIGS4, c) CIGS5 and d) CIGS6. The photogenerated charge carrier 

lifetimes in the inserted tables were determined by fitting the OCP decay curves after 

stopping the illumination by two decreasing exponential functions. 

Moreover, by fitting the curves under dark (OCP decays) using exponentials, we can 

estimate the values of the charge carriers lifetimes τ1 and τ2 of all the samples, as it is 

shown in Figure 23.  

τ1 presents the transport of the majority carriers through the electrode, which are 

electrons in the case of the CIGSn lamellar compounds and holes for CIGS chalcopyrite. τ2 

is the time constant to reach the steady state and is linked to the recombination 

processes. Comparing the values, τ1  related mainly to the series resistance60,61 is 

comparable for all samples. However, τ2 related to lifetime of the separate charge state, 

is longer for the lamellar compounds than for chalcopyrite. Thus, τ2 of CIGS5 (4.6 s) and 

GICS6 (5.7 s) reach one order of magnitude higher than that of CIGS (0.37 s). This could 

result to improve the collection of photogenerated charge and lead to better 

photoconversion efficiencies.  
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The current-potential measurements gathered on the Figures 24 and 25, confirm the 

difference of electronic behaviour between the lamellar CIGSn compounds and the 

chalcopyrite CIGS. In depletion conditions, the photocurrent is generated by the minority 

charge carrier current. Therefore, the increase of the oxidation current under illumination 

characterizes an n-type semiconductor and vice versa, the increase of the reduction 

current translates the p-type behaviour. Whatever the applied potential, a reduction 

current is recorded on the p-type chalcopyrite CIGS phase, whereas an oxidation current 

is observed for the CIGS4 and CIGS5 phases that confirms their n-type behaviour  

(Figure 23).  

 

 

Figure 24: Current-potential curves measured under chopped simulated sunlight with the 

yellow part corresponding to the illumination time for: a) CIGS4, b) CIGS5 and c) CIGS. 

The electrochemical behaviour of the CIGS6 phase appears slightly different from the 

other lamellar phases (Figure 25). According to the applied potential, both photocurrents 

are generated. A photo-oxidation current is detected when the electrochemical cell is 

illuminated for potentials higher than a reversal potential of -0.06 V vs Ag/AgCl and a 

photo-reduction current is measured at lower potentials. On either side of this frontier 

potential, the photocurrent values are in the same order of magnitude that suggests a 

similar charge transport. This type of behaviour is generally observed on ambipolar 
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materials, for which the current is not clearly dominated by a type of charge carrier. 

Indeed, unlike unipolar materials, they can intrinsically transport and transfer 

simultaneously both charge carriers, holes and electrons in a comparable way,39 without 

a strong predominance of the current of a type of charge carrier.  The ambipolar character 

of CIGS6 with a slight predominance of electron transport was thus evidenced by 

photoelectrochemistry.  

 

Figure 25: Current-potential curve measured under chopped illumination (yellow part) of 

CIGS6. 

To go further, electrochemical impedance spectroscopy was carried out, in order to 

confirm the various electronic behaviours of CIGSn compounds, as well as to determine 

flat band potentials to finally built energy diagrams.  

Before performing the electrochemical impedance spectroscopy, cyclic voltammetry was 

conducted at a scan rate of 5mV/s, in order to identify the stable potential range where 

there are no redox reactions taking place. The principle consists to vary the potential 

difference between the working electrode and the reference electrode and measure the 

induced current variations. The cyclic voltammetry of the compounds do not show any 

redox reaction on the potential ranges chosen between −0.8 to 0.4 V versus Ag/AgCl, as 

shown in Figure 26. 
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Figure 26: Cyclic voltammetry curves at a scan rate 5 mV/s for a) CIGS4, b) CIGS5, c) CIGS6 

and d) CIGS. 

The impedance spectra were measured out under dark with the same electrochemical 

setup used in steady state electrochemical measurements (Figure 9), in a frequency range 

from 100 Hz to 100 kHz.  

Figure 27 presents the Nyquist diagrams obtained at -0.3 V for each compound. They were 

plotted from the electrochemical impedance spectroscopy (EIS) measurements under 

dark.  The equivalent circuit used to fit them consisted to a simplified (Randles circuit with 

neglecting Warburg) as shown in the insets of Figure 27.  

By comparing these Nyquist diagrams, a difference of resistivity between CIGS and CIGSn 

compounds is observed. It is lower for CIGS than for the lamellar compounds. The series 

resistance (Rs) determined (i.e. when the imaginary part of the impedance tends towards 

zero) for the chalcopyrite CIGS-based electrode (Rs = 22 Ω) is indeed lower than those 

obtained from the CIGSn phases (Rs = 641, 163 and 867 Ω for n = 4, 5 and 6, respectively).  

This series resistance corresponds to the addition of the different resistive parts of the 

electrochemical circuit (i.e. electrolyte, back contact, counter-electrode and working 

electrode). Due to its high concentration, the resistive contribution of the electrolyte is 

neglected and the global Rs is highly dominated by the contribution of the CIGS or CIGSn-

based electrode. 
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Figure 27: Nyquist plots of the electrochemical impedance circuit in the dark with the 

applied equivalent circuit for fitting at high frequencies (1− 10 kHz) of: a) CIGS, b) CIGS4,  

c) CIGS5 and d) CIGS6. 

The interface capacitances were then modelled at relatively high frequencies (1− 10 kHz); 

to neglect the diffusion phenomena and the Mott−Schottky graphs were plotted (Figures 

28 and 29) in a potential range of −0.8 to 0.2 V versus Ag/AgCl. Two different trends (C-2 

evolution) are observed according to the type of semiconductivity of each compound. The 

negative slope observed on the chalcopyrite CIGS-based electrode (Figure 28 a) 

characterizes its p-type behaviour whereas the positive slopes of the CIGS4 and CIGS5 ones 

(Figures 28 b and 28 c, respectively) corroborate their n-type behaviour. This inversion of 

majority charge carriers corresponds to a decrease of the flat band potentials from  

0.08 V to -0.54 V and -0.67 V vs Ag/AgCl for CIGS, CIGS4 and CIGS5, respectively.  

Beyond the characterization of the unipolar compounds, EIS measurements confirm the 

different electronic behaviour of the CIGS6 compound compared to that of the other 

lamellar compounds.  
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Figure 28: Mott-Schottky C-2 – E (V vs Ag/AgCl) plots modelled at high frequencies  

(1− 10 kHz), with linear fit of the slopes to determine the flat band potentials for: a) CIGS4,  

b) CIGS5 and c) CIGS. 

According to the sweep potential direction, a positive and a negative slope was observed 

(Figure 29). A negative slope can be plotted when the potential decreases and reversely, 

a positive slope can be drawn by increasing the applied potential. This suggests a 

versatility of electronic behaviour that we attribute to the ambipolarity of CIGS6. Indeed, 

the application of a potential modifies the concentration of the charge carriers at the 

interface SC/electrolyte and thus the capacitance of the space charge region in the 

semiconductor. This variation is all the more visible near to the flat band potential and is 

even more impactful when the concentrations of holes and electrons are equivalent. 

However, the flat band potential value is similar whatever the potential sweep direction 

(-0.65 V vs Ag/AgCl) and is comparable to those obtained for the other lamellar phases 

that is consistent with a slight predominance of electron transport, as highlighted during 

the photoelectrochemical measurements. 
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Figure 29: Mott-Schottky plots of CIGS6 with the flat band potentials, when performing the 

experiment from low potential to high potential and high potential to low potential. 

The charge carrier densities for each compounds were also determined from the values 

of the slopes of the Mott-Schottky plot. They are gathered in Table 4.  

Firstly, the lower values of charge carriers calculated for the lamellar compounds (ND 

equals to 1015, 1017 and 1014 cm-3 for CIGS4, CIGS5 and CIGS6, respectively) compared to 

the chalcopyrite CIGS (NA equals to 1020 cm-3) are consistent with the higher resistivity of 

theses phases suggested above from the comparison of the Rs values. The lower 

conductivity of the lamellar phases was confirmed by 4-point probe electrical 

measurements on dense pellets. Figure 30 illustrates the variation of resistivity of CIGS 

between 12 K and 300 K. The resistivity becomes more important while dropping the 

temperature and its value at the room temperature is of the order of 515 Ω.cm which 

corresponds to a conductivity of about of 1,94.10-3 Ω -1.cm-1. In addition, Figure 31 

confirms the semiconductor behavior of this material with an exponential increase of 

resistivity when the temperature decreases. In the case of the lamellar compounds, the 

measurements were not possible which validates their higher resistivity, as determined 

by EIS measurements. 

 

Figure 30: Variation of the resistivity in function of the temperature of the CIGS sample. 
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Figure 31: Variation of the exponential of the resistivity of the CIGS sample in function of the 

temperature. 

6. Energy diagrams 

 Energy diagrams construction method 

The energy diagram were established by combining the electrochemical measurements 

with X-ray photoelectron spectroscopy (XPS) and diffuse reflectance (Figure 32).62 In more 

details, to construct an energy diagram, firstly the Fermi level calculated from the flat 

band potential value (equations 19 and 20, see below) from Mott-Schottky plots was 

positioned on an absolute scale. Then, the top of the valence band was placed from the 

knowledge of the distance between the valence bands maximum (VBM) and the Fermi 

level determined by XPS (see Figure 33). Finally, the bottom of the conduction band was 

located from the VBM value using the optical gap value (Eg = ECBM – EVBM). 

 

Figure 32: Schematic representation of the energy diagram construction by combining three 

techniques: diffuse reflectance, electrochemical impedance and x-ray spectroscopy 

photoelectron spectroscopies. 
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 Fermi level 

Using electrochemical impedance spectroscopy, the flat band potentials of the 

compounds were determined versus the Ag/AgCl reference electrode, with VAg/AgCl = 0.199 

V vs NHE and pH range of 5.68 - 6.56.  

Following the formulas (equations 19)62,63, we can calculate the flat band potential versus 

the reversible hydrogen electrode RHE. The Fermi level is then approximated on an 

absolute vacuum scale (equation 20)39,62. 

𝑉𝑓𝑏(𝑅𝐻𝐸) = 𝑉𝑓𝑏(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.059 𝑝𝐻 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙          (19) 

 𝐸𝑓(𝑒𝑉) = −4.5 − 𝑉𝑓𝑏(RHE)          (20) 

 The valence band maximum versus the Fermi level 

In XPS, the position of the maximum of the valence band is marked with respect to the 

Fermi level fixed at 0 eV. The distance between the valence band maximum and the Fermi 

level set at zero eV, was determined for each compound by linearly extrapolating the low 

binding energy (BE) edge of the VB region. Figure 33 presents the evolution of the valence 

bands of the studied compounds previously reported by our group.1 

 

Figure 33: XPS valence band spectra of CIGS4, CIGS5, CIGS6 and CuIn0.7Ga0.3S2 (CIGS) 

compounds in the range 10 to 0 eV.1 

 Energy levels of CIGSn and CIGS compounds  

Table 4 sums up the values obtained from the three techniques: the position of Fermi 

level on an absolute scale, the optical gaps and the position of the maximum of the 

valence band versus the Fermi level set at zero eV. The energy diagrams of CIGSn and CIGS 

are presented in the Figure 34. 
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Table 4: Optical gaps values, maximum of the valence band (VBM) vs Fermi level position 

(Ef), estimated Fermi levels using the formulas (21) and (22) and carriers density of CIGSn 

and CIGS. 

Sample Eg (eV) VBM/Ef 1 Ef (eV) 
Carriers density 

N(cm-3) 

CIGS4 1.8 1.1 -4.5 ND ~1015 

CIGS5 1.9 1.0 -4.4 ND ~1017 

CIGS6 1.6 1.1 -4.4 ND ~1014, NA ~1012 

CIGS 1.6 0.8 -5.1 NA ~1020 

 

Due to the similar flat band potentials, the Fermi levels of all lamellar CIGSn compounds 

are similar and higher in energy than that of the chalcopyrite CIGS (-5.1 eV). This is 

consistent with a higher electron density in lamellar phases that corroborates the n-type 

behaviour. Furthermore, according to electrochemical measurements, only CIGS6 

behaves as an ambipolar compound.  

All compounds exhibit a Fermi level trapped in the middle of the band gap indicating a 

compensated semiconductor, in which donors and acceptors defects are related in such 

a way that their opposing electrical effects are partially cancelled. However, it is important 

to mention that in the case of CIGS, it is surprising to have a mid-gap Fermi level given its 

high carrier density (1020 cm-3). This corresponds to the carrier density of a degenerate 

semiconductor, which should move its Fermi level closer to the valence band.  

 

Figure 34: Schematic representation of the energy diagrams of CIGSn lamellar compounds 

compared to CIGS chalcopyrite. 
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The analysis method used in this work to construct energy diagrams was previously used 

by our group for kesterites compounds (Cu2ZnSnS4), and validated by comparing results 

with literature data.62 However, this strategy cannot be used in our case as there are not 

many publications indicating band positioning for sulfur-based CIGS (only one publication 

was found)58. Concerning lamellar materials, there is obviously nothing for as they are 

new materials. 

Therefore, to corroborate our results and the analytical method used in this thesis, we 

carried out an additional calculation64,65 to determine the energy levels of the valence and 

conduction bands. This determination is made using the formula based on the 

electronegativity and the band gap.64 Considering a sulphide of formula AxBySz, it is given 

as follows (equation 21) 

𝐸𝐵𝑉,𝐵𝐶 = 𝐸0 + (𝜒𝐴
𝑥𝜒𝐵

𝑦
𝜒𝑆
𝑧)

1
𝑥+𝑦+𝑧 ±

𝐸𝑔

2
         (21) 

where E0 = -4.5 eV presenting the difference between the normal hydrogen electrode 

(NHE) and vacuum and 𝜒𝑀 is the electronegativity of the neutral atom M on the Mulliken 

scale. Mulliken activity is expressed by the following equation (22) 

𝜒𝑀𝑢𝑙𝑙𝑖𝑘𝑒𝑛 =
|𝐸𝐼1 + AE|

2
           (22) 

where EI1 is the energy of first ionization(the energy required to extract an electron from 

a neutral atom) and AE is the electron affinity (the neutral atom’s tendency to capture an 

electron). Table 5 presents the corresponding values of the elements Cu, In, Ga and S,66,67 

with the calculated electronegativity using equation (22). 

Table 5: First ionization energy and electron affinity values of the elements, with their 

corresponding electronegativity.  

Element 
Energy of first ionization 

𝑬𝑰𝟏 (  ) 
Electron affinity  

𝑨𝑬 (  ) 
Electronegativity 

𝝌 (  )  
Cu 7.72638 1.2358(4) 4.49 

In 5.78636 1.56436(15) 3.1 

Ga 5.99930 0.43(3) 3.22 

S 10.36001 2.0771040(9) 6.25 

 

Then the energies levels of the conduction and valence bands of our compounds are 

calculated using the equation (21). Figure 35 presents the position of the calculated band 

energies. Moreover, from the comparison in Table 6, we can observe that we obtain 

similar values of conduction and valence bands to the experimental data, within the same 

orders of magnitude. To conclude, this calculation method validates once more the 

obtained energy diagrams combining the electrochemical measurements with X-ray 

photoelectron spectroscopy (XPS) and diffuse reflectance. 
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Figure 35: Schematic representation of the calculated energy levels of the conduction and 

valence band of the CIGSn lamellar compounds compared to CIGS chalcopyrite.  

Table 6: The calculated conduction and valence bands of the compounds, compared to 

those obtained from the experimental method. 

Compound 
Experimental  Calculated 

CB (eV) VB (eV) CB (eV) VB (eV) 

CIGS4 -3.8 -5.6 -3.6 -5.4 

CIGS5 -3.5 -5.4 -3.6 -5.5 

CIGS6 -3.9 -5.5 -3.9 -5.5 

CIGS -4.3 -5.9 -4.0 -5.6 

 

7. Photoluminescence  

To complete the optoelectronic study of these materials, photoluminescence 

measurements were carried out at a wavelength excitation of 488 nm. 

Figure 37 presents the photoluminescence spectra of CIGS5 and CIGS6 and CIGS 

chalcopyrite measured at room temperature. It appears that the chalcopyrite CIGS 

exhibits a PL spectrum composed of two peaks as described in the literature .68 A narrow 

peak at 1.7 eV close to the optical band gap (1.6 eV obtained from linear extrapolation of 

Kubelka-Munk, which was estimated to 1.7 eV using the derivative 69), that corresponds 

to the exciton formation (band-to-band emission) and a broader emission peak at lower 

energy (1.21 eV) that is probably due to in-gap defects states. The PL emission of this 

defect band is less intense than that of the exciton peak. Conversely, the emission spectra 

of the lamellar CIGSn compounds have only one large peak attributed to a defect-related 
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band. Indeed, this broad band is centered at lower energy (1.47 eV and 1.36 eV for CIGS5 

and CIGS6, respectively) than corresponding optical band gaps (Eg equal 1.9 eV and 1.6 eV 

for CIGS5 and CIGS6, respectively). Despite the lower laser power used for the 

measurements (0.05% vs 1%), this defect-related emission band is broader and more 

intense for CGISn compounds than that of the chalcopyrite CIGS. This fact seems to 

indicate that the recombination processes through defect states in the gap are much more 

favoured in the case of the CIGSn lamellar compounds. This could be directly correlated to 

the crystal structure. Indeed, as described above, CIGSn compounds have a quite complex 

crystal structure with intrinsic cationic vacancies and mixed occupancy (Cu-Ga-In) on 

tetrahedral sites that can lead to the formation of different types of intrinsic defects  

(e.g. VCu’, CuGa’’ or InCu
°°).1,70 

The width of the bands and the different values of emission energy translates the multiple 

types of defects in each compounds and particularly in lamellar phases, that influences 

the mechanism of charge carrier recombination and thus its kinetics. The presence of 

much defect states in the gap of CIGSn lamellar compounds should affect the density of 

charge carriers and the mechanism of charge transfer that could explain the various 

electronic behaviours observed above (lower charge carriers density, high resistivity and 

high charge carriers lifetimes).   

 

Figure 37: Photoluminescence spectra at 488 nm of CIGS6 and CIGS5 lamellar compounds 

compared to the CIGS chalcopyrite. 

Beyond, we can expect that these multiple defect states could impact the carrier 

recombination. Unfortunately, in the scope of this thesis, we could not carry out time-

resolved PL measurements. However, the higher photogenerated charge carrier lifetimes 

obtained by chronopotentiometry (see Figure 23) for CIGSn-based electrodes compared 

to that of CIGS one, seem to assert this hypothesis. 

1,0 1,2 1,4 1,6 1,8 2,0

0,0

5,0x103

1,0x104

1,5x104

2,0x104

2,5x104

3,0x104

3,5x104

P
L

 i
n

te
n

s
it

y
 (

a
rb

.u
n

it
s
)

Photon Energy (eV)

 CIGS6 (0.05%)

 CIGS5 (0.05%)

 CIGS (1%)

 

1.36 eV

1.47 eV

1.72 eV

1,2 1,4 1,6 1,8

N
o

rm
a

li
z
e
d

 P
L

 i
n

te
n

s
it

y
 (

a
rb

.u
n

it
s

)

Photon Energy (eV)

 CIGS6 (0.05%)

 CIGS5 (0.05%)

 CIGS (1%)

 
1.72 eV1.47 eV1.36 eV

1.21 eV



 

76 
Chapter 2: Optoelectronic properties of CIGSn lamellar compounds 

8. A comparison discussion between CIGSn and CIGS 

As explained earlier, the chalcopyrite CuIn0.7Ga0.3S2 (CIGS) exhibits a p-type 

semiconductor behaviour, conversely to lamellar compounds that present n-type one. 

However, only the lamellar compound CIGS6 reveals an ambipolar character. 

The second difference between lamellar phases and the chalcopyrite CIGS concerns the 

lifetimes of the photogenerated charge carriers. Indeed, as previously mentioned, the 

lifetime τ2, generally related to the carriers recombination processes. Figure 38 presents 

normalized OCP decays for all compounds highlighting the difference between both types 

of compounds. It is observed that CIGS chalcopyrite presents a different behaviour than 

the CIGSn and that presents a higher time for carriers recombination processes comparing 

to the lamellar compounds. Besides, it seems that τ2 increases with the number of 

tetrahedral layers in the lamellar structure (CIGS6  CIGS5  CIGS4). In fact, CIGSn 

compounds contain intrinsic cationic vacancies and mixed occupancy (Cu-Ga-In atoms) on 

the tetrahedral sites, giving rise to a large number of point defects, which can certainly 

influence recombination process. This fact was corroborated from photoluminescence 

measurements, revealing much more in-gap defect states in the lamellar compounds.  

In addition, point defects could also explain the difference in electrical behaviour 

observed between CIGS and lamellar compounds, which exhibit a lower charge carriers 

density and quite higher resistivity.  

 

Figure 38: Normalized chronopotentiometry after stopping the illumination of all 

compounds.  

Concerning energy diagrams (see Figure 39), the band alignment of CIGSn compounds 

towards the most typical buffer layers (ZnO, CdS and ZnOS)71,72 used in CIGS-based PV 

devices is far from optimal (see Figure 39). In addition, CIGSn compounds are n-type 

semiconductors or ambipolar ones, while CIGS chalcopyrite is a p-type semiconductor. 
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This might open to change the n-type buffer layers (ZnO, CdS and ZnOS) or go towards a 

total new assembly as n-i-p architecture considering the ambipolar CIGS6 phase as an 

intrinsic compound. The photovoltaic potential of the lamellar compounds will be further 

discussed in the next chapter. 

On the other hand, the energy bands of CIGSn compounds show as CIGS, an interesting 

positioning with respect to the redox potentials involved in some photo-catalyzed 

reactions as water splitting and CO2 reduction73–75 (Figure 39). In fact, CIGSn appears to be 

able to undergo water reduction but not water oxidation, making it unsuitable for water 

splitting. However, they could be appealing for hydrogen evolution reaction (HER) using 

an alcohol as sacrificial agent. Moreover, we assume that the ambipolarity behaviour 

evidenced in these compounds will enhance the efficiency of simultaneous oxidative and 

reductive reactions, as long as it might not be limited by the mobility of the charge 

carriers. The photocatalytic properties of CIGSn compounds will be presented in  

chapter 4. 

 

Figure 39: Energy diagrams of CIGSn lamellar compounds and CIGS chalcopyrite with the 

corresponding redox potentials involved in photocatalyzed applications. 
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Appendix  chapter 2 

X-ray diffraction  

The high temperature powders X-ray diffraction XRD measurements were carried out 

using a Brucker D8 diffractometer in a Bragg-Brentano θ-2θ configuration equipped with 

a germanium monochromator to select the Cu-Kα radiation (λ=1.540598 Å). All the 

samples patterns were recorded in the range 4° to 100° with a stepsize of 0.01°.  

To perform a measure on powders, an amount of the sample were placed into the sample 

holder and a plate of glass was used to flatten the surface of the powder without pressing 

to prevent any preferential orientation. The experimental data were compared with a 

database searched on PDF database using EVA software to superimpose them.  

Based on these data (cell parameters and space group), Le Bail refinements were 

preformed using Janna2006 software that computes a diagram by adjusting the lattice 

parameters, till we get as closed as possible to the observed diagram. Indeed, there are 

three factors to take in consideration, to evaluate the quality of a refinement profile:  

Rp (unweighted profile factor), wRp (weighted profile factor) and GOF (goodness of the 

quality of a fit).  

Reflectance diffuse  

The spectra of the CIGSn powders were recorded using UV-visible-NIR spectroscopy in a 

reflection mode, with is a PerkinElmer Lamda 1050 spectrometer equipped with an 

integration sphere placed at an angle of 8° to the normal to the incident beam. The 

reflectance measurements were carried out in the 1200 -200 nm range with a resolution 

of 2 nm. A blank of barium carbonate was used to normalize the measured data. After 

obtaining the experimental reflection data, the absorption K/S was then calculated based 

on the Kubelka-Munk 5 equation (𝐹(𝑅) =  
𝐾

𝑆
= 

(1−𝑅2)

2𝑅
). 

Working electrodes preparation 

For PEC measurements, CIGS sintered pellets were mainly prepared in sealed tubes at 

800°C. For lamellar compounds CIGSn, spark plasma sintering (SPS) was used in order to 

improve their compactness. The samples were pressed using SPS in a graphite die at high 

temperature (500 °C) for 5 min under a pressure of 38 MPa under argon atmosphere 

(Figure 40 a). 

The working electrodes were prepared by sticking the pellets to a copper wire using a 

conductive carbon glue, then dipped in the resin and finally polished the electrode to 

obtain a flatten smooth surface (Figure 40 b). 
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Figure 40: Preparation of the working electrode: a) Temperature protocol of CIGSn sintering 

using spark plasma sintering SPS. b) Schematic representation of prepared working 

electrode. 

Conductivity 

The conductivity of our compounds was obtained by measuring the variation of resistivity 

as a function of temperature by the 4-point probe method on cut sample bars. In this 

technique, the voltage measurement is separated from the current measurement, that 

allows to neglect surface effect and thus the measurement of the resistance of the bulk 

material only (Figure 41). 

The 4-point probe measurements were realized on a small piece pellet with a rectangular 

face, the pellets were compressed by SPS under the conditions mentioned earlier. The 

tests were made by sticking four gold wires on the bars with a conductive carbon glue. 

These bars are about a size of 2000 µm long, 1500 µm wide and 3000 µm thick. Using this 

technique, we can detect the resistance R versus the temperature. Then the resistivity 𝜌 

and the conductivity 𝜎 are calculated following the formulas: 

𝜌 =  
𝑆

𝐿
 . 𝑅 =  

𝑒 ×  𝑙

𝐿
       (23) 
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𝜎 =  
1

𝜌
       (24) 

where L: the length and S: is the cross-sectional area that can be divided into 𝑒 the 

thickness and 𝑙 the width. 

 

Figure 41: Schematic representation of four-point probe measurements. 

Photoluminescence 

Photoluminescence (PL) is a method that relies on illuminating the material using a laser 

beam and then recording the spectrum of emitted photons. The absorption of a photon 

excites electrons and forms electron-hole pairs that spread into the material and then 

relax at lower energy levels. The electrons de-excite and the electron-hole pairs 

recombine emitting light (radiative process) or heat (non-radiative process) when the 

system relaxes and returns to its original state. 

The photoluminescence PL spectra were recorded using a Renishaw InVia Raman 

microscope setup, which is suitable for both Raman and PL analysis. The measurements 

were carried out at room temperature with an excitation wavelength of 488 nm, on a 

wavelength range of 550-1200 nm and an acquisition time of 10s. The conditions used 

were optimized in order to avoid any possible degradation of the sample surface. For 

CIGSn lamellar materials, the measurements were only possible at lower laser power 

contrary to the CIGS chalcopyrite. 
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Chapter 3: CIGSn Thin films for photovoltaic 

application 

 

The first part of this chapter is devoted to the state of art of the CIGS photovoltaic cells. A 

description of the operating principle and the standard architecture is described. The 

motivation of the thesis is then introduced. It consists in investigating the CIGSn thin films 

potential as absorbers.  

The second part of the chapter is therefore dedicated to the elaboration of the CIGSn thin 

films, starting with the thin films synthesis using co-evaporation, followed by chemical 

and structural characterizations. We will be interested more particularly in CIGS5, that was 

obtained as monophasic thin film. The optoelectronic properties will be presented 

alongside with the two electrochemical techniques (photo-electrochemical and 

electrochemical impedance spectroscopy analyses) used during the thesis to characterize 

the nature of the semiconductor and estimate its flat band potential, in order to finally 

determine the energy diagrams of the thin films prepared.  

In the last part of this chapter, the realization of the photovoltaic stacks assemblies will 

be presented. For this purpose, two different architectures (classical and n-i-p 

architectures) were tested. The photovoltaic parameters of the resulting devices were 

evaluated by current-voltage IV and external quantum efficiency measurements.   

1. A look to photovoltaics 

1.1. Photovoltaic effect 

Semiconductors are materials used to construct solar cells; they are able to generate 

electron-hole pairs by absorbing a photon of energy ℎ𝜈. A small amount of energy is 

required to excite an electron, moving from the maximum of the valence band to the 

minimum of the conduction band. Under irradiation, the semiconductor will absorb the 

photons ℎ𝜈 whom energy is higher or equal to its band gap energy 𝐸𝑔. As a result, 

electron-hole pairs will be photogenerated, and the energy excess is lost through 

thermalization of the electron in the conduction band, heating up the material. 

The photovoltaic effect allows the conversion of light energy to electrical energy. This is 

achieved through the formation of a p-n junction, which can be either a homojunction or 

a heterojunction. In a homojunction, the p and n zones are formed from the same 
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semiconductor, such as silicon cell as presented in Figure 1 a. While in a heterojunction, 

the p and the n zones are made from different semiconductors, as in the case of CIGS cell 

as shown in Figure 1 b. 

 

Figure 1: Schematic representation of a) the p-n junction and the mechanism of a silicon 

based solar cell presenting p-n homojunction. b) The band diagram of p-n heterojunction 

(CIGS solar cell). 
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The separation of electron-hole pairs is then accomplished by bringing a p-type and n-

type semiconductors into contact. More precisely, this contact will induce an exchange of 

electrons and holes in order to equalize the concentration of carriers from one region to 

another (the electrons from the n-region will diffuse into the p-region while the holes will 

diffuse from the p-region to n-region).  When equilibrium is established, a space charge 

region (SCR) (or called majority carrier depletion region) and quasi-neutral regions (QNR) 

are formed at the interface. At the SCR, given that n-region is positively charged and p-

region is negatively charged, the electrical field is created through a circuit from n-layer 

to p-layer due to the potential difference across the junction. The resulted electrical field 

drives the electrons generated in the SCR directly through, whereas the electrons 

generated in QNR must first diffuse towards the SCR before crossing the junction. 

The Fermi levels of the two regions align at equilibrium, and the cell operates as a diode, 

where forward biasing reduces the potential barrier and facilitates electron diffusion, 

while reverse biasing increases the potential barrier and blocks the electrons transfer. 

To achieve photovoltaic conversion; the device must perform the following three tasks:  

Firstly, the semiconductor absorption of photons under sunlight radiation and the 

generation of electron-hole pairs.  

Secondly, the charge carriers separation. The difference in electrochemical potential 

between the materials promotes the separation of electrons and holes carriers in the SCR, 

as well as the movement of each type of carrier due to the electrostatic field. The 

probability of collection is maximum in the depletion region while in quasi-neutral zones, 

carriers move by diffusion and only those carriers whose diffusion length is sufficient will 

be collected through their transition. 

Finally, the collection of the separated charge carriers in an external circuit. The electrodes 

placed on the front and back contacts of the p-n junction are used to collect the separated 

carriers (holes are collected towards the positive pole of the cell and electrons towards 

the negative pole), resulting a flow of current created through the device. 

This photovoltaic effect was reported for the first time in 1839, by Alexandre Edmond 

Becquerel.1 In 1883, Fritts succeed to develop the first thin film solar cell based on Se.2 

But it wasn’t until the mid-20th century and exactly in 1954, that the first silicon solar cell 

was fabricated at the Bell laboratories by Chapin et al with an efficiency record of 6% for 

space missions use.3 This led to investigate and understand the based semiconductors p-

n junctions in the decades followed.2 By the 1970s, photovoltaics had become a viable 

technology for use in terrestrial applications, and the first large scale solar plants were 

built.4 
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1.2. Operating standard conditions of a solar cell 

Commonly, solar cells are evaluated under standard conditions, including an AM1.5G 

spectrum at an incident power of 1000 W.m-2 and a temperature of 25°C. The AM 1.5G 

presents the typical solar spectrum at sea level after crossing 1.5 layers of standard 

atmosphere and with a light incidence angle equivalent to 41.8°, taking into account 

global direct and diffusion radiations. Figure 2 shows the standard AM 1.5G solar 

spectrum obtained from American society for testing materials ASTM.5 It is worth 

mentioning that the efficiency of a cell varies with the illumination power received, and 

decreases as the temperature increases. 

 

Figure 2: AM 1.5G solar spectrum compared to the AM0 spectrum outside the atmosphere.5 

The cell efficiency is limited by losses at various levels. Photons with energies below the 

gap are not absorbed; a part of the energy is lost through thermalization and the 

generation of carriers recombination. According to Shockley and Queisser,6 the maximum 

efficiency of a photovoltaic cell using a p-n junction is around of 30 % (Shockley-Queisser 

limit). This limit was calculated as a function of the material gap for the ideal case, where 

all recombinations are radiative, charge carrier transfer is unlimited, and all photons of 

energy equal to the material gap are absorbed. 

Figure 3 illustrates a simplified photovoltaic cell modelled by a circuit with a diode, in 

order to take these losses in consideration, with a parallel resistor (Rsh) representing the 

different shunt currents and a series resistor (Rs) representing the contact and connection 

resistors.7,8 A high performance cell features a higher parallel resistance to decrease 

current losses and a lower series resistance to reduce voltage losses.   

500 1000 1500 2000 2500 3000 3500 4000

0,0

0,5

1,0

1,5

2,0

S
p

e
c
tr

a
l 

ir
ra

d
ia

n
c

e
 (

W
.m

-2
.n

m
-1

)

Wavelength (nm)

AM0

AM1.5G



91 
Chapter 3: CIGSn Thin films for photovoltaic application 

 

Figure 3: Equivalent electrical circuit of a photovoltaic cell with Iph: the photogenerated 

current, Rs: series resistor and Rsh: parallel resistor.  

1.3. Photovoltaic technologies 

Generally, there are three generations of solar cells: First generation based on traditional 

crystalline silicon PV cells, which have been the most expanded in solar panels market for 

decades (92%).9 They are efficient and reliable, the higher record reported for crystalline 

Si is 26.81% by LONGI in 2022.10 Second-generation presents the inorganic thin films PV 

cells. Finally, the third generation refers to the organic thin films, hybrid solar cells and 

the perovskites. Figure 4 cites all the different existing technologies summarized by 

National Renewable Energy Laboratory (NREL) with their increasing performances records 

with time (from 1975 to today).10 

Second generation presents the inorganic thin films PV cells, which is divided to 3 

categories amorphous silicon cells, CdTe based cells and CIGS (copper indium gallium 

selenium or/and sulphur). 

In the current PhD, we are interested in this particular type of solar cells, and exactly on 

CIGS (copper indium gallium sulphur). 

 

Rs

Rsh
V

Iph

I



 

92 
Chapter 3: CIGSn Thin films for photovoltaic application 

 

Figure 4: Photovoltaic technologies conversion efficiencies evolution, from 1976 to date. 

From NREL website.10 
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2. The CIGS-based photovoltaics  

CIGS-based thin films PV has attracted attention as a promising technology to overpass 

the silicon PV,11 since they demonstrated high efficiencies: 23.35% for CIG(S,Se)2,12 22.6% 

for pure CIGSe selenide,13 while 15.5% for pure sulphides 14 and recently in our group, this 

efficiency was increased up to 16%.15  

A lot of research is conducted on Cu(In,Ga)S2 (noted CIGS) chalcopyrite compounds as 

absorbers due to their band gap that varies between 1.54 eV and 2.43 eV,16 which fits 

perfectly with the sunlight spectrum and makes CIGS relevant for PV applications. CIGS 

sulphur compounds are getting more attention since they demonstrate a wider band gap 

than CIGSe selenium. 

At the present, the highest efficiencies were always achieved using semiconductors with 

a band gap near to 1.7 eV as in the case of CuIn0.7Ga0.3S2,17 that adopts a chalcopyrite type 

structure similar to CIGSe used to attain the highest performances.12,13 

2.1. The architecture of CIGS solar cells 

The basic architecture of a CIGS solar cell consists of a stack of 6 layers deposited on a 

substrate using different techniques (Figure 5). 

 

 

Figure 5: Schematic representation of a standard CIGS cell. 
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The main layers of CIGS solar cell are:  

1- Substrate 

Role 

The most used substrate is soda lime glass (SLG) since it is largely available and cheap, 

other substrates as metals or polymers can be also used for flexible and light weight cells 

applications.18,19  

The thermal expansion coefficient of SLG is well adapted to CIGS and is stable at high 

temperatures. The diffusion of sodium from the glass into the absorber is known to 

positively affects the properties of the cell.20,21 

The films investigated in this PhD thesis were synthesised at high substrate temperature, 

around of 580 °C, this requires a substrate that is able to handle high temperatures as in 

the case of SLG (the softening point of the glass substrate is 600°C).  

2- Back contact 

Role 

A metallic layer that serves as the electrical contact on the backside of the cell, in order 

to collect the photo-generated carriers (collects holes and acts as a positive electrode). 

Material growth 

Commonly, it is a layer of molybdenum (Mo) layer grown on the SLG that is deposited 

using DC-sputtering. Mo can withstand high temperatures but more importantly, it is 

reported that an ohmic contact is formed at the interface between Mo/CIGS or Mo/CIGSe 

layers due to the formation of MoS2 or MoSe2, respectively.22–24 

3- Absorber 

Role 

The absorber is the Cu(In,Ga)S2 material, the layer where the electron-hole pairs are 

released. It is a p-type semiconductor with a direct band gap, which provides a high 

absorption coefficient. Thus, only an absorber thickness of few microns is enough to allow 

the absorption of the majority of the incident photons with energy higher than Eg. 

Material growth 

Several techniques of the CIGS thin films deposition were developed. Growth techniques 

can be divided into two categories. Vacuum based CIGS deposition, as in the case of co-

evaporation 15,25 and sputtering (or called SAS sulfurization after selenization process).12,14 
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The second category consists in the deposition at the atmospheric pressure such as 

electrodeposition,26–28 spin coating,29–31 inks 32,33 … 

The highest CIGS photovoltaic efficiencies were achieved using the vacuum based growth 

techniques and the obtained CIGS modules are already commercialized on the PV market 

nowadays. Nevertheless, the production cost remains relatively high, compared to the 

non-vacuum methods that still present lower conversion yields.  

Co-evaporation approaches can either include one, two or three stages. The most used 

co-evaporation synthesis of CIGS is performed in three steps (3 stage process). This 

process was developed for the first time by the National Renewable Energy Laboratory 

NREL 34 and have since allowed the achievement of high efficiency. 

The CIGSn thin films prepared during this work were synthesized using the co-evaporation 

technique, which is well established in our laboratory. 

4- Buffer layer 

Role 

Commonly, it is an n-type semiconductor, which will create a p-n junction with the CIGS 

absorber. Compared to the absorber, the buffer layer material should exhibit a wider 

optical band gap to permit the incident photons to reach the CIGS absorber. 

Material growth 

The most used film is cadmium sulphide (CdS) deposited by chemical bath deposition 

(CBD).15 Still, because of the Cd toxicity and its relatively low band gap (2.4 eV)35, 

alternative materials were studied, as Zn(O,S) that demonstrated cell efficiencies 

comparable to the ones with CdS.36,37 This promising buffer layer can be deposited by CBD 

and it presents a large optical gap (3.3 eV) providing better band alignment with CIGS than 

CdS.38  

Besides, the devices with Zn(O,S,OH)x/Zn0.8Mg0.2O double buffer layers revealed a record 

efficiency of 23.35% surpassing the CdS devices.12 

5- Window layer 

Role 

It needs to be a transparent layer in order to allow the light to pass through. Generally, it 

is an n-type transparent conducting oxide (TCO) layer with high-energy band gap. The role 

of this film is to provide the collection of the charges by the front grids. 
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Material growth 

During this PhD, we used the standard bilayer i-ZnO/ZnO:Al deposited by RF sputtering 

deposition as a window film. The first layer called “second buffer layer” is an intrinsic zinc 

oxide with a band gap of 3.3 eV and a high resistivity to limit the defects effects of the CdS 

and allow a better band alignment with ZnO:Al. The second layer is Al-doped zinc oxide 

film with a band gap of 3.6 eV that serves as TCO.  

6- Front contact 

Role 

This part of the cell used to collect the photo-generated electrons.  

Material growth 

Front contacts are metallic contacts that are deposited on the window layer by thermal 

evaporation using e-beam across a shadow mask. The standard front contacts used in 

CIGS solar cells are Ni/Al grids, which were used in this work. Other contacts were also 

used as Au and Ag. 

2.2. Requirements for a good CIGS cell 

Several conditions are required to be fulfilled, for a solar cell to operate efficiently: 

1. High absorption coefficient: to enhance sunlight absorption, the CIGS absorber 

must be able to efficiently absorb sunlight over a wide range of wavelengths of the 

solar spectrum. The CIGS thin film must be sufficiently thick to absorb a significant 

amount of sun radiation, yet thin enough to reduce internal absorption losses. In 

addition, adjusting the indium and gallium content in the absorber affects the 

optical characteristics of the material.  

2. Suitable band gap: a CIGS band gap of the order of 1 to 2 eV enables the cell to 

absorb in the visible region of the solar spectrum. 

3. Direct band gap: A material with a direct band gap provides a direct electronic 

transition between the valence and the conduction bands due to their similar 

wave-vector location points, which improves light absorption and the generation 

of electron-hole pairs.  

4. p-type semiconductor: the CIGS absorber is preferred to be a p-type 

semiconductor. In the classical CIGS architecture, the buffer layer deposited on the 

CIGS is an n-type semiconductor, enabling the formation of a p-n junction, 

facilitating the charge carriers separation and minimizing recombination losses. 

5. High carriers density:  a high carriers density is needed, to increase the quantity of 

available electrons and holes carriers. The carriers density value should be about 

1017 cm-3, in order to provide a sufficient amount of accessible electronic states, 
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allowing efficient charge carrier generation. Moreover, the photognerated carriers 

by the absorber must be able to move easily through the material to be collected 

and create an electric current in the cell. Therefore, a high degree of charge 

mobility is required.  

6. Long charge carrier lifetime: the charge carriers lifetime in the absorber is 

important for the solar cell stability. A longer lifetime essentially allows the carriers 

to remain available for a specific time before they eventually recombine or lose 

their energy. It could be impacted by defects and interactions at the interfaces. 

Thus, in order to improve the lifetime, the deposition must be well controlled 

avoiding any impurities, as well as optimizing the interfaces. 

7. Chemical and thermal stability: for a long device lifetime, the CIGS must be 

chemically stable to withstand long-term degradation and thermally stable to 

resist any high temperatures.   

It is important to note that even a device that meets all these requirements remains 

difficult to explore. 

2.3.  Motivation: CIGSn lamellar compounds potential use as PV absorbers  

As reported in the previous chapter, a full study is implemented as a first step in this work 

to determine the optoelectronic properties of our compounds. According to the results 

obtained from diffuse reflectance, the optical gaps of our lamellar compounds were found 

to be 1.8 eV, 1.9 eV and 1.6 eV for CIGS4, CIGS5 and CIGS6, respectively; which is close to 

the one of CIGS chalcopyrite  CuIn0.7Ga0.3S2 ( 1.7 eV ), therefore our compounds might be 

potentially used as absorbers as well. Further, the 2D structure with a van der Walls gap 

of our compounds might lead to different layers orientation deposition, either parallel or 

perpendicular layers deposition to the substrates. 

Moreover, the CIGSn thin films present copper poor compositions (Cu/S= 0.1, 0.2, 0.3) 

comparing to the CIGS chalcopyrite (Cu/S =0.5). Thus, it is possible to use a one-stage 

process and avoid the CuS segregation at the surface as for CIGS chalcopyrite, while 

providing a homogeneous composition, since this approach does not produce 

compositional profile grading like in the three-stage process.  

In the rest of the chapter, we will report the experimental details and the results obtained 

on the CIGSn lamellar compounds to answer the question whether our compounds can 

operate as absorbers on a solar device and it will be organized as follows: 

- CIGSn thin films synthesis using co-evaporation.  

- Thin films characterizations: Chemical, structural, optical and electrochemical 

characterizations. 

- Electrical measurements using two different architectures.     
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3. Elaboration of CIGSn thin films 

3.1. Co-evaporation synthesis 

The synthesis of CIGSn thin films was carried out in the co-evaporation machine BAK-640 

under high vacuum (a residual pressure of between 10-7 and 10-6 mbar). The elementary 

sources of copper, indium, gallium and sulphur evaporate simultaneously onto a substrate 

heated thanks to halogen lamps. 

Inside the chamber (Figure 6), the sources are placed in effusion cells and the substrate is 

placed above next to them on the sample holder. The substrate holder can contain up to 

three microscope slides of 7.5 cm by 2.5 cm (A, B, C). Generally, the composition remains 

homogeneous on the entire surface of the substrates. 

A calibration of the evaporation fluxes as a function of the temperature of the metal 

sources (copper, indium and gallium) is implemented using a quartz microbalance. As a 

result, the atomic fluxes of each element for the targeted composition corresponds to a 

specific heating temperature (Figure 7). Meanwhile sulphur is evaporated in excess, in 

order to avoid the formation of an absorber with a lack of sulphur. The ratio between the 

atoms adsorbed on the substrate and all the atoms evaporated towards it, is mainly 

similar in the case of Cu, In and Ga. In the case of S this ratio is lower. The unreacted excess 

of S re-evaporates, because the pressure in the chamber is lower than its vapour pressure 

at this substrate temperature.  
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Figure 6: Schematic representation of a co-evaporation deposition chamber. 
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Figure 7: Calibration of the atomic flux of the elemental sources (Cu, In and Ga) as a 

function of the temperature. 

A single stage process was used to prepare CIGSn lamellar layers with the stoichiometric 

compositions Cu1,44In2,77Ga0,76S6 and Cu0.65In1.75Ga1.4S5 for CIGS6 and CIGS5 respectively. 

The Figure 8 presents the one stage co-evaporation process followed for CIGS5 and CIGS6. 

During this process, the substrate temperature remains constant and all the raw materials 

Cu, In, Ga and S are evaporated simultaneously at fixed temperatures that refers to the 

atomic flux corresponding to the targeted composition as mentioned before. The 

deposition parameters are presented on the Table 1.  

In this work, different substrates were used for the CIGS deposition such as SLG and 

SLG/Mo. Besides, TCO coated on SLG such as SLG/FTO (Fluorine doped tin oxide SnO2: F) 

and SLG/ITO (Indium tin oxide) are also employed. It’s worth to mention that TCO are 

beneficial for the CIGS tandem cells due to transparency.39 Particularly for CIGS tandem,39–

41 bifacial 42–44 or superstrate 44,45 solar cells applications. In these configurations, the 

sunlight will enter either from the substrate/back contact or from both sides. 

A temperature of 580°C is applied to the substrates for both CIGS5 and CIGS6, this 

temperature is considered as the maximum value without causing any substrate 

deformation. In the first attempts, this temperature was decreased to lower values, but 

the targeted composition was not obtained. 
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Figure 8: The 1-stage process followed for CIGS5 and CIGS6 deposition. 

Table 1: CIGS6 and CIGS5 deposition parameters. 

CIGS6 deposition protocol CIGS5 deposition protocol 

Cu source temperature: 1200 °C Cu source temperature: 1150 °C 
In source temperature: 950 °C In source temperature: 950 °C 
Ga source temperature: 960 °C Ga source temperature: 1050 °C 
S source temperature: 140 °C S source temperature: 140 °C 

Substrate temperature: 580 °C Substrate temperature: 580 °C 
Time of the deposition: 1h 

Co-evaporation chamber pressure: 10-5 
mbar 

Time of the deposition: 1h30min 
Co-evaporation chamber pressure: 10-5 

mbar 

 

Figure 9 shows CIGS5 and CIGS6 deposited on soda lime glass with an average thickness of 

about ~1µm. It is observed that both samples exhibit a colour similar to the one obtained 

with high temperature powders (a black sample in the case of CIGS6 and red for CIGS5 thin 

film). 

 

Figure 9: The deposited CIGS6 and CIG5 samples on soda lime glass. 

3.2. Structural and chemical characterizations of CIGSn 

The CIGSn samples were investigated by XRD, to identify the crystalline phase of the 

material. The measurements were performed using 3 different diffractometers (Brucker 

D8 in a Bragg - Brentano θ-2θ configuration, INEL with Debye Scherrer geometry and 

XtaLAB Synergy-S Rigaku, see appendix). The XRD patterns recorded of CIGS6 and CIGS5 

thin films deposited on SLG and Mo/SLG substrates are presented in this section and 

compared to the CIGSn powders prepared by high temperature solid state reaction, 

serving as our reference, in order to figure out if the targeted structure has been obtained. 
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In Figure 10, the diagram of the layer deposited on SLG (in green) shows more peaks 

compared to the layer deposited on SLG/Mo (in pink) for which the substrate is well 

crystallized and the peaks relative to Mo overshadow all. In addition, the crystallites in the 

co-evaporated thin films are much smaller than in the case of the high temperature 

powders, as a result the peaks correspond to the deposited material are less wide and 

intense. For this reason, plotting the diagram in a logarithmic scale allows us to see more 

peaks as shown in Figure 11. Unfortunately, the intensities of the peaks remain low. For 

this purpose, the scratched thin film is analysed with INEL diffractometer using a capillary, 

in order to avoid any sort of preferential orientation that might appear due to the 

substrate. 

Several observed diffraction peaks of the CIGS6 scratched thin film (in blue, Figure 10) 

match perfectly with the (003), (102) (1-12), (1-14) and (2-10) reflections of the reference 

powder CIGS6 (in red). Unfortunately, CuIn5S8 was identified as a secondary phase, 

allowing an explanation of all the reflections. Moreover, in Table 2, the results obtained 

from EDX demonstrate the co-existence of two phases, one composition (Cu1,9In3Ga0,48S6) 

close to the CIGS6 lamellar phase and the other one (Cu1,2In2,1Ga2,8S8) corresponding to a 

composition that can be formulated as spinel CuIn5S8. 

 

Figure 10: X-ray diffraction patterns of the deposited CIGS6 thin films on glass and on Mo 

covered soda lime glass compared to the reference powder of the same target composition 

Cu1,44In2,77Ga0,76S6 and the secondary phase observed CuIn5S8 . 
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Figure 11: X-ray diffraction pattern of CIGS6 deposited on Mo-covered soda lime glass on a 

logarithmic scale. 

In the case of CIGS5, the scratched thin film is analysed with INEL diffractometer using a 

capillary (Figure 12). All the peaks observed on the X-ray patterns of the scratched thin 

films can be indexed to the reference CIGS5 powder as observed in Figure 12. The large 

dominant peak around 2θ ≃ 28° suggests the presence of numerous peaks which 

correspond to the set of peaks in the 27° ≤ 2θ ≤  29°  range of the reference. Besides, as 

displayed in the zoom inset, the first reflection (002) observed around low 2θ (2θ = 5.7°) 

meets the CIGS5 lamellar material signature reported by our group 46. All the lamellar 

materials CIGSn exhibit a specific d-spacing observed at low 2θ and that is equivalent to 

15.6 Å for CIGS5.  

On the other hand, the scratched thin film is also analysed using XtaLAB Synergy-S Rigaku 

diffractometer with a better resolution and intensity in a capillary form (see appendix). 

Figure 13 presents the obtained pattern plotted versus d(Å). The most intense reflections 

of the CIGS5 reference are overlapping with the principal peaks of the powder from 

scratched thin film. Consequently, by this comparison, a CIGS5 type structure for this last 

compound is validated. This fact is corroborated by EDX. A homogeneous monophasic 

composition (Cu0.63In1.9Ga1.26S5) close to the CIGS5 targeted one was detected with 

comparable atomic ratios values (See Tables 2 and 3).  
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Figure 12: X-ray diffraction patterns of the powders from scratched CIGS5 thin films on glass 

and on Mo covered soda lime glass compared to the reference powder of the same target 

composition Cu0.63In1.9Ga1.26S5. 

 

Figure 13: X-ray diffraction patterns of the powder from scratched CIGS5 thin films on FTO 

covered soda lime glass compared to the reference powder of the same target composition 

Cu0.63In1.9Ga1.26S5. 
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Table 2: CIGS5 and CIGS6 targeted composition compared to the compositions of the phases 

determined with EDX. 

Samples Targeted composition EDX composition 

CIGS6 thin film Cu1,44In2,77Ga0,76S6 1- Cu1,9In3Ga0,48S6 
2- Cu1,2In2,1Ga2,8S8 

CIGS5 thin film Cu0.65In1.75Ga1.4S5 Cu0.63In1.9Ga1.26S5 
 

Table 3: EDX atomic ratios of the phases determined in CIGS5 and CIGS6 thin films. 

Atomic % ratios Cu/S In/S Ga/S 

CIGS6 target 0.2 0.5 0.1 

CIGS6 deposited  0.3 
0.2 

0.5 
0.2 

0.1 
0.4 

CIGS5 target 0.1 0.4 0.3 

CIGS5 deposited  0.1 0.4 0.3 

 

Figure 14 presents EDX mapping of the scratched thin film performed by STEM, showing 

clearly the homogeneous distribution of the elements Cu, In, Ga and S. Further, the 

stacking layers of the sample are depicted through HAADF-STEM image in Figure 15. 

Apparently, the lamellar structure is well viewed with the representative layers in the 

images.  

The HAADF imaging depends on the atomic number Z (the contrast is proportional to Z2); 

the higher is the atomic number of the elements, the brighter they appear. Hence, the In-

S layers are illustrated as the brighter lines and the Van der Waals gap is spotted as the 

dark lines. The measured distance between the octahedral In-S layers was found to be 

around 15 Å, which is comparable to the CIGS5 specific d-spacing. This confirms once again 

the CIGS5 lamellar phase synthesis as a thin film. Nevertheless, we need to highlight the 

risk of intergrowths and the possibility of the presence of other CIGSn lamellar 

compounds, due to the gap of Van der walls between the blocks that might impacts the 

diffusion according to the c-axis. 
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Figure 14: HAADF image and qualitative STEM-EDX mappings of Cu, In, Ga and S of the 

powder from scratched CIGS5 thin film. 

 

Figure 15: HAADF-STEM images of the powder from scratched CIGS5 thin film, highlighting 

the stacking layers on the compound (on the left). The In-S layers are imaged as the bright 

lines and the van der Waals gaps as the dark lines.  

The Raman spectra of CIGS5 thin films on SLG, on SLG/Mo and on SLG/FTO, as well as the 

reference powder of CIGS5 and the CuIn0.7Ga0.3S2 chalcopyrite also prepared at high 

temperature named CIGS, are presented in Figure 16 for a comparative analysis. The CIGS 

spectrum is characterised by the strong signal centred at 294 cm-1 that is attributed to the 

main A1 mode of chalcopyrite structure.47,48 With increasing amount of Ga within 

Cu(In,Ga)S2 structure, the A1 mode value could shift from 291 cm-1 to 311 cm-1 for pure 

CuInS2 and CuGaS2, respectively. 47  

For the lamellar compounds spectra, the dominant peak is larger than in the case of CIGS 

and shifted towards 340 cm-1 with additional peaks at 132, 219 and 698 cm-1. The digital 

print of the spectra of CIGS5 thin films and the powder are in very good agreement as 

expected, corroborating the result obtained from XRD and STEM. 
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Figure 16: Raman spectra at excitation wavelength 514 nm of CIGS5 thin films deposited on 

SLG, on SLG/Mo and SLG/FTO compared to the CIGS5 reference powder and the CIGS 

chalcopyrite, with a zoom on the range (240 – 420 cm-1) on the top. 

Glow discharge optical emission spectrometry (GDOES) is another technique used to 

determine the homogeneity of the samples compositions within the thickness of the thin 

film. GDOES measurement was performed at IPVF. 

 

Figure 17: GDOES depth profile elementary analysis of CIGS5 thin film deposited on Mo 

covered soda lime glass. 
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Figure 17 presents the different elements profiles performed on the CIGS5 thin film 

deposited on Mo/SLG. We can observe that the concentration of the four elements Cu, 

In, Ga and S remains constant throughout the entire thickness of the film, right up to the 

interface between the CIGS5 layer and the substrate Mo, which is determined by the 

sudden increase of Mo.  

As a first conclusion, it was not possible to obtain a monophasic CIGS6 thin film, although 

CIGS5 has been successfully deposited. Thereby, it was decided to have a full implemented 

study only on the monophasic compound. 

3.3. Energy diagrams and optoelectronic properties 

 Optical properties 

To calculate the optical gap of the thin film, UV-visible spectroscopy was used in two 

different configurations: Transmittance (T) and reflection (R). The tests were carried out 

on the CIGS5 sample deposited on glass for its transparency in the visible range. The 

experimental and fitting conditions are presented in the appendix. 

The experimental results obtained from T and R, alongside the computed data using a 

fitting algorithm are depicted in Figure 18 a. The fitted data are then written as Fresnel 

coefficients 49  (n: refractive index and k: the extinction coefficient) and the resulting 

values after a certain number of iterations are displayed in Figure 18 b.  

Figure 19a presents the absorption coefficient (α) determined by Fresnel method.49 Using 

Tauc plot method,50,51 we can estimate the optical gap value from the extrapolation of the 

linear part of the plotted (αhv)n versus (hv) photon energy curve at (αhv)n = 0 ( n=2 for 

direct band gap and n=1/2 for indirect band gap) (See Figures 19 b and 19 c). 

The CIGS5 thin film exhibits a direct band gap energy indicated by the linear part of the 

curve, which is approximated to Eg= 2.19 eV as presented on the Figure 19b. This value is 

close to that estimated from the absorption (2.04 eV) (Figure 19 a). 

In addition, it yielded two optical gaps of 1.84 eV and 1.3 eV for the indirect transitions, 

according to the observed linear portions in the Figure 19c. Usually, Tauc plots offer a 

method of differentiating between the two different types of band gaps transitions. 

However, in the case of the compound investigated, it seems that they fall short to provide 

a clear conclusion on the type of permitted transition.  

Nevertheless, looking to the resulted Tauc plots, we can consider that the CIGS5 thin film 

displays a direct band gap with a huge density of intrinsic defects presented by the Urbach 

tail,52,53 as expected looking to their structures and to the photoluminescence 

measurements presented in the next section. 
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Figure 18: a) The experimental optical transmission T and the reflection R spectra of 

CIGS5/SLG and their fitted curves. b) The refractive index n and the extinction coefficient k 

computed after a certain number of iterations. 

 

 

Figure 19: The CIGS5/SLG a) absorption coefficient plotted spectrum. b) Tauc plot  (𝜶𝒉𝒗)𝟐 

versus (𝒉𝒗) that corresponds to direct optical band gap. c) Tauc plot  (𝜶𝒉𝒗)𝟏/𝟐 versus 

(𝒉𝒗) that corresponds to indirect optical band gap. With extrapolation of the linear part to 0 

indicating the obtained values. 
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Another method to obtain the optical gap of thin films is the external quantum efficiency 

EQE that will be viewed in the IV paragraph. By comparing the two techniques, it is more 

difficult to determine the optical gap of the thin films using the reflectance measurements 

than EQE due to its dependency on the layer thickness, the surface roughness of the 

material and the reflectance of the substrate.  

According to EQE, it was found that the optical gap equal to Eg= 2.0 eV for CIGS5 deposited 

on both substrates (SLG/Mo and SLG/FTO) which is close to the value obtained using the 

absorption and direct Tauc plot. The value is close to the one of the reference powder 

(Eg= 1.9 eV).  

 Photoluminescence 

The photoluminescence spectra of CIGS5 thin film and CIGS chalcopyrite conducted at 

room temperature are presented in Figures 20 a and 20 b, respectively.  

The CIGS5 thin film PL spectrum shows a broad emission centred at much lower energy 

(1.57 eV) than the corresponding optical band gaps (Eg = 2.0 eV obtained either from EQE 

and reflectance diffuse). Unlike CIGS chalcopyrite, which displays a main narrow emission 

indicated at 1.7 eV close to the measured optical gap, with another low broad peak 

observed at lower energy due to in-gap defects states.47 

The lamellar compound spectrum exhibits an intense wide shifted band as shown in the 

Figure 20 a. This could be attributed to the presence of deep defects in the gap that are 

much more present in the lamellar compounds than for chalcopyrite. Since, as explained 

earlier, the lamellar compounds demonstrate a structure full of defects as intrinsic 

cationic vacancies and mixed occupancy (Cu, Ga and In) on tetrahedral sites,46 leading to 

the formation of several defects as VCu’, CuGa’’ or InCu
°° (VCu

1-, CuGa
2- or InCu

2+).17,46  

 

Figure 20: Photoluminescence spectra at 488 nm of (a) thin film of CIGS5 lamellar compound 

(b) CIGS chalcopyrite. 
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 Electrochemical measurements 

Similarly as in the previous chapter for powders, (photo)electrochemical measurements 

were conducted on CIGS5 thin films deposited on two different substrates SLG/Mo and 

SLG/FTO, in order to further investigate the thin films semiconductors type and the bands 

configurations compared to the results obtained on the powder. 

To do this, we performed electrochemical impedance spectroscopy (EIS) measurements 

at pH of 5.84 and 5.88 for SLG/Mo/CIGS5 and SLG/FTO/CIGS5, respectively, under the same 

conditions as the powders measurements.  

As presented in Figure 21, the tests were carried out with a three electrodes setup, using 

Ag/AgCl as reference electrode, platinum as counter electrode, CIGS5 thin film as working 

electrode and LiClO4 (0.5 M aqueous) as electrolyte. 

 

Figure 21: Schematic representation of the three electrodes cells used during the 

electrochemical and photo-electrochemical measurements on CIGS5 thin films. 

The EIS data were measured under dark on a potential range of 0.2 V to -0.8 V versus 

Ag/AgCl reference electrode, at each applied voltage a range of frequencies is recorded 

between 100 Hz and 100 kHz. The curves have been analysed at high frequencies (1-10 

kHz), to avoid surface and diffusion phenomena (Figure 22).  

Figure 22 presents the Nyquist diagrams obtained at -0.3 V of CIGS5 thin films, which will 

be fitted by a simplified Randles circuit with neglecting Warburg, in order to determine 

the capacitance C to plot the Mott-Schottky plots (Figure 24). From the representation of 

C-2 as a function of the applied potentials, we can conclude the nature of the 

semiconductor from the slope sign and the flat band potential, as explained in chapter 2.  
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Figure 22: Nyquist curves at -0.3 V obtained from electrochemical impedance spectroscopy 

with the applied equivalent circuit for fitting at high frequencies (1-10 kHz) (red line) of 

CIGS5 thin films deposited on SLG/Mo and on SLG/FTO. 

Beforehand, cyclic voltammetry (CV) tests were carried out to define the stable potential 

range for electrochemical impedance spectroscopy tests, and to detect any redox 

reactions that might occur during the experiments. 

 Figure 23 presents the obtained CV curves between (-0.4 V – 0.4V) and (-0.5 V – 0.5V) of 

CIGS5 thin films deposited on Mo and FTO, respectively, showing no specific sign of a 

reduction-oxidation reaction over the chosen range. 

 

Figure 23: Cyclic voltammetry curve at a scan rate of 5 mV/s of CIGS5 thin films deposited 

on a) SLG/Mo and b) on SLG/FTO. 
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The Mott-Schottky plots of the SLG/Mo/CIGS5 and SLG/FTO/CIGS5 thin films demonstrate 

an n-type semiconductor behaviour according to the positive slopes observed in Figure 

24. Moreover, the flat band (Vfb) is extrapolated at zero from the ordered slope and the 

carrier density (N) is inversely proportional to the slope. The calculated flat band 

potentials were equal to (Vfb = -0.61 V/Ag/AgCl and Vfb = -0.39 V/Ag/AgCl for 

SLG/Mo/CIGS5 and SLG/FTO/CIGS5, respectively) and donor densities estimated to be 

around (ND = ~1011 cm-3 and ND = ~1011 cm-3 for SLG/Mo/CIGS5 and SLG/FTO/CIGS5, 

respectively).  

 

Figure 24: Mott Schottky plots of a) SLG/Mo/CIGS5 and b) SLG/FTO/CIGS5 thin films with the 

estimated flat band potentials from the linear fit of the slopes. 

These measurements have allowed us to place the Fermi level of each material following 

the two equations (1) and (2), which will serve to propose the energy diagrams of the 

samples. 

𝑉𝑓𝑏 𝑣𝑠 𝑅𝐻𝐸 =  𝑉𝑓𝑏 𝑣𝑠 𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 𝑝𝐻 +  𝑉(𝐴𝑔/𝐴𝑔𝐶𝑙)         (1) 

𝐸𝑓 (𝑒𝑉) =  −4.5 − 𝑉𝑓𝑏 𝑣𝑠 𝑅𝐻𝐸       (2) 

In the previous chapter, the energy diagrams were determined by combining three 

techniques: the electrochemical measurements with spectroscopic measurements, 

namely X-ray photoelectron spectroscopy (XPS) and diffuse reflectance. However, since 

we carried the XPS tests only on powders and not on thin films, we established the energy 

diagrams using the calculation based on Mulliken electronegativity and the band gap 

(explained in chapter 2). This method showed results equivalent to the experimental ones. 

Indeed, Table 4 summarises the characteristics of energy diagrams of the thin film 

compared to the powder. The calculated Fermi levels on an absolute scale were 

approximated to (Ef = -4.4 eV and Ef = -4.6 eV for SLG/Mo/CIGS5 and SLG/FTO/CIGS5, 

respectively), these values are in good agreement with that estimated with the CIGS5 

powder (Ef = -4.4 eV).  
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It is checked that band structure energy values of the thin films are close to the previously 

obtained with CIGS5 powder. This is an important point as it already confirms that it is 

reproduced (Figure 25). Furthermore, the obtained charge carrier densities  

(ND ~1011 cm-3) are extremely low, which indicates the intrinsic property of the prepared 

thin films. 

Table 4: Characteristics of optical gaps, the maximum of the valence band vs the Fermi level 

position and the estimated Fermi levels using the formulas (4) and (5) of the CIGS5 thin films 

and powder.  

 

 

Figure 25: Schematic representation of the energy bands on absolute scale with respect of 

the vacuum of the CIGS5 thin films compared to the reference CIGS5 powder. 

 Kelvin probe force microscopy measurements 

Additionally, kelvin probe force microscopy (KPFM) measurements were carried out on 

the thin films in order to establish the results; KPFM provides information of the work 

function that is assimilated to the Fermi level. The experimental conditions are described 

in the appendix. 

-3.7

-5.7

-4.42
.0

SLG/Mo/CIGS5 

thin film
SLG/FTO/CIGS5 

thin film

CIGS5

powder

E (eV) vs. Vacuum

-3.5

-5.4

-4.41
.9

1.0

-3.7

-5.7

-4.6

2
.0

Samples 
Donor density  

ND (cm-3) 
VBM  
(eV) 

CBM  
(eV) 

Fermi 
level 

Ef(eV) 

Work 
function 

(eV) 

CIGS5 powder ~1017 -5.4 -3.5 -4.4 --- 

SLG/Mo/CIGS5 thin film ~1011 -5.7 -3.7 -4.4 4.3 

SLG/FTO/CIGS5 thin film ~1011 -5.7 -3.7 -4.6 4.7 



115 
Chapter 3: CIGSn Thin films for photovoltaic application 

The measured results are 4.3 eV and 4.7 eV for SLG/Mo/CIGS5 and SLG/FTO/CIGS5 

respectively. These outcomes are consistent with the Fermi energies calculated on an 

absolute scale with respect to the vacuum level (Ef = -4.4 eV and Ef = -4.6 eV for 

SLG/Mo/CIGS5 and SLG/FTO/CIGS5 respectively) which corroborate the results obtained 

previously from EIS and confirm the energy diagrams positioning. 

 Photo-electrochemical measurements 

 In order to verify the nature of the majority charge carriers of the thin films, 

photoelectrochemical measurements were performed under the same conditions as 

those used for EIS presented in Figure 21, under chopped illumination using MI-LED 

illuminator (Edmund Optics).  

Figure 26 presents the chronopotentiometry curves of the CIGS5 thin films deposited on 

SLG/Mo and on SLG/FTO substrates. The samples reveal as expected from the EIS analyses 

an identical behaviour (n-type semiconductor) as the reference powder. The n nature is 

indicated with the open circuit potential increase under illumination.  

Besides, the values of the lifetime charge carriers were determined through exponential 

decay fitting of the OCP curve after stopping the illumination, as shown in the Figure 27. 

As previously explained in chapter 2, τ1 presents the time to reach equilibrium state of the 

majority carriers and τ2 is the lifetime linked to recombination process. The corresponding 

lifetime charges were estimated to (τ1 = 0.07s, τ2 = 0.56s) and (τ1 = 0.06s, τ2 = 0.24s) for 

SLG/Mo/CIGS5 and SLG/FTO/CIGS5, respectively.  

 

Figure 26: Chronopotentiometry curves under illumination (indicated by the yellow region) 

and under dark of thin films: a) SLG/Mo/CIGS5. b) SLG/FTO/CIGS5. 
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Figure 27: Open circuit curves under dark fitted using the exponentials in order to determine 

the charge carrier lifetime for of thin films: a) SLG/Mo/CIGS5. b) SLG/FTO/CIGS5. 

The chopped-light IV (current potential) curve of the thin films are given in the Figure 28. 

Interestingly, it shows both types of semiconductors. An n-type pattern demonstrated 

with an increase of oxidation current and then switched to p-type nature with the increase 

of the reduction current at Ei=-0.01 V and Ei=-0.2 V for SLG/Mo/CIGS5 and SLG/FTO/CIGS5 

respectively. Yet, the n-type pattern is more favoured for both samples as the oxidation 

photocurrent detected is much more important than the reduction photocurrent.  

This unusual behaviour was not observed in the case of CIGS5 powder (that was 

recognized an n-type semiconductor according to the IV measurement); this can be due 

several reasons: 

- The CIGS5 thin film composition detected by STEM-EDX (Cu0.63Ga1.26In1.9S5) was 

found close to the CIGS5 powder (Cu0.65In1.75Ga1.4S5); however, it is not exactly 

similar. The mixed occupancy of tetrahedral sites by the elements Cu, In and Ga 

allows the chemical composition tuning, which can influence the semiconductor 

type. 

 

- The risk of intergrowths on the composition can occur, and trace of the other 

lamellar compounds could be distinguished, considering the Van der Walls gap 

between the blocks, which might affects the diffusion according the axis c.  
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Figure 28: Current-potential curve measured under chopped simulated sunlight with the 

yellow part corresponds to the illumination time for CIGS5 thin films: a) SLG/Mo/CIGS5. b) 

SLG/FTO/CIGS5. 

In the next section of the chapter, we will explore the performances of the solar cell 

devices based on CIGS5 absorber. For this purpose, two architectures were evaluated: the 

classical CIGS architecture in order to compare with CIGS chalcopyrite performances and 

the second one is an n-i-p architecture considering our absorbers as intrinsic material.  

-0,3 -0,2 -0,1 0,0 0,1 0,2

-4,0x10-5

-2,0x10-5

0,0

2,0x10-5

4,0x10-5

6,0x10-5

8,0x10-5

1,0x10-4

C
u

rr
e
n

t 
(A

)

Potential (V vs Ag/AgCl)

 Mo/CIGS5-thin film Ei=-0.01 V

(a)

Photo current inversion

Photo oxydation

Photo reduction
p-type

n-type

Light onLight on

-0,6 -0,4 -0,2 0,0 0,2

-5,0x10-5

0,0

5,0x10-5

1,0x10-4

1,5x10-4

C
u

rr
e
n

t 
(A

)

Potential (V vs Ag/AgCl)

 FTO/CIGS5-thin film

Ei=-0.2

(b)

Photo current inversion

Photo oxydation

Photo reduction
p-type

n-type

Light onLight on



 

118 
Chapter 3: CIGSn Thin films for photovoltaic application 

3.4. Device assemblies 

 Classical CIGS architecture 

The first proposed architecture is the common classical CIGS assembly described 

previously (Figure 5), and it was conducted to compare with the well-studied CIGS 

chalcopyrite.  

For the tests, the co-evaporated thin films were completed by the deposition of the buffer 

layer, window layer and finally the metallic grids. As shown in the Figure 29, several 

devices with different back contacts (either Mo, FTO or ITO) and different buffer layers 

(CdS or ZnOS) were examined. 

Different growth techniques used to prepare the final device are those mentioned 

previously. The back contacts used in this PhD are either Mo deposited on SLG using DC 

sputtering, or the commercial FTO and ITO substrates. The absorber is then co-evaporated 

as explained above. This deposition is followed by a buffer layer of either CdS or Zn(O,S) 

deposited by a chemical bath in an open reactor under standard conditions.15,54 Finally 

the double layer ZnO:i/ZnO:Al are RF-sputtered before using the electron beam 

evaporator to deposit the grids. The final device samples are pictured on the Figure 30. 

 

Figure 29: Schematic representation of the prepared device, with the different layers used.  

 

Figure 30: Picture of the final device samples on different substrates. 
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The JV curves in dark and under illumination (AM1.5G, 1000 W/m2 at 25°C). of the 

different fabricated devices as well as their photovoltaic parameters and external 

quantum efficiency are presented on the Figures 31-32 and the Table 5. 

Our first observation is that the JV curves difference under dark and simulated sunlight 

prove that the CIGS5 lamellar compound present a photovoltaic effect with the maximum 

conversion efficiency obtained corresponds to the device with Mo as a back contact and 

Zn(O,S) as a buffer layer instead of CdS (Figure 31 and Table 5). However, the obtained 

photovoltaic parameters are still very low similarly to EQE. The shape of the EQE curve 

reveals several serious losses within the fabricated cell, that are related either to the 

absorption limitations in the buffer layer and the window layer carriers recombination or 

to the losses caused by the carriers recombination at the interfaces (Figure 32a). In 

addition, band gap energy of the material was also determined by the EQE2 as a function 

of energy (Figure 32b). 

 

 

Figure 31: current voltage (JV) curves measured in dark and under illumination of the solar 

cells prepared from the different investigated films 
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Table 5: The obtained photovoltaics parameters of the solar cells investigated. 

 

 

 

 

 

 

Figure 32: (a) External quantum efficiency (EQE) curves of the prepared devices. (b) Band 

gap determination from external quantum efficiency (EQE) curve of the CIGS5 absorber. 

 

The limitations might be explained due to several reasons: 

1- The bands alignments:  

As presented in Figure 33, the energy diagrams obtained for CIGS5 absorbers are not 

well positioned relative to the buffer layers CdS and ZnOS,55,56 unlike the CIGS 

chalcopyrite. Therefore, the potential of charge carriers at the interface is very limited, 

resulting a very low Voc, as demonstrated by current voltage curves. 
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Figure 33: Schematic energy diagrams of CIGS5 thin films and CIGS compound 

compared to those of main buffer layers used in CIGS-based solar cells. 

 

2- The type of the buffer layer:  

Both buffer layers chosen in the classical architecture are n-type semiconductors in 

order to create a p-n junction with the CIGS absorber that is well known as a p-type 

semiconductor; this is not the case with the lamellar compounds that show an n-type 

semiconductor. Instead of fabricating a p-n junction, in fact it was an n-n junction, 

since CIGS5 presents mostly the n-type semiconductor. This might cause a non-

efficient electron-hole pairs separation.   

3- The morphology: 

SEM images of the absorbers are illustrated in Figure 34. It shows the cross sections 

of the deposited thin films on different substrates: glass, Mo-covered SLG and FTO-

covered SLG. Looking at the grains in the images of the thin films, as a first observation 

the microstructure of the grains is different from a sample to another. In the case of 

the SLG substrate, the layers are deposited on different orientations unlike for the film 

deposited on Mo, it is clear that the majority of the layers are oriented vertically. 

However, the cross sections of the film deposited on the FTO/SLG show a dense 

packed morphology. This might be due to the lamellas that are misaligned. From the 

morphology obtained of the thin films, we can conclude that the orientation of the 

layers needs to be controlled to better optimize the solar cell. 
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Figure 34: SEM images of cross sections for investigated CIGS5 thin films with different 

substrates. 

4- CIGS5 lamellar compound defects: 

As explained previously, CIGSn lamellar compounds structure contain different defects, 

mixed occupancies and vacancies in the tetrahedral sites.  Clearly confirmed from the 

photoluminescence analyses (Figure 20). The amount of defects in the CIGS5 lamellar thin 

film is much more than for the CIGS chalcopyrite. This increases carrier recombination and 

lowers their mobility, which affects the cell efficiency. 

These first attempts show that there is still a serious need to optimize the interfaces. 

As a next step, two cell architectures will be tested:  

 The first one is a total different architecture. Taking into account the IV photo-

electrochemical measurements of CIGS5 thin film presented previously in Figure 

28 that proved the ambipolarity behaviour of this compound. Following this path, 

the n-i-p architecture will be tested considering CIGS5 absorber as an intrinsic 

compound. 
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 The second one is keeping the classical architecture while using a p-type buffer 

layer in order to make a p-n junction, since CIGS5 displays in majority the n nature.  

 n-i-p architecture 

For n-i-p architecture, 2,21,7,71-tetrakis-(N,N-di-4-methoxyphenylamino)-9,91-

spirobifluorene (Spiro-OMeTAD) was chosen to be used as the n-type semiconductor. 

Generally, it is an organic molecule (Figure 35) well used and explored in the perovskite 

solar cells providing high performances.57,58 In this architecture, the layer of the perovskite 

is covered by the spiro-OMeTAD that acts as the holes transporter layer. However, pristine 

spiro-OMeTAD present a limited hole mobility and a low conductivity resulting low 

photovoltaic efficiencies.59 Therefore, dopants and additives are required to solve this 

issue and improve the device performance. Commonly, the most widely used p-type 

dopants are lithium bis(trifluoromethane) sulfonamide (Li-TFSI), 4-tert-butylpyridine 

(TBP).58  

Li-TFSI helps on achieving high hole mobility through the hole transporting material, in 

detail, adding this mixture into a thin film will affects the position of the Fermi level that 

shifts towards the valence band.60,61 Whereas TBP improves the conductivity and the 

morphology by allowing structural rearranging of the spiro-OMeTAD molecules from an 

amorphous structure to a better crystallized one during the oxidation process in the hole-

transporting layer.62 

Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-

cobalt(III)tris(bis(trifluoromethylsulfonyl)imide) (Co(III) complex) is another effective 

dopant that shown promising results for adjusting the spiro-OMeTAD conductivity and 

change its charge-transport properties in solar cells.63 

 

Figure 35: Energy diagrams of perovskite solar cell with crystal structure of spiro-OMeTAD. 

Figure from Suzuki et al.57 
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The objective then, is to replace the perovskite layer in this architecture by CIGS5 as shown 

in the Figure 36. For these tests, the co-evaporated CIGS5 thin films on FTO and ITO coated 

glass substrates are completed by a layer of spiro-OMeTAD by spin coating, which is 

finalized by sputtered gold through a mask using physical vapour deposition PVD. Figure 

37 presents the energy diagrams of the layers mechanism in the n-i-p architecture. 

The spiro-OMeTAD solution (70 mM dissolved in chlorobenzene) was spin coated at 4000 

rpm for 20s. This solution was doped with Li-TFSI, TBP and the Co(III) complex (FK209) 

with a molar ratio of 0.5, 3.3 and 0.03 respectively. This deposition was made by Amelle 

Rebai at IPVF laboratory.  

 

Figure 36: Schematic representation of the n-i-p prepared device, with the different layers 

used.  

 

Figure 37: Energy diagrams of the prepared n-i-p architecture device at no contact. 
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However, according to the IV results obtained in the Figure 38 and the corresponding IV 

parameters in Table 6, the photovoltaics parameters of n-i-p architecture remains similar 

to the one of the classical ones. This confirms that the mechanism of transporting and 

transferring both holes and electrons did not take place, which could be due to the defects 

contribution, corroborating that CIGS5 thin film is not adapted for PV. 

 

 

Figure 38: current voltage (JV) curves measured under illumination of the 

SLG/ITO/CIGS5/Spiro-OMeTAD/Au and SLG/FTO/CIGS5/Spiro-OMeTAD/Au. 

Table 6: The obtained photovoltaics parameters of the solar cells investigated. 

 

 

 

 

Additionally, another assembly was fabricated, maintaining the classic architecture. 

However, this time we tested a p-type buffer layer instead of the usual n-type, by 

replacing the buffer layers used previously (CdS and ZnOS) by spiro-OMeTAD, as shown in 

Figure 39.  

Figure 40 and Table 7 present the JV curves measured under illumination alongside the 

obtained photovoltaic parameters of the two fabricated devices with different back 

contact (SLG/Mo/CIGS5/Spiro-OMeTAD/ZnO/ZnO:Al and SLG/ITO/CIGS5/Spiro-

OMeTAD/ZnO/ ZnO:Al). The device with Mo as the back contact showed a higher Voc than 

the ITO, however the photovoltaic parameters are still very low and comparable to those 

obtained previously (conventional and n-i-p architectures). This confirms once again that 

CIGS5 thin film is not adapted for PV applications. 
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Figure 39: Schematic representation of the assembly prepared using spiro-OMeTAD as a 

buffer layer, with the different layers used.  

 

 

Figure 40: current voltage (JV) curves measured under illumination of the 

SLG/Mo/CIGS5/Spiro-OMeTAD/ZnO/ZnO:Al and SLG/ITO/CIGS5/Spiro-OMeTAD/ZnO/ZnO:Al. 

Table 7: The obtained photovoltaics parameters of the solar cells investigated. 
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4. Conclusions 

One of the objectives of the thesis is to develop CIGSn thin films. Thus, thin films of CIGS5 

and CIGS6 on different substrates were synthesized using co-evaporation process. The 

study was based essentially on CIGS5 thin film, since it was the only lamellar compound 

successfully obtained as a monophasic thin film.  

Moreover, an investigation was performed using electrochemical measurements. As a 

result, optoelectronic properties and energy diagram with the different energy levels 

were determined. The established energy diagram of the CIGS5 thin film is close to the 

one obtained with the reference high temperature powder, with similar Fermi level 

position, also confirmed from the KPFM analyses. Finally, two different solar cells 

configurations are tested, attaining very low efficiencies. 

The intrinsic properties of the CIGSn thin films demonstrated that they are not adapted to 

photovoltaic application. This is due to their high resistivity and the complex structure of 

the lamellar compounds that is full of detrimental defects. In addition, when comparing 

the properties of the CIGS5 lamellar thin film with the requirements needed for an 

efficient CIGS cell, reported in section 2.2, several shortcomings become apparent. 

Although CIGS5 thin film exhibits a high absorption and a suitable band gap, it does not 

meet all the other important requirements. Specifically, the carriers density of the 

absorber is extremely low, the absorber is not a p-type semiconductor and its band gap 

presented a direct transition with an elevated density of intrinsic defects.  

During this PhD, the orientation of the deposited layers was not controlled. Therefore, to 

optimize the solar cell, we need to look for a substrate with lattice parameters close to 

CIGSn lamellar compounds in order to provide a better controlled growth of the absorber 

and improve its microstructure, resulting in better charge carriers transport and 

increasing cells Voc.  

In addition, the quality of the dispositive could be improved by changing the buffer layer 

with a suitable one that allows a better conduction and valance bands alignment at the 

interface, resulting better photovoltaic parameters. 
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Appendix chapter 3 

X-ray diffraction  

The thin films XRD (X-ray diffraction) measurements were performed using a Brucker D8 

diffractometer in a Bragg-Brentano θ-2θ configuration. To perform a test on thin films, a 

slide of the layer will be cut, in order to fit on the sample holder and then will be stick to 

it with a modelling clay to have a flat surface.  

Thin films might have a preferential orientation due to the substrate used; this is why 

another method was used in order to avoid this issue. In this case, the powder scratched 

from the thin film was analysed by INEL diffractometer with a Debye Scherrer geometry 

equipped with a 120° curve-PositionSensitive Detector, using a capillary of a diameter of 

0.1 mm or 0.2 mm. This capillary will carry our sample that will be in a rotation during the 

measurements. 

Powder X-ray diffraction patterns were also recorded on a XtaLAB Synergy-S Rigaku 

equipped with a Hypix 6000 hybrid photon detector and a micro source tube with Mo 

anode (λ=0.707 Å) to improve the signal to noise ratio. The samples are also prepared in 

capillary form. Finally, the patterns are presented and compared in dhkl, due to the 

different wavelengths of the X-ray sources of the different diffractometers used during 

this PhD.  

Scanning transmission electron microscopy  

Using Scanning transmission electron microscopy (STEM) technique, we can detect the 

chemical composition of compounds at the nanometric scale and also investigate its 

homogeneity using the energy dispersive X-ray spectroscopy (EDX) equipped on STEM. 

Furthermore, we can also check the stacking layers of our compounds by HAADF High 

Angle annular dark field imaging.  

In a transmission electron microscope (TEM), a beam of electrons, produced by an 

electron gun and then accelerated by a potential difference (100-300kV), is directed at a 

very thin sample using magnetic lenses called condensers (see Figure 41a). The parallel 

electron beam, illuminating the entire area to observe, then passes through the sample, 

modifying it according to its crystalline structure and chemical composition. A first 

enlarged image of the sample (image mode), and the corresponding electron diffraction 

pattern (diffraction mode), are formed by the objective lens. The chosen operating mode 

(image or diffraction) is determined by the current of the intermediate lenses. 

The other lenses of the microscope are used to progressively enlarge the image or 

diffraction pattern formed by the objective. To observe a sub-nanometer detail in the 

image formed, a magnification of the order of a million is required. Since the image is 

formed by lenses (indirect image), its resolution is strongly limited by optical aberrations. 
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The STEM variant (Figure 41b) used in this work focuses the beam on a very small area, of 

which the size will determine the image resolution. The electron probe is then 

systematically deviated over the entire area to be observed. As it passes through the 

sample, some electrons are deflected. These electrons are detected by sensors and used 

to construct direct images with atomic resolution. The basic configuration consists of an 

annular detector that captures electrons that have undergone elastic shocks, and a central 

detector that collects those that have lost energy. 

 

Figure 41: Simplified schematic of principle of (a) TEM and (b) the scanning mode STEM.64 

 

The annular detector can be extended to collect electrons deviated at very high angles by 

atomic nuclei (Rutherford scattering). The contrast of the image obtained depends on the 

atomic number (Z) of the scattering atoms. This wide-angle mode, known as HAADF (high 

angle annular dark field) or "Z-contrast", can therefore be used to directly visualize atomic 

columns (Figure 42). 
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Figure 42: Principle of HAADF contrast formation.65 

On the other hand, as in a TEM, the incident beam ionizes the atoms, which emit X-rays 

on de-excitation; the X-rays emitted will have a different wavelength for each atom. We 

can therefore get a precise idea of the chemical composition of the sample by using an 

energy analyser to sort X-ray photons according to their energy (EDX spectroscopy). 

Detectors are incorporated into the microscope column around the sample. 

One of the advantages of STEM is that we can easily select a small area (a few angstroms) 

for chemical analysis. We can therefore map the chemical composition of the sample. 

Chemical mapping images (chemical imaging) are constructed by selecting only the X-ray 

photons corresponding to the chemical element we wish to analyse. 

Our experiments were carried out using a Themis-Z scanning transmission electron 

microscope (S/TEM) (Thermo Fisher Scientific) in TEM and STEM mode, with the following 

experimental conditions: at 300 kV accelerating voltage, 21 mrad convergence angle and 

63-200 mrad collection angles. The powder scratched from the thin films was crushed in 

ethanol, and then deposited on a carbon sheet with holes that is placed on a copper grid 

for the tests. We use Velox software to analyse the HAADF images and the EDX analyses 

results (mapping and zone EDX spectra). Figure 43 presents a screenshot of the 

corresponding main window of the software. 
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Figure 43: Main window of the Velox software used to analyse HAADF images and EDX 

analysis results. 

 

Raman spectroscopy 

Raman vibrational spectroscopy measurements have been carried out with a Renishaw 

InVia spectrometer combined with a microscope in a backward scattering geometry using 

an excitation wavelength of 514 nm (green line) of an argon ion laser at room 

temperature. The spectra were collected between 20 and 1400 cm-1 wavenumber range 

under the conditions: an objective of x50, a laser power about 5%, with 12-scan 

accumulation and an exposure time of 10s. The spectra of the thin films and the powders 

were characterized at the same conditions in order to compare between them. 

 

Glow discharge optical emission spectrometry GDOES  

As a complement measurement of the compositional techniques preformed. Glow 

discharge optical emission spectrometry GDOES technique allow us to analyse the 

elementary profile of thin films on both surface and through its depth revealing the 

different compositions along the layers.  A measurement that occurs under argon under 

low pressure. When a discharge is created between the anode and the sample (which acts 

in this test as a cathode) a plasma will be generated. Then atoms will be removed from 

the surface of the thin film and then projected into the plasma, in where they get 

activated. Once they return to their stable state, they emit a radiation that is analysed by 

a detector.  

Selected area for EDX 

EDX spectrum 

EDX cartography

The composition obtained of the elected area 
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Reflectance diffuse 

To calculate the optical gap of the thin film, UV-visible-NIR spectroscopy was used in two 

different configurations: Transmittance and reflection modes, in the spectral range 

between 500 and 1200 nm. The tests were carried out on the sample CIGS5 deposited on 

glass for its transparency in the visible range.  

Using the collected data of the reflection and transmittance spectra, the absorption 

coefficient can be approximated using the following equation (3)66–68 

𝛼 = 
1

𝑑
× 𝑙𝑛 (

(1 − 𝑅)2

𝑇
)               (3) 

where R is the reflection, T is the transmittance and d is the thickness of the thin film.  

The absorption coefficient can be determined also by the Fresnel method,49 which 

involves writing R and T already obtained as Fresnel coefficients. First, a fitting algorithm 

is required in order to reduce the Root Mean Square (RMS) error between the 

experimental and the computed data. The fitted data depend on the complex refractive 

indices N of both the thin film and the substrate (N=n+ik with n refractive index and k the 

extinction coefficient) and their thicknesses at each applied λ wavelength, with 

subtracting the SLG substrate input from the equation.49  

The absorption coefficient could be calculated following the corresponding formula (4) 

α = 4πk/λ               (4) 

According the Tauc 50,51 plot method we can determine the optical gap (Eg) of the thin film 

semiconductor materials, which is related to the absorption coefficient as shown in the 

equation (5) 

(𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔)                (5) 

where h is the Planck constant, 𝑣 is the incident photon frequency, A is a constant that 

depends on the mobility probability in the material and the exponent n is a value that 

depends on the nature of the band gap; for direct allowed transition semiconductors n=2 

while for indirect allowed transition semiconductors it  equals to n=1/2.  

Finally, we can estimate the optical gap value from the extrapolation of the linear part of 

the plotted (αhv)n versus (hv) photon energy curve at (αhv)n = 0. 

Kelvin probe force microscopy 

Kelvin probe force microscopy (KPFM), a derived technique from Atomic force microscopy 

AFM, was used. It is a method to characterize the electronic properties of the metal and 

the semiconductors materials and exactly the work function.  
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The work function for a metal is the minimal energy that is supplied to an electron located 

at the Fermi level, in order to pull it out from the metal surface and bring it to the vacuum 

level (the vacuum level is the energy of an electron at rest outside the solid).69  

As shown in Figure 44, we can also define the work function for a semiconductor as the 

difference between the vacuum level (Evac) and the Fermi energy (EF) (equation 6). But, 

with defining another parameter χ the electron affinity that presents the energy provided 

to an electron from the minimum conduction band to be removed from the 

semiconductor.69,70 

𝛷𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 = 𝐸𝑣𝑎𝑐 −  𝐸𝐹         (6) 

 

Figure 44: Schematic representation of the energy diagram of a semiconductor.  

KPFM provide the potential difference between the probe tip and the sample surface 

known by CPD (contact potential difference). The tip and the sample are two conductors 

of different nature not in contact and characterized by two different work functions Φt 

and Φs respectively. 

When the tip is brought into contact with the surface, a charge balance is created and an 

alignment of the Fermi levels will take place, then the contact potential between the two 

materials will manifest as an electrostatic force following the equation (7) 

𝑉𝐶𝑃𝐷 =
𝛷𝑡 − 𝛷𝑠

|𝑒|
           (7) 

with e is the elementary charge = 1.602x 10-19 C. 
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After measuring the VCPD from KPFM and according to the equation 8, it is possible to 

calculate the work function if the tip’s work function value is defined. 

𝛷𝑠 = 𝛷𝑡 −  𝑒𝑉𝐶𝑃𝐷       (8) 

Using a reference sample with a well-known work function, we can determine the work 

function of the tip.  In this work, HOPG (Highly Oriented Pyrolytic Graphite) (ΦHOPG = 4.6 

eV) was used for calibration. In this case, Φt is given as (equation 9): 

𝛷𝑡 = 𝛷𝐻𝑂𝑃𝐺 + 𝑒𝑉𝐶𝑃𝐷(𝐻𝑂𝑃𝐺)         (9) 

Finally, the work function of our sample will be calculated as followed (equation 10): 

𝛷𝑠 =  𝛷𝐻𝑂𝑃𝐺 + 𝑒𝑉𝐶𝑃𝐷(𝐻𝑂𝑃𝐺) − 𝑒𝑉𝐶𝑃𝐷(𝑠)         (10) 

 

Device characterization 

Current-voltage JV 

To characterize the operation of the prepared CIGS5 devices and determine their 

photovoltaic conversion efficiency, current-voltage JV measurements were carried in the 

standard conditions: a sunlight simulator (1000 W/m2 light power under AM1.5G 

spectrum) at 25°C.  

Figure 45 shows an example of the JV curve of a CIGS thin-film cell. The main photovoltaic 

parameters deduced from this technique are:  

- Voc: the open circuit voltage is the highest voltage that the solar cell is capable of 

producing and it happens at current equal to zero. 

-  Jsc: the short circuit current is the current flows through the cell when there is no 

voltage crossing the cell. 

- FF %: the fill factor is the ratio of the maximum power to the power obtained by 

Joc and Vsc, and is given by (equation 11):  

𝐹𝐹 =  
𝑉𝑚𝑎𝑥  .  𝐽𝑚𝑎𝑥

𝑉𝑜𝑐  . 𝐽𝑠𝑐
= 

𝑃𝑚𝑎𝑥

𝑉𝑜𝑐  . 𝐽𝑠𝑐
         (11) 

- η : the conversion efficiency which is defined as the incident power light 

transformed to electricity following (equation 12): 

𝜂 =  
𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑    
𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡    

= 
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡    
=
𝐹𝐹. 𝑉𝑜𝑐 . 𝐽𝑠𝑐
𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡    

      (12) 
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Figure 45: Characteristic JV (current density versus voltage) curve of a solar cell under 

illumination. 

 

External quantum efficiency  

Besides, external quantum efficiency EQE is a measurement that complete the IV 

characterizations of a photovoltaic device. It measures the ratio between the collected 

electrons by the solar cell external circuit and the incident photons flow as a function of 

wavelength (equation 13). 

 

𝐸𝑄𝐸 = 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
        (13) 

 

EQE analysis allows us to determine the capacity of carrier generation of the solar cell and 

the different limitations and losses in the current as presented in the Figure 46. 

Beyond the value of the absorber’s gap, the quantum efficiency is zero because the 

photons are no longer absorbed by the cell. Therefore, it is possible to determine the 

electronic gap of the absorber from EQE results and exactly by linear extrapolation at low 

energy of the curve EQE2 as a function of energy. 

Voc
Vmax

JSC

Jmax

Current density 
J (mA/cm2)
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Figure 46: Quantum efficiency (EQE) spectrum of CIGS solar cell with the characteristics of 

different layers.71 

 

Imagery 

The morphology of the thin films deposited on different substrates were observed using 

a scanning electron microscope SEM (JEOL 7600F) through cross sections of the samples. 

To perform the tests, we cut a section of the layer on a small size adjusted to the metal 

pad, then will be glued by silver lacquer on the pad and finally carbonized before the 

analysis.  
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Morante, J. R.; Scheer, R. MicroRaman Scattering from Polycrystalline CuInS2 Films: 
Structural Analysis. Thin Solid Films 2000, 361–362, 208–212. 
https://doi.org/10.1016/S0040-6090(99)00847-0. 

(49) Vargas, W. E.; Azofeifa, D. E.; Clark, N. Retrieved Optical Properties of Thin Films on 
Absorbing Substrates from Transmittance Measurements by Application of a 
Spectral Projected Gradient Method. Thin Solid Films 2003, 425 (1), 1–8. 
https://doi.org/10.1016/S0040-6090(02)01117-3. 

(50) Tauc, J.; Grigorovici, R.; Vancu, A. Optical Properties and Electronic Structure of 
Amorphous Germanium. Phys. Status Solidi B 1966, 15 (2), 627–637. 
https://doi.org/10.1002/pssb.19660150224. 

(51) Viezbicke, B. D.; Patel, S.; Davis, B. E.; Birnie III, D. P. Evaluation of the Tauc Method 
for Optical Absorption Edge Determination: ZnO Thin Films as a Model System. 
Phys. Status Solidi B 2015, 252 (8), 1700–1710. 
https://doi.org/10.1002/pssb.201552007. 



141 
Chapter 3: CIGSn Thin films for photovoltaic application 

(52) Urbach, F. The Long-Wavelength Edge of Photographic Sensitivity and of the 
Electronic Absorption of Solids. Phys. Rev. 1953, 92 (5), 1324–1324. 
https://doi.org/10.1103/PhysRev.92.1324. 

(53) Caselli, V. M.; Wei, Z.; Ackermans, M. M.; Hutter, E. M.; Ehrler, B.; Savenije, T. J. 
Charge Carrier Dynamics upon Sub-Bandgap Excitation in Methylammonium Lead 
Iodide Thin Films: Effects of Urbach Tail, Deep Defects, and Two-Photon 
Absorption. ACS Energy Lett. 2020, 5 (12), 3821–3827. 
https://doi.org/10.1021/acsenergylett.0c02067. 

(54) Buffière, M.; Harel, S.; Arzel, L.; Deudon, C.; Barreau, N.; Kessler, J. Fast Chemical 
Bath Deposition of Zn(O,S) Buffer Layers for Cu(In,Ga)Se2 Solar Cells. Thin Solid 
Films 2011, 519 (21), 7575–7578. https://doi.org/10.1016/j.tsf.2011.01.104. 

(55) Kaur, K.; Kumar, N.; Kumar, M. Strategic Review of Interface Carrier Recombination 
in Earth Abundant Cu–Zn–Sn–S–Se Solar Cells: Current Challenges and Future 
Prospects. J. Mater. Chem. A 2017, 5 (7), 3069–3090. 
https://doi.org/10.1039/C6TA10543B. 

(56) Haque, F.; Daeneke, T.; Kalantar-zadeh, K.; Ou, J. Z. Two-Dimensional Transition 
Metal Oxide and Chalcogenide-Based Photocatalysts. Nano-Micro Lett. 2017, 10 
(2), 23. https://doi.org/10.1007/s40820-017-0176-y. 

(57) Suzuki, A.; Okada, H.; Oku, T. Fabrication and Characterization of 
CH3NH3PbI3−x−yBrxCly Perovskite Solar Cells. Energies 2016, 9 (5), 376. 
https://doi.org/10.3390/en9050376. 

(58) Hawash, Z.; Ono, L. K.; Qi, Y. Recent Advances in Spiro-MeOTAD Hole Transport 
Material and Its Applications in Organic–Inorganic Halide Perovskite Solar Cells. 
Adv. Mater. Interfaces 2018, 5 (1), 1700623. 
https://doi.org/10.1002/admi.201700623. 

(59) Tan, B.; Raga, S. R.; Chesman, A. S. R.; Fürer, S. O.; Zheng, F.; McMeekin, D. P.; 
Jiang, L.; Mao, W.; Lin, X.; Wen, X.; Lu, J.; Cheng, Y.-B.; Bach, U. LiTFSI-Free Spiro-
OMeTAD-Based Perovskite Solar Cells with Power Conversion Efficiencies 
Exceeding 19%. Adv. Energy Mater. 2019, 9 (32), 1901519. 
https://doi.org/10.1002/aenm.201901519. 

(60) Schölin, R.; Karlsson, M. H.; Eriksson, S. K.; Siegbahn, H.; Johansson, E. M. J.; 
Rensmo, H. Energy Level Shifts in Spiro-OMeTAD Molecular Thin Films When 
Adding Li-TFSI. J. Phys. Chem. C 2012, 116 (50), 26300–26305. 
https://doi.org/10.1021/jp306433g. 

(61) Hawash, Z.; Ono, L. K.; Raga, S. R.; Lee, M. V.; Qi, Y. Air-Exposure Induced Dopant 
Redistribution and Energy Level Shifts in Spin-Coated Spiro-MeOTAD Films. Chem. 
Mater. 2015, 27 (2), 562–569. https://doi.org/10.1021/cm504022q. 

(62) Lamberti, F.; Gatti, T.; Cescon, E.; Sorrentino, R.; Rizzo, A.; Menna, E.; Meneghesso, 
G.; Meneghetti, M.; Petrozza, A.; Franco, L. Evidence of Spiro-OMeTAD De-Doping 
by Tert-Butylpyridine Additive in Hole-Transporting Layers for Perovskite Solar 
Cells. Chem 2019, 5 (7), 1806–1817. 
https://doi.org/10.1016/j.chempr.2019.04.003. 

(63) Burschka, J.; Dualeh, A.; Kessler, F.; Baranoff, E.; Cevey-Ha, N.-L.; Yi, C.; 
Nazeeruddin, M. K.; Grätzel, M. Tris(2-(1H-Pyrazol-1-Yl)Pyridine)Cobalt(III) as p-
Type Dopant for Organic Semiconductors and Its Application in Highly Efficient 
Solid-State Dye-Sensitized Solar Cells. J. Am. Chem. Soc. 2011, 133 (45), 18042–
18045. https://doi.org/10.1021/ja207367t. 



 

142 
Chapter 3: CIGSn Thin films for photovoltaic application 

(64) Advanced Characterization Techniques for Thin Film Solar Cells. 
(65) Hawkes, P. ELECTRONS ET MICROSCOPES : Vers Les Nanosciences. Préface de 

Raimond Castaing; Croisée des Sciences; Belin/CNRS Editions: Paris, 1995. 
(66) Zanatta, A. R. Revisiting the Optical Bandgap of Semiconductors and the Proposal 

of a Unified Methodology to Its Determination. Sci. Rep. 2019, 9 (1), 11225. 
https://doi.org/10.1038/s41598-019-47670-y. 

(67) Khemiri, N.; Kanzari, M. Investigation on Dispersive Optical Constants and Electrical 
Properties of CuIn5S8 Thin Films. Solid State Commun. 2013, 160, 32–36. 
https://doi.org/10.1016/j.ssc.2013.02.016. 

(68) Optical Properties of Silicon Nanocrystallites in Polycrystalline Silicon Films 
Prepared at Low Temperature by Plasma-Enhanced Chemical Vapor Deposition. 
Thin Solid Films 2001, 382 (1–2), 47–55. https://doi.org/10.1016/S0040-
6090(00)01208-6. 

(69) Kahn, A. Fermi Level, Work Function and Vacuum Level. Mater. Horiz. 2016, 3 (1), 
7–10. https://doi.org/10.1039/C5MH00160A. 

(70) Shao, G. Work Function and Electron Affinity of Semiconductors: Doping Effect and 
Complication Due to Fermi Level Pinning. ENERGY Environ. Mater. 2021, 4 (3), 273–
276. https://doi.org/10.1002/eem2.12218. 

(71) enlijoseph. Quantum Efficiency｜Definition, Equation, Application, Calculating » 
We Enlighten Your Ideas! https://enlitechnology.com/blog/qe/quantum-efficiency-
01/ (accessed 2023-03-08). 

 
 

 



143 
Chapter 4: CIGSn-type nanopowders for photocatalysis application 

 

 

Chapter 4: CIGSn-type nanopowders for 

photocatalysis application  

 

This chapter covers the elaboration of CIGSn lamellar materials with the objective to 

examine their potentialities as visible light photocatalysts.  

In a preliminary part, the concept of photocatalysis and some of its basic principles are 

developed. The main photocatalytic mechanisms of hydrogen production using water 

splitting and dehydrogenation of alcohols are then reported. 

The second section provides a description of nanopowders preparation using microwave-

assisted solvothermal synthesis and their characterization. We will be focused especially 

on the CIGS6 lamellar compound, which exhibits an interesting ambipolar behaviour, 

alongside with CIGS chalcopyrite considered as a reference during this PhD project. 

Therefore, it reviews the different strategies introduced for CIGS6 synthesis followed by 

the chemical, structural and optoelectronic characterisations. 

Finally, photocatalytic experiments under visible illumination were performed on the 

prepared photocatalysts using different alcohols. The hydrogen production yields are 

presented, allowing a comparison with literature.  

1. A look to photocatalysis 

1.1. Photocatalysis 

The “photocatalysis” term was introduced for the first time in 1964, by Doerffler and 

Hauffe who studied the oxidation of CO on ZnO.1 it is a particular type of catalysis. 

Basically speaking, catalysis is the process of reducing the activation energy of a reaction 

in order to accelerate its rate. This is achieved by using a catalyst, which is presented in a 

smaller amount than the reactants, because it is not consumed during the reaction and 

remains unchanged at the end of it.2 

There are two main types of catalysis: 

 Homogeneous catalysis: where the reactants and catalyst are in the same phase, 

usually liquid phase. 
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 Heterogeneous catalysis: where the reactants and the catalyst are in different 

phases, usually the catalyst is in a solid form while the reactants are in liquid or 

gas phase.   

 

In heterogeneous catalysis, the chemical reaction will take place on the surface of the 

catalyst, in order to initiate the reaction; it requires the reactants to be adsorbed onto the 

surface of the catalyst. Depending on the strength of the interactions between the 

reactants and the catalyst, this can be either physisorption or chemisorption.  

Therefore, heterogeneous photocatalysis is a type of catalysis that uses light as an energy 

source to activate reactions, rather than heat.3,4 As shown in Figure 1, heterogeneous 

photocatalysis is based on endergonic reactions 5, storing solar energy in chemical energy 

to produce solar fuels (the quantity stored is ∆G in Figure 2), while exergonic reactions is 

releasing the chemical energy in order to power a system.6  

 

Figure 1: Energetic diagrams of exergonic and endergonic reactions. Endergonic reaction 

presents the involved reaction on the photocatalysis applications. 

1.2. Heterogeneous photocatalysis principle 

A schematic representation of the fundamental principle of heterogeneous photocatalysis 
7–12 is presented in the Figure 2. The photocatalytic material is a semiconductor generally 

in a solid phase that is dispersed in a reagent liquid, forming a colloidal suspension. The 

heterogeneous photocatalysis mechanism is based on the semiconductor absorption of 

photons with an energy equal or higher than the value of its optical gap (hν ≥ Eg) following 

the equation (1), 

𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 +  ℎ𝑣 →  𝑒− + ℎ+      (1) 

This will promote the movement of an electron from the valence band to the conduction 

band, creating a hole in the valence band, and thus generating electron hole pairs  

(Figure 2).  

The photogenerated electrons (e-, presented on reduction site) and holes (h+, presented 

on oxidation site) will migrate to the surface of the photocatalyst involving oxidation 
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reaction on the valence band and reduction reaction on the conduction band. Otherwise, 

if no driving force separate the electron-hole pair, for instance the absence of chemical 

reaction, a recombination phenomenon occurs (Figure 2). 

 

Figure 2: Schematic illustration of the basic mechanism of heterogeneous photocatalysis 

process.  

Moreover, the photocatalysts materials can be divided to 2 categories 13 : single materials 

(either an n-type or p-type semiconductor) and heterojunctions materials by combining 

two different semiconductors with unequal band structure. 

The heterojunction photocatalysts can be classified based on their energy band 

alignments (type I, type II, and type III),14 as shown in Figure 3.  

Usually, heterojunctions exhibit better performance compared to single material 

photocatalysts, because carrier separation is improved and recombination losses- 

reduced. However, it is difficult to achieve efficient charge separation and strong redox 

capability simultaneously. To maximize redox potential of the heterojunctions, an 

electron transfer mechanism in Z-scheme have been proposed. In this kind of 

heterojunction, the transfer of electrons from the conduction band (CB) of one 

semiconductor to the valence band (VB) of the other one, through an electron mediator, 

ensures a larger difference between oxidation and reduction energy levels (Figure 3).  
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Figure 3: Schematic illustration of the different heterojunction photocatalysts classified 

based on their energy band alignments (type I, type II, and type III). 

There are different types of (photo)catalysis reactions:  as selective mild oxidation 

reactions, total oxidation reactions in presence of water (humid air or aqueous phase), 

CO2 reduction and photocatalytic reactions involving hydrogen (water splitting and 

hydrogen evolution from alcohols).15–17 

1.3. Photocatalytic hydrogen production 

 Water splitting - artificial photosynthesis 

Photosynthesis is a natural process that transforms carbon dioxide and water to oxygen 

and carbohydrates using solar light, which takes place in the chloroplasts of plant cells 

following the two half reactions (equations 2, 3), which are combined to make a full 

photosynthesis reaction (equation 4).18,19 

2𝐻2𝑂 + 4ℎ𝑣 →  𝑂2 + 4𝐻+ + 4𝑒−      (2) 

𝐶𝑂2 +  4𝐻+ + 4𝑒− + 4ℎ𝑣 →  𝐻2𝐶𝑂 + 𝐻2𝑂      (3) 

𝐶𝑂2 + 𝐻2𝑂 + 8ℎ𝑣 →  𝐻2𝐶𝑂 + 𝑂2      (4) 

This process is crucial for both the creation of oxygen and the global carbon cycle. 

On the other side, artificial photosynthesis is a man-made procedure that aims to imitate 

the natural process of photosynthesis in a controlled laboratory environment. It includes 

directing the chemical reactions necessary for photosynthesis, generally in a 

photoelectrochemical cell or a photoreactor, using light-absorbing substances and 

catalysts for water splitting or CO2 reduction.20,21  
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Water splitting in photocatalysis is a simple clean application that involves water 

decomposition into hydrogen and oxygen molecules using light activation.17,21–23 As 

shown in Figure 4. 

The mechanism of water splitting follows two half-reactions: 

Water oxidation by photogenerated holes (equation 5) 

𝐻2𝑂 + 2ℎ+  →  
1

2
 𝑂2 + 2𝐻+      (5) 

And proton reduction by photogenerated electrons (equation 6) 

2𝐻+ + 2𝑒−  →   𝐻2      (6) 

obtaining the combined followed equation 7. Water splitting is an endothermic reaction 

that requires a chemical energy ∆G = 237 kJ/mol.22 

𝐻2𝑂 →  
1

2
 𝑂2 + 𝐻2      (7) 

In order to induce these reactions, the first requirement is that the photocatalyst used 

should present a conduction band with an electrochemical potential more negative than 

the redox couple H+/H2 (0 V) to reduce hydrogenand have a valence band with an 

electrochemical potential higher than that of the redox couple O2/H2O (1.23 V) to oxidize 

water (Figure 4).17,22,24 

 

Figure 4: Schematic representation of the overall water splitting, showing the band edge 

positions of redox potentials of water splitting. 
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 Photocatalytic H2 production from alcohols 

Water splitting remains a limited reaction in the case of numerous photocatalysts, as long 

as one of the involved half reactions does not fit well.25,26 To overcome this limitation, 

photocatalytic H2 production from alcohols-water mixture is another approach 

considered for hydrogen evolution.6,26–30 It consists of several steps allowing the hydrogen 

extraction from the water molecule and leading to the formation of CO2 and H2.  

Generally, the added alcohol to the photocatalysed reaction is named a sacrificial 

reagent.22,31 Depending on the sacrificial reagents used, we can perform either the 

hydrogen evolution reaction (HER) or oxygen evolution reaction (OER), implementing 

respectively sacrificial electron donors (SED) or sacrificial electron acceptors (SEA).29,38  

As presented in the Figure 5, in the first case (HER) the photogenerated holes will 

irreversibly oxidize the SED in place of water, restricting the O2 formation and thus 

enhancing H2 production, while in the second case (OER) the photogenerated electrons 

will be consumed by the SEA, limiting the H2 evolution and thereby increasing the O2 

production. 

 

Figure 5: Schematic representation of the principle of hydrogen and oxygen production 

reactions using an alcohol as sacrificial reagent. 

1.4. Photocatalytic materials 

 Requirements of an efficient photocatalyst 

The photocatalytic activity will occur, if the chosen photocatalyst meets the following 
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 A semiconductor behaviour with a suitable band gap, for a good light absorption 

in order to generate electron-hole pairs. 

 Appropriate conduction and valence bands potentials for the targeted reactions. 

 Ability to separate the photogenerated carriers (i.e long carriers lifetime). 

 Good molecules adsorption on the surface of the semiconductor, therefore it is 

necessary to have a large number of active sites on the surface and a large specific 

surface (m2/g). 

 Good stability in the aqueous solution. 

 

Currently, titanium dioxide TiO2 is the most widely used among the different 

photocatalysts for green hydrogen production.32,33 As illustrated in Figure 6 b, TiO2 band 

positions are well placed compared to the redox potentials required to split water. 

However, TiO2 large band gap (3.0 - 3.2 eV) allows the absorption of only a small part of 

the solar spectrum (the ultraviolet region).34 As a result, the solar to hydrogen conversion 

efficiency is quite low. Until today, the majority of the used photocatalysts can perform 

water dissociation only under the UV light irradiation, which covers only 4% of the solar 

energy. For this reason, it is important to develop photocatalyst candidates that are able 

to operate under visible light, which concerns 47% of the solar energy (Figure 6 a).35 

 

Figure 6: a) The solar spectrum, showing the energy content of UV, visible light and IR parts 

of the sunlight. b) Band edge positions of some semiconductors photocatalysts concerning 

H2 and O2 evolution. Figure from Zhang et al. 34 

 Chalcogenides  

Following this path, metal chalcogenides stand out as attractive photocatalysts candidates 

compared to metal oxides for visible light photocatalysis.36 Typically, chalcogenides have 

the advantage of displaying an optical gap lower than 3 eV, since the S2p orbital are less 

negative than O2p.37 Consequently, they show a greater response on the solar spectrum 

and they also present a low effective mass of carriers, which promotes their separation 

and migration.  
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Among them, two-dimensional (2D) metal chalcogenides show complementary 

advantages.38 Therefore, their larger surface area provide abundant active sites 

adsorption of the reactants, for redox reactions and for desorption of the products. 

Moreover, the 2D character decreases the diffusion length of charge carriers leading to 

photocatalytic reaction kinetics improvement. Finally, the bandgap energies and band 

positions of 2D materials are commonly strongly dependent on their thickness, which can 

be used to adjust their redox properties. 

Recently, two layered sulphides ZnIn2S4 (ZIS4)39–43 and Zn3In2S6 (ZIS6)26,29,44 (see Figure 7), 

have received a huge interest from the scientific community, as emerging visible-light 

photocatalysts for hydrogen evolution and CO2 reduction. As shown in Figure 7, these 

materials present a 2D structure with a Van der Walls gap separating structural blocks, 

with zinc atoms in tetrahedral sulphur environments and indium atoms in both, 

tetrahedral and octahedral ones. In addition, no intrinsic vacancies are described. 

 

Figure 7: Structures of ZnmIn2S3+m compounds (m = 1, 2 and 3) isostructural of CIGSn 

compounds.  

However, even though these compounds present smaller band gap (2.4 eV for ZIS4 and 

2.8 eV for ZIS6) than TiO2 (3.2 eV), it remains wide enough to limit the use of solar light 

efficiently. Moreover, a fast carrier recombination significantly limits their hydrogen 

generation efficiency.  
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To tackle these shortcomings, several methods are introduced to optimize the 

photocatalytic efficiency such as adding a co-catalyst and establishing heterojunctions. 

One of the most promising co-catalysts for 2D heterojunctions is MoS2, in contrast to 

single ZISn photocatalysts, MoS2/ZnIn2S4 45 and MoS2/Zn3In2S6 46 heterojunctions provide 

higher hydrogen generation efficiency for water splitting (i.e. almost 16 times higher). 

On the other hand, defect engineering (vacancy, doping) is also considered as improving 

efficiency approach. In addition, ZISn are easily exfoliated as they exhibit a Van der Waals 

gap. Thus, a thickness tuning approach coupled with vacancy engineering, has been also 

achieved to optimize their photocatalytic activity. It allowed to prepare ultrathin 2D 

catalyst (e.g. one-unit-cell ZnIn2S4 thick) with an electronic-structure tailored, boosting 

solar-driven CO2 reduction and hydrogen production up to ten times higher than that of 

bulk material.47 

 CIGSn lamellar compounds as potential visible light photocatalysts 

CIGSn compounds  can be suggested as potential visible light photocatalysts looking to 

their optical gap (1.7 eV - 1.9 eV), as well as to the fact that they are isostructural to the 

ZISn compounds48 (see Figure 7). 

Nevertheless, CIGSn lamellar compounds expose additional benefits in comparison with 

ZISn as:  

 Bigger absorption range: CIGSn exhibit lower band gap (1.7 eV - 1.9 eV) than ZISn 

(2.2 eV – 2.8 eV). 

 Mixed occupancy on the tetrahedral sites Td (In, Ga and Cu) of the CIGSn materials 

structures: which enables chemical composition to be adjusted in order to increase 

the spectral response and improve light absorption.  

 The presence of intrinsic cationic vacancies on the Td sites of the CIGSn materials 

structures: multiple research investigations highlight the advantageous positive 

effects of defects (such as cationic vacancies) on photocatalysis, allowing an 

efficient separation of the photogenerated electron-hole pairs, facilitating their 

participation in the associated relevant redox reactions and preventing the carrier 

recombination.49 

 The ambipolar behaviour of CIGSn: unlike ZISn that are conventional unipolar 

materials, CIGSn compounds could present an ambipolar behaviour (p-type/n-

type). Since ambipolar materials are not constrained by the mobility of minority 

charge carriers, we anticipate that more effective simultaneous oxidative and 

reductive processes could be obtained. 

 

In this regard, the rest of the chapter intends to study CIGSn lamellar compounds as visible 

light photocatalysts for the production of H2, focusing first on CIGS6 given its ambipolar 

behaviour. 
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2. Elaboration of CIGSn-type photocatalysts 

2.1. Synthesis and characterization of CIGS6 and CIGS photocatalysts 

We focus on preparing CIGS6 and CIGS chalcopyrite (CuIn0.7Ga0.3S2) photocatalysts in order 

to compare their photocatalytic activities towards HER. To employ these compounds as 

photocatalysts, the microstructure of the samples must be optimized moving towards 

nanometric powders with higher specific surface, in order to increase molecules 

adsorption and light absorption capacities. Moreover, nanoparticles are interesting for 

photocatalysts because the photogenerated charge carriers have to travel a smaller 

distance to reach the surface reaction than in the case of microparticles, which reduces 

the probability of recombination. 

During my thesis, all the nanopowders were prepared using microwave-assisted 

solvothermal synthesis (MW-ST). The synthesis were carried out at IMN with the help of 

Dr Hélène BRAULT. 

 Microwave assisted solvothermal synthesis 

Before describing the followed protocol to synthesize nanopowder photocatalysts, some 

notions of MW-ST synthesis are given.  

Microwaves are electromagnetic waves that have a wavelength between 1 mm and 1 m 

and a frequency between 0.3 and 300 GHz. The frequency of microwave synthesis 

equipment as well as commercial domestic microwave ovens is 2.45 GHz.50 The 

fundamental principle of microwave chemistry is based on the ability of the solvent to 

absorb microwave irradiations energy and restore it as heat. This is the thermal dielectric 

effect that is based on two main heating mechanisms: the dipolar polarization and ionic 

conduction.50,51 To simplify, electrical energy is transformed into kinetic energy, which is 

then converted directly into thermal energy. Microwave energies are too low to break a 

bond, and hence microwaves are unable to directly cause chemical reactions. In contrast, 

they have a unique thermal effect that can be beneficial for synthesis. 

The molecules of the solvent used are assimilated to dipoles and the efficiency of a solvent 

to absorb microwaves is impacted by its dielectric properties. Under the effect of an 

oscillating electric field, the molecules rotate to align themselves, causing friction and 

generating heat. Ions also oscillate with the electric field, creating collisions between 

charged particles and surrounding atoms or molecules, resulting in the generation of 

thermal energy.50,51 In our work, we used ethylene glycol (EG) whose energy dissipation 

factor is equal to 1.350.  

When compared to conventional heating techniques, the microwave radiation's 

interaction with polar molecules and conducting ions produces fast volumetric heating 

and resulting a shorter reaction time and faster reaction rate.52–54 
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Traditionally, heat transfer in organic synthesis occurs via convection from the heat source 

to the flask surface, and subsequently the surface heats the flask content. As a result, 

there are two steps of heat transfer, which lengthens the process and increases energy 

losses. In microwave synthesis, microwaves pass through the glassware and interact 

directly with the molecules. Due to this direct heating effect, which begins from the core 

of the solution, there is little heat loss and heating is significantly faster (Figure 8). 

 

Figure 8: Temperature distribution by heating mode. 

The microwaved-assisted reactions have the advantage to reduce the reaction time, rise 

rapidly temperature leading to obtain extremely small particles. A second strength of this 

technique over conventional solvothermal method is the ability to obtain single-phase 

nanopowders with higher yields, due to the possibility of superheating the solvents in a 

shorter time. Otherwise, the strict control of nanoparticles synthesis conditions is an 

important step, due to the strong correlation existing between their nanostructure and 

their optoelectronic properties. Microwave ovens allow accurate control of synthesis 

conditions by tuning precisely experimental parameters (e.g. power, time reaction, 

pressure). Thus, it is possible to adapt morphology and nanoparticles size from the 

classical solvothermal syntheses. 

Table 1: Comparison of solvothermal synthesis methods. 

Parameters Microwave-assisted  Classical solvothermal 55 

Temperature 170 °C 180°C 

Time 15 min 12 h 

Precursors price Low High 

Security Perfectly secured Possible incident  

 

The objective of using MW-ST synthesis is to prepare CIGSn nanomaterials with high 

specific area with an energy efficient, faster and low-cost method (Table 1). We drew 

Conventional 
heating

Microwave 
heating

Temperature 
distribution
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inspiration from the synthesis protocol described in the literature for CuInS2 
5556. It is made 

up of three major steps as shown below in Figure 9. 

 

Figure 9: Synthesis protocol followed to prepare the CIGSn nanopowders using microwave-

assisted solvothermal synthesis.  

In a glove box the sulphide of di-sodium and the chlorides of copper, indium and gallium 

(Na2S, CuCl2, GaCl3 and InCl2) precursors are weighed in stoichiometric proportions or with 

an excess of 30% of Ga and 50% of S. They are then dissolved separately by stirring in 2.5 

mL of ethylene glycol. Subsequently, in order to optimize and facilitate the weighing step, 

stock solutions were prepared, corresponding to the stoichiometry of the chemical 

elements in the composition of studied compounds. Each compound’s stock solution was 

made separately and for each synthesis, 2.5 mL of each solution is used to create a 10 mL 

solution, starting by the homogenisation of all the cations before gradually adding the 

sulphur. Then, the mixed solution is irradiated using microwave for 15 min at 170 °C, with 

an initial power of 300 W and in a reactor of 35 mL. The microwave is linked to a software 

that allows to launch the heating protocol and follow the parameters in real time while 

the reaction. Finally, the obtained sample will be washed and separated from the ethylene 

glycol using ethanol in a centrifuge, during 10 min at 7500 rpm for three times and finally 

air-dried in a crystalliser. 

Table 2 compares the high-temperature synthesis used in this PhD thesis with the 

microwave-assisted solvothermal synthesis, demonstrating that the latter is more 

advantageous as it requires much less time and heat. 

Table 2: Comparison of solid-state reaction synthesis and microwave-assisted solvothermal 

synthesis conditions used in this PhD.  

Parameters Microwave-assisted High temperature 

Temperature 170 °C 800°C 

Time 15 min 48 h 

 

Na2S

CuCl2 GaCl3

InCl3

+

Reaction 
mixture

Air-drying
Washing-Ethanol

centrifuge

Ethylene Glycol 

15 min
T = 170°C
P = 300 W

Microwave

CIGSn

nano-powdersUnder stirring
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 Synthesis and characterisation of chalcopyrite CuIn0.7Ga0.3S2 (CIGS) 

As mentioned before, the chalcopyrite CuIn0.7Ga0.3S2 (noted CIGS-MW) was prepared by 

MW-ST synthesis, by modifying the CuInS2 protocol in order to introduce gallium. The 

syntheses carried out and the different experimental parameters considered are 

summarised in the Table 3 below. Only the samples shown in table have been 

characterised, as other samples prepared have equivalent protocols. 

Table 3: Summary table of CuIn0.7Ga0.3S2 syntheses chosen for characterisation. 

Chalcopyrite Precursor Excess 
Volume 

(mL) 
Pre-stirring 

Temperature 
(°C) 

Synthesis 
time 

Sample 
Glove 
box 

Stock 
solution 

30% Ga 20 10 30’ 170 200 15’ 1 h 

CIGS-MW-1  X  X   X  X  

CIGS-MW-2 X   X   X   X 

CIGS-MW-3  X X  X X X  X  

CIGS-MW-4  X X  X X  X X  

 

The CIGS-MW-1 sample was synthesised at 170°C for 15', without excess of any precursor 

and using stock solutions. This protocol minimised sources of error and optimised glove 

box working time. Before carrying out structural studies, a chemical analysis by STEM-EDX 

mapping was performed (see Figure 10).  

The table inserted in Figure 10 compares atomic ratios of experimental average 

composition of nanograins, with theoretical ones of the targeted composition 

CuIn0.7Ga0.3S2. Unfortunately, the expected amount of Ga is not reached. In addition, the 

chemical contrast observed in EDX maps is not homogeneous, revealing the coexistence 

of different compositions. 

In view of these results, several hypotheses can be considered: i) the reaction is not 

complete and ii) gallium stock solution degraded over time. In order to check these two 

hypotheses, CIGS-MW-2 sample was therefore synthesised with a longer reaction time  

(1 h) using glove box precursors, to avoid any possible instability of the stock solutions 

over time. 

EDX mapping of the CIGS-MW-2 sample (Figure 11) still shows an inhomogeneous 

chemical composition of the agglomerates and a notable gallium deficit (see table in 

Figure 11). We can therefore conclude that increasing the synthesis time is not relevant. 

However, the addition of an excess of gallium during synthesis is certainly necessary. 
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Figure 10: HAADF image and EDX mapping of CIGS-MW-1 nanograins revealing an 

inhomogeneous sample. The inserted table compares atomic ratios of experimental average 

composition of the nanograins agglomerates, with theoretical ones of the chalcopyrite 

CuIn0.7Ga0.3S2. A significant gallium deficit is highlighted. 

 

Figure 11: EDX mapping of sample CIGS-MW-2 showing an inhomogeneous chemical 

composition of the nanograins agglomerates. A significant gallium deficit compared to the 

target composition CuIn0.7Ga0.3S2 is noted (see inserted table). 
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Consequently, CIGS-MW-3 and CIGS-MW-4 compounds were synthesised with an excess 

of 30% gallium using stock solutions.  The synthesis volume was reduced to 10 mL  

(i.e. 2.5 mL of each basic stock solutions), in order to facilitate temperature and precursors 

homogenisation in the reactor. For CIGS-MW-4, the temperature reaction was also 

increased up to 200°C.  

The CIGS-MW samples synthesised with a gallium excess are homogeneous in 

composition. Although EDX analyses still show a deficit of Ga, the composition of 

nanocrystals is compatible with a chalcopyrite-type structure, slightly richer in indium and 

less rich in gallium than targeted composition (see table in Figure 12). The electron 

diffraction pattern shown in Figure 12 confirms that agglomerates are made up of 

nanocrystals, 20-30 nm sized approximately according to TEM image.  

 

Figure 12: EDX spectrum of CIGS-MW-4 and TEM image showing agglomerates of 

nanocrystals. The inserted table presents CIGS-MW-4 atomic percentages obtained from 

EDX compared to theoretical ones. 
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As shown in Figure 13, X-ray diffraction patterns of CIGS-MW-3 and CIGS-MW-4 are 

identical. As expected for nanocrystals, reflections are significantly wide. Even though, the 

X -ray profile overlap quite well with that of CIGS prepared at high temperature (CIGS-HT), 

used as a reference in this work. In addition, the interplanar distances measured in the ED 

pattern shown in Figure 20, correspond well to a chalcopyrite-type structure. We can 

therefore expect that CIGS-MW compounds exhibit a chalcopyrite-type structure.  

 

Figure 13: X-ray diffraction patterns of CIGS-MW-3 and CIGS-MW-4 compounds compared to 

that of CIGS-HT. 

Raman spectroscopy in fingerprint mode, allowed us to confirm a chalcopyrite structural 

type. Figure 14 compares Raman spectra of CIGS-MW-3 and CIGS-MW-4 measured at  

514 nm to that of the reference CIGS-HT. The characteristic peak at 294 cm-1 which is the 

vibrational signature of the chalcopyrite-type structure57, is clearly observed in both 

compounds prepared.  
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Figure 14: Raman spectra measured at 514 nm of CIGS-MW-3 and CIGS-MW-4 compounds 

compared to that of CIGS-HT. 

As shown in Figure 15, the optical gap values of CIGS-MW-3 and CIGS-MW-4 measured by 

diffuse reflectance (close to 1.5 eV), are close to that of CIGS-HT (1.6 eV) but slightly lower, 

as expected for a chalcopyrite richer in indium.58  

These results validates the Ga-excess protocol presented here, to prepare a quaternary 

chalcopyrite Cu(In,Ga)S2 by microwave-assisted solvothermal synthesis. As two 

compounds are identical, the lowest reaction temperature will be retained (i.e. 170°C). 

 

Figure 15: Kubelka-Munk transformed reflectance spectra of a) CIGS-MW-3 and b) CIGS-MW-

4 compounds.  
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 Synthesis and characterisation of Cu1.44In2.77Ga0.76S6 (CIGS6) 

Different protocols were tried to obtain CIGS6 nanopowders (noted CIGS6-MW).  

The Table 4 summarises the synthesis conditions for each sample.  As in the case of  

CIGS-MW, although various synthesis were produced for each of the protocols 

investigated, only those presented in the table were fully characterised and could 

therefore be presented in this report. 

Table 4: Summary table of CIGS6-MW syntheses selected for characterisation. 

CIGS6 Precursor Excess 
Volume 

(mL) 
Temperature 

(°C) 
Synthesis time 

Sample 
Glove 
box 

Stock 
solution 

30% 
Ga 

50% 
S 

10 20 100 160 170 190 15’ 30’ 1h 

CIGS6-MW-1 X     X 
  X  X   

CIGS6-MW-2  X    X 
   X X   

CIGS6-MW-3 X    X  
  X   X  

CIGS6-MW-4  X X X X  
  X  X   

CIGS6-MW-5  X X X X  
  X   X  

 

The CIGS6-MW-1 sample was synthesised according to the initial protocol: 170°C for 15' 

in 20 mL without any excess gallium. EDX mapping (Figure 16) shows that the chemical 

composition of the agglomerates of nanograins is not homogeneous. The average 

composition of the sample is close to the target one for copper and indium, but a gallium 

deficit was once again detected (see table in Figure 16). In view of these results, we 

decided to study the influence of several parameters: synthesis temperature, reaction 

time and reaction volume. 
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Figure 16: EDX mapping of CIGS6-MW-1 and CIGS6-MW-2 samples, showing an 

inhomogeneous chemical composition of the nanograins agglomerates. A significant 

gallium deficit compared to the target composition Cu1.44In2.77Ga0.76S6 is detected (see 

inserted table). 

In the case of the CIGS6-MW-2 sample, we therefore increased the reaction temperature 

to 190°C while keeping same reaction time and volume. Although the EDX mapping (see 

Figure 16) shows a sample with a slightly more homogeneous average composition, the 

gallium deficit is still present. 

As temperature had no influence on gallium deficit, we then explored the influence of 

reaction time and solution volume. To do this, we carried out a synthesis (CIGS6-MW-3) 

keeping the reaction temperature at 170°C, while increasing the reaction time (30') and 

decreasing the synthesis volume (10 mL). EDX mapping (Figure 17) shows a homogeneous 

grain composition in very good agreement with the target composition Cu1.44In2.77Ga0.76S6 

(see table in Figure 17). 

However, the value of the optical gap is 1.3 eV (see Figure 17), which is low for a lamellar 

compound (i.e. 1.9 - 1.6 eV) but close to that of the chalcopyrite CuInS2.58 In fact, the 

composition of the lamellar phase CIGS6 (Cu1.44In2.77Ga0.76S6) can also be formulated as a 

copper-poor chalcopyrite CuInS2-type with a partial substitution of cooper and indium by 

gallium and charge balance ensured by vacancies: (Cu0.48Ga0.170.35)(In0.92Ga0.08)S2. 
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Figure 17: EDX mapping of sample CIGS6-MW-3, showing a homogeneous composition of 

the nanograins agglomerates close to the target composition Cu1.44In2.77Ga0.76S6 (see 

inserted table). In the top right, Kubelka-Munk transformed reflectance spectra of CIGS6-

MW-3 compound. 

Raman spectroscopy results do suggest the existence of a lamellar-chalcopyrite mixture 

(CIGS6 - CIGS). Indeed, as shown in Figure 18, the CIGS6-MW-3 spectrum could be 

explained by overlapping the spectra of the two references synthesised at high 

temperature (CIGS-HT and CIGS6-HT).  

 

Figure 18: Raman spectra measured at 514 nm of CIGS6-MW-3 compared to those of CIGS-

MW, CIGS6-HT and CIGS-HT. 
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In order to favour the formation of the lamellar CIGS6 phase, which has a much lower Cu/S 

ratio than chalcopyrite (e.g. 0.24 vs 0.5), we decided to work with an excess of 50% at. of 

sulphur, for the rest of our investigation. Besides, to promote the reaction of the 

precursor of gallium, an excess of 30%at. of gallium was also introduced.  

Thus, two samples with different reaction times, CIGS6-MW-4 (15’) and CIGS6-MW-5 (30’) 

were prepared. We wanted to know if excess precursors would allow us to obtain 

nanograins with a homogeneous chemical composition, without having to increase 

reaction time. In addition, as smaller reaction volumes lead to homogeneous compounds, 

a volume of 10 mL was selected. As shown in Figure 19, the XRD patterns of both 

compounds overlap quite well, indicating that the phases involved are the same.  

 

Figure 19: X-ray diffraction patterns of CIGS6-MW-4 (15’) and CIGS6-MW-5 (30’). 

However, in the case of CIGS6-MW-4 (15’) X-ray diffraction peak width is significantly 

greater, probably due to a smaller crystallite size. Indeed, a TEM image of a nanoparticles 

agglomerate is presented in Figure 20, showing crystallised domains of nanometric size 

that could explain reflections broadening. As photocatalysis requires the largest possible 

specific surface area, we chose CIGS6-MW-4 for photocatalytic tests. Thus, the reaction 

time was set to 15 minutes for further microwave experiments. 

The EDX mapping of CIGS6-MW-4 reveals a chemical composition homogeneous (see 

Figure 20), in good agreement with the expected one. This time, the optical gap measured 

is very close to that of the compound prepared at high temperature CIGS6-HT (1.6 eV).  
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Figure 19: TEM images of CIGS6-MW-4 (15’) showing agglomerates of nanocrystals. In the 

bottom left, electronic diffraction pattern of the compound CIGS6-MW-4.  

 

Figure 20: EDX mapping of CIGS6-MW-4 sample, showing a homogeneous composition of 

the nanograins agglomerates close to the target composition Cu1.44In2.77Ga0.76S6 (see 

inserted table). In the top right, Kubelka-Munk transformed reflectance spectra of CIGS6-

MW-4 compound. 

Indeed, the XRD pattern of CIGS6-MW-4 (see Figure 21) fits quite well with that of the high 

temperature reference (CIGS6-HT). However, given peak widths, it is still difficult to rule 

out the presence of a chalcopyrite as impurity, because their most intense reflections 

overlap with the main ones of the CIGS6 phase. The electron diffraction pattern shown in 

Figure 19 does not make the difference either. Unfortunately, Raman spectroscopy could 

not rule out the presence of a chalcopyrite phase. 
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Figure 21: X-ray diffraction patterns of CIGS6-MW-4 compared to the high temperature 

standards (CIGS6 and CIGS chalcopyrite). 

In Figure 22, the Raman spectrum of the sample CIGS6-MW-4 is compared to those of the 

compounds CIGS6-HT and CIGS-HT. Again, the overall shape of the spectrum could be 

explained by overlapping spectra of two high temperatures references. 

Considering this uncertainty, we have attempted to develop strategies for obtaining 

single-phase nanopowders with a CIGS6-type structure. 

 

Figure 22: Raman spectra measured at 514 nm of CIGS6-MW-4 compared to the CIGS and 

CIGS6 high temperature powders. 

2 3 4 5

N
o

rm
a

li
z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

d(Å)

 CIGS6-MW-4

 CIGS6-HT

 CIGS-HT
(005)

(100)

(102)

(1-12)

(104)

(1-14)

(107)

(1-17)

(2-10)

(109)

(1-19)

(112)

(101)

(200)

(004)

(220)

(204)

(312)

(116)

200 400 600 800

N
o

rm
a
li
z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

Wavenumbers (cm-1)

264 358

294

298

117

333

640

128
212

252

315

343

372

664

CIGS6-MW-4

CIGS6-HT

CIGS-HT



 

166 
Chapter 4: CIGSn-type nanopowders for photocatalysis application 

2.2.  Zn3In2S6 and GaInS3 approach 

In an attempt to prepare nanopowders with a CIGS6-type structure without CIGS as 

impurity, a cationic substitution strategy was implemented. We chose to carry out cationic 

substitution in two compounds isostructural of CIGS6: Zn3In2S6 and GaInS3. In fact, 

although these materials have different polymorphs, none exhibits a chalcopyrite-type 

structure.  

 From Zn3In2S6 (ZIS): zinc was partially substituted by copper and gallium according 

to the formula: Zn3-x(Ga0.5Cu0.5)xIn2S6 (ZIS-x). As zinc is bivalent, gallium trivalent 

and copper monovalent, a zinc atom can be replaced by one copper atom and one 

gallium atom. 

 

 From GaInS3: the second strategy consists in gradually substituting gallium by 

copper in GaInS3 (GIS) in order to obtain a quaternary compound, according to the 

formula: Cu3xGa1-xInS3 (GIS-x). Indeed, GIS presents many polymorphs, some of 

which have CIGSn-type structures (Figure 23). Due to the trivalent nature of gallium 

and the monovalent nature of copper, three copper atoms must replace a gallium 

atom, in order to maintain the charge neutrality of the compounds. 

 

 

Figure 23: Lamellar polytypes of GaInS3: CIGS6-type and CIGS5-type. 
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 Synthesis and characterization of Zn3-x(Ga0.5Cu0.5)xIn2S6 series 

The synthesis of Zn3-x(Ga0.5Cu0.5)xIn2S6 (ZIS-x) were performed with a volume of 12.5 mL (5 

times 2.5 mL of the stock solution of each compound) within 15 min at 170°C without 

excess. Three samples were prepared in this thesis: x= 0, 0.3 and 0.6 (see Table 5). 

Table 5: Nomenclature of prepared compounds. 

Zn3-x(Ga0.5Cu0.5)xIn2S6 

Sample code x Composition 

ZIS 0 Zn3In2S6 

ZIS‐0.3 0.3 Zn2.7Ga0.15Cu0.15In2S6 

ZIS‐0.6 0.6 Zn2.4Ga0.3Cu0.3In2S6 

 

Using this synthesis method, the copper-free ZIS compound could not be obtained as a 

single-phase product, even when using an excess of precursors. However, ZIS-0.3 and ZIS-

0.6 were able to be synthesised from stoichiometric ratios. EDX analysis were undertaken 

on ZIS-0.3 and ZIS-0.6 compounds. As shown in Table 6, experimental averaged 

compositions are similar to the targeted ones. 

Table 6: Summary table of targeted and experimental compositions measured by EDX of the 

ZIS compounds family. 

Element 
Atomic % ZIS-0.3 Atomic % ZIS-0.6 

Theoretical  Experimental Theoretical Experimental 

Zn 24.5 24.0 21.8 20.9 

In 18.1 17.6 18.1 18.3 

Cu 1.4 2.0 2.7 3.8 

Ga 1.4 1.7 2.7 2.5 

S 54.5 54.6 54.5 54.6 

 

However, EDX maps for ZIS-06 nanopowders (see Figure 24) show an inhomogeneous 

distribution of gallium, cooper and zinc. Moreover, the atomic fraction profile indicates  

a correlation between these elements (e.g. zinc content decreases as gallium content 

increases). This chemical inhomogeneity could explain the extended transitions (i.e. over 

several eV) observed in the reflectance spectra of ZIS-0.3 and ZIS-0.6 compounds (see 

Figure 25). 

 

 

 

 



 

168 
Chapter 4: CIGSn-type nanopowders for photocatalysis application 

 

Figure 24: EDX mapping and atomic fraction profile of ZIS-0.6, showing the inhomogeneity 

of the sample. In the bottom right, the EDX spectrum of ZIS-0.6 compound. 

The substitution of zinc by copper and gallium leads to an optical gap decreasing. Thus, 

although the gap value of the ZIS-0.3 compound (2.7 eV) is similar to that of Zn3In2S6  

(2.8 eV), that of ZIS-0.6 is significantly lower (2 eV). 

 

Figure 25: Kubelka-Munk transformed reflectance spectra of the a) ZIS-0.6 and  

b) ZIS-0.3 samples. 

As shown in Figure 26, XRD patterns of ZIS-0.3 and ZIS-0.6 overlap perfectly, indicating a 

similar Zn3In2S6 type structure. However, taking into account the reflections broadening 

observed in X-ray patterns, Raman spectroscopy was carried out to confirm structural 

conclusions.  
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Figure 26: X-ray patterns of a) the prepared ZIS samples and b) the ZIS-0.6 sample compared 

to CIGS6-HT. 

In Figure 27 a, the spectra of the ZIS-0.3 and ZIS-0.6 samples overlap, indicating that the 

nature of the phases involved is the same. Moreover, the Raman spectra obtained are 

comparable to that of Zn3In2S6 Raman in the literature 59,60 (see Figure 27 b). According to 

the literature, the two main bands observed in Figure 27a are associated with vibration 

modes characteristic of the layer stacking observed in ZISn compounds. The first band 

around 244 cm-1 is attributed to the vibration of sulphur atoms in the Van der Walls gap 

(A1g mode), while the second band at 344 cm-1 is attributed to the octahedral vibrational 

mode of In2S3 (Eg mode).59,60 Therefore, Raman spectroscopy confirms that ZIS-0.3 and 

ZIS-0.6 compounds exhibit a Zn3In2S6-type structure. 

  

Figure 27: a) Raman spectra at 514 nm of ZIS-0.3 and ZIS-0.6 samples. b) Raman spectra of 

Zn3In2S6. Figure modified from the reference Luo et al.60 
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 Synthesis and characterization of the Cu3xGa1-xInS3 compounds 

The GaInS3 compound displays lamellar polymorphs, as already mentioned. Following this 

strategy, we can approach the composition of CIGSn by replacing the gallium gradually 

with copper to prepare a lamellar compound. 

The procedure followed for the synthesis is the same: using a reaction volume of 10 mL 

for 15 min at 170 °C from mother solutions and without any precursors excess.  

Cu3xGa1-xInS3 (GIS) samples were prepared for various x values. Regardless, only two 

samples will be provided in this thesis: a copper-poor compound GIS-0.1 and a copper-

rich compound GIS-0.4 (Table 7).  

Table 7: Sample codes of prepared compounds. 

Cu3xGa1-xInS3 

Sample code x Composition 

GIS‐0.1 0.1 Cu0.3Ga0.9InS3 

GIS‐0.4 0.4 Cu1.2Ga0.6InS3 

 

According to EDX analysis summarised in Table 8, the copper-rich sample GIS-0.4 reveals 

a chemical composition closer to that of chalcopyrite. This outcome was validated by XRD 

and Raman spectroscopy by comparing to the CIGS-HT reference data (Figures 28 and  

29 a).  

Table 8: Theoretical and experimental compositions measured by EDX spectroscopy. 

Element 
Atomic % GIS-0.1 Atomic % GIS-0.4 Atomic % 

CIGS Theoretical  Experimental Theoretical  Experimental 

Cu 6.0 5.5 21.0 27.4 25.0 

In 19.0 22.2 17.0 17.3 17.5 

Ga 17.3 14.6 10.0 5.3 7.5 

S 58.0 57.8 52.0 50.0 50.0 

 

Indeed, both XRD patterns superimpose and the main vibrational band of the Raman 

spectra of GIS-0.4 located at 294 cm-1, is characteristic of a chalcopyrite-type structure. 

Besides, the Raman spectra is identical to that obtained for CIGS-MW (Figure 29 b). 

Further, the optical gap was found to be 1.5 eV that is quite close to that of the 

chalcopyrite CuIn0.7Ga0.3S2 prepared at high temperature (CIGS-HT) 1.6 eV, confirming 

once again the structural identification.  
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Figure 28: X-ray pattern of copper rich sample GIS-0.4 compared to that of CIGS 

chalcopyrite. 

 

Figure 29: Raman spectra of GIS-0.4 copper rich sample compared to a) CIGS chalcopyrite 

high temperature reference and b) CIGS-MW chalcopyrite prepared by microwaves. 

For GIS-0.1, EDX elemental mapping (Figure 30) shows a homogeneous chemical 

composition close to the target one. As mentioned above, GaInS3 exhibits two lamellar 

polymorphs with CIGS6 and CIGS5-type structures. Therefore, we have reformulated GIS-

0.1 (Table 9) according to these two polytypes. The chemical compositions of 

corresponding reference compounds, prepared at high temperature, are also presented 

for comparison. Note that the composition of GIS-0.1 is closer to that of the reference 

CIGS5-HT than to that of the compound CIGS6-HT. We can therefore expect that GIS-0.1 

will exhibit a CIGS5-type structure.  
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Table 9: Reformulated chemical compositions of GIS-0.1 based on GaInS3 lamellar 

polymorphs of CIGS6 and CIGS5 type structures, compared to the reference compounds. 

GIS-0.1 as polytype 

CIGS6-type 
CIGS6-HT 

GIS-0.1 as polytype 

CIGS5-type 
CIGS5-HT 

Cu0.6Ga1.8In2S6 Cu1.44In2.77Ga0.76S6 Cu0.5Ga1.5In1.7S5 Cu0.65In1.75Ga1.4S5 

 

 

Figure 30: EDX mapping and EDX spectrum of GIS-0.1 copper poor compound. 

X-ray diffraction does not allow us to differentiate between two polytypes, since both 

structures could explain the DRX pattern of compound GIS-0.1 (Figure 31). However, the 

difference could be done using Raman spectroscopy. As shown in Figure 32 a, it is possible 

to differentiate CIGSn lamellar phases from chalcopyrite one, based on the vibrational 

modes connected to in-plane vibrations of S-atoms in the vdW gap  

(around 130 and 260 cm-1) and those corresponding to In2S3 octahedral layers  
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(i.e. 340 - 390 cm-1). These vibrational modes do not exist in the chalcopyrite structure, 

where all cations are tetrahedrally coordinated by sulphur atoms. Moreover, it seems also 

possible to differentiate between the two lamellar compounds, based on the position  

of their most intense vibration mode: 340 cm-1 for CIGS5 and 315 cm-1 CIGS6. 

As shown in Figure 32 b, the main mode in the Raman spectre of GIS-0.1 appears to  

340 cm-1, which confirms a CIGS5 structural type. Indeed, the value of the optical gap  

1.8 eV (Figure 33) and the colour of the powder (dark red) are quite close of those of CIGS5 

(1.9 eV). 

 

Figure 31: X-ray patterns of GIS-0.1 compared to CIGS5 and CIGS6 references. 

 

Figure 32: Raman spectra a) of reference compounds CIGS-HT, CIGS5-HT and CIGS6-HT and 

b) of GIS-0.1 compared to the CIGS5 and CIGS6 references. 
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Figure 33: Kubelka-Munk transformed reflectance spectrum of GIS-0.1 copper poor sample. 

2.3. Summary 

Microwave-assisted solvothermal protocols were adapted from the reference CuInS2,56 

then developed with gallium addition. Targeted nanopowders were successfully 

prepared. However, a systematic study is necessary to optimise the synthesis conditions 

for each compound. 

Photocatalysts based on nanopowders of CIGS and CIGS6 have been obtained. In addition, 

the two alternative strategies implemented to obtain CIGS6-type compounds without 

CIGS as impurity were effective. In fact, two additional photocatalysts were prepared:  

ZIS-0.6, derived from Zn3In2S6, which has a CIGS6 type structure, and GIS-0.1, derived from 

GaInS3, with a CIGS5 type structure. Structural identification was essentially carried out by 

Raman spectroscopy.  

  

Figure 34: Raman spectra a) of CIGS and all the lamellar compounds prepared by 

microwave-assisted solvothermal synthesis and b) of reference compounds CIGS-HT, 

CIGS5-HT and CIGS6-HT. 
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Indeed, as shown in Figure 34, the vibrational modes connected to in-plane vibrations of 

S-atoms in vdW gap and to In2S3 octahedral layers make it easy to distinguish between 

CIGSn compounds and chalcopyrite. In addition, the transition from one structural type to 

another in lamellar compounds (e.g. CIGS6  CIGS5) is accompanied by a shift in band 

positions, enabling them to be identified. 

Beforehand, BET (Brunner-Emmett-Teller) measurement is used to characterise  

the microstructure and measure the specific surface of the samples (see Table 10).  

The specific surface of CIGS-MW was estimated at a value of about 60 m2/g that is  

10 times greater than high temperature. Similarly, GIS-0.1 and ZIS-0.6 were provided with 

a high specific surface 90 m2/g and 60 m2/g respectively, while only 15 m2/g for  

CIGS6-MW. 

Table 10 summarises some characteristics of these compounds, on which we will perform 

photocatalysis tests.  

Table 10: Samples selected for photocatalytic tests. 

Structure type 
CIGSn-type CIGS 

chalcopyrite CIGS6-type CIGS5-type 

Samples CIGS6-MW ZIS-0.6 GIS-0.1 CIGS-MW 

Experimental 
composition  

Cu1.27In2.62Ga0.72S6 Zn2.3Ga0.27Cu0.41In2.01S6 Cu0.47Ga1.27 In1.92S5 CuIn0.8Ga0.2S2 

Optical gap 
(eV) 

1.64 2.0 1.77 1.48 

BET (m2/g) 15 60 90 60 

 

As already mentioned in chapter 2, our materials cannot perform overall water splitting 

reaction, so we will study the hydrogen evolution reaction using sacrificial electron 

donors.  

In the next part of the chapter, as for photocatalytic tests we will only be working with 

samples prepared by MW-ST synthesis, nomenclature will be simplified by removing 

“MW”. 
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3. Photocatalytic hydrogen production 

In this section, the photocatalytic tests of hydrogen production are presented. These 

measurements were performed at CEISAM laboratory with the help of Dr Fabrice ODOBEL 

and Dr Deborah ROMITO. As already mentioned in chapter 2, our materials cannot 

perform by themselves overall water splitting reaction, so we will study the hydrogen 

evolution reaction using sacrificial electron donors. 

3.1. Sacrificial electron donor selected 

Sacrificial electron donor (SED) are used to collect the unpaired holes from the 

photocatalysts. In this work, we used ascorbic acid (AA) and triethanolamine (TEOA) as 

hole scavengers (see Table 11 and Figure 36). They continue to be among the most used 

SEDs, although the selection of the suitable SED depends more on the systems employed. 

In practice, it is stated that SEDs perform best when the pH is near to their pKa.61 

Generally, AA is known for its water solubility, and its potential to operate in neutral and 

acidic environment. Meanwhile, TEOA needs basic medium to work.31,62 The suggested 

SED should be consistent with reaction’s kinetics enabling electron transfer to the 

photogenerated holes and capable of consuming these holes rapidly and thus preventing 

charge recombination that is harmful to proton reduction in the conduction band.63  

For this reason, as we do not know yet which environment (whether acidic or basic) our 

compounds can withstand, we investigated both mediums.  

Table 11: Sacrificial electron donors used during this work. 

Sacrificial 
reagent 

Structure pH 
Redox 

potential Eox 
(V vs.SCE) 

Medium 

Ascorbic acid 
(AA) 

 

4 0.20 62 Aqueous 

Triethanolamine 
(TEOA) 

 

 

8 0.85 62 Aqueous 
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Figure 36: Energy diagram of the CIGS6, GIS-0.1, CIGS (either measured or calculated, 

chapter 2) and Zn3In2S6
46,64 positioned to redox potential of the sacrificial electron donors 

used (AA and TEOA). 

3.2. Photocatalytic Set-Up  

Figure 37 presents a schematic illustration of the typical set-up used for the photocatalytic 

experiments. The hydrogen evolution was conducted in a closed reactor (a quartz round-

bottom flask). 10 mg of the nanopowder is added under stirring into 5 ml of 0.1 M SED 

solution, containing either AA at pH=4 or TEOA pH=8. To reach the desired pH, the 

solutions are acidified by HCl or basified by NaOH before dispersing the photocatalyst. 

The reaction mixture is then evacuated by purging oxygen from it using nitrogen gas under 

sonification for 15-20 min prior to the reaction. A white lamp (AM1.5G, 400 ≤ λ ≤ 700 nm) 

was used as visible light source. 

The quantity of the hydrogen generated (mainly expressed in mole per time unit) is 

measured periodically (every 1.5 hours), by collecting the obtained gas sampling using a 

gastight syringe, which is then analysed in the gas chromatography GC. The amount of H2 

is estimated according to the area of the H2 peak using a calibration curve. 
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Figure 37: A schematic representation of the set-up used for photocatalytic hydrogen 

production. 

3.3. Hydrogen production results 

Table 12 summarises all the different experiments carried out for hydrogen production, 

which will be developed in this section. The tests were based on the experimental protocol 

above. 

Table 12: Summary table of all the different experiments carried out for hydrogen 

production. 

Samples Sacrificial agent Lamp Co-catalyst 
Hydrogen 

production 

CIGS6 
 

0.1M AA pH=4 
White lamp -- X 

UV lamp Pt(cod)Cl2 X 

0.1M TEOA pH=8 White lamp -- X 

0.6M i-PrOH (10 mg in 5 mL) 
UV lamp -- 

X 

0.6M i-PrOH (5 mg in 5 mL) X 

CIGS6 + MPA + 
TMAH 

0.1M AA pH=4 White lamp 
50 nmol NiCl2 

 
X 

ZIS-0.6 
0.1M AA pH=4 

White lamp -- 
√ 

0.1M TEOA pH=8 √ 

ZIS-0.6 + MPA + 
TMAH 

 0.1M AA pH=4 White lamp 
50 nmol NiCl2 

 
√ 

CIGS 
0.1M AA pH=4 

White lamp -- 
√ 

0.1M TEOA pH=8 X 

CIGS + MPA + 
TMAH 

0.1M AA pH=4 White lamp 
50 nmol NiCl2 

 
√ 
 

GIS-0.1 
0.1M AA pH=4 

White lamp -- 
√ 

0.1M TEOA pH=8 X 

PhotocatalystVisible 

Lamp

Solution

Water + Sacrificial reagent

Magnetic stirrer

H2

Rotor

Closed reactor

Syringe
Gas 

chromatography

(GC)

Gases analysing 

%H2, %CO2 …

4 cm
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 Hydrogen evolution using acid ascorbic as sacrificial electron donor 

In the first step, we examined for hydrogen evolution, the four prepared photocatalysts 

presented in Table 10 (i.e. CIGS6, ZIS-0.6, GIS-0.1, CIGS), using acid ascorbic (pH=4) as hole 

scavenger. Figure 38, displays the amount of evolved hydrogen, as a function of time. Two 

lamellar compounds (ZIS-0.6 and GIS-0.1) along with the CIGS chalcopyrite demonstrated 

H2 generation. Whereas, H2 has unfortunately not been detected in the case of CIGS6. This 

might be attributed to its low specific surface (15 m2/g), compared to (60 - 90 m2/g) the 

rest of the compounds.  

From Figure 38, it is clear that ZIS-0.6 produces the highest H2 amount compared to other 

materials. For all compounds, the production of H2 is only measured after  

1.5 hours. For lamellar compounds, it keeps strongly increasing within 24 hours, to reveal 

a maximum H2 amount of 28.91 μmol and 11.91 μmol for ZIS-0.6 and GIS-0.1, respectively. 

Meanwhile, the CIGS chalcopyrite H2 generation started 4 hours after the lamp irradiation 

and rapidly stabilises after 6 hours, exhibiting the lowest H2 amount 3.6 μmol.  

 

Figure 38: Photocataytic H2 evolution as a function of time of ZIS-0.6, GIS-0.1 and CIGS 

using acid ascorbic (pH=4) as sacrificial electron donor. 

Nevertheless, the H2 evolution rate of ZIS-0.6 decreases significantly after 20 hours of 

increased yield. This could be due to several factors. It is possible that the reactor had a 

leak, but this would not be the case as the other compounds did not behave as expected 

for a leak. Additionally, it is also possible that H2 reacts with the sulphur in the compound, 

forming H2S during the photocatalytic test. Moreover, various sulphide-based 

photocatalysts are affected by photocorrosion when exposed to prolonged light and 

reaction conditions, including ZIS compounds.65,66 The efficiency of hydrogen evolution 

can be compromised by photocorrosion, limiting the number of the available active sites.  
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Indeed, the photocorrosion of metal sulphide-based catalysts are triggered by 

photogenerated hole-induced oxidation instability.67,68 Under illumination, a photon is 

absorbed and an electron is excited from the valence to the conduction band creating a 

hole. For metal sulphides, the photogenerated electrons are easily transferred to the 

surface, whereas the transfer of the photogenerated holes is challenging.67 Therefore, 

holes will accumulate and oxidize the surface of the catalyst. The surface sulphur ions of 

the photocatalyst will oxidize to sulphur in the absence of oxygen and to sulphate in the 

presence of oxygen.67,68 Among the time, the photocatalytic activity will therefore 

decrease.    

In addition, the photocatalyst deactivation might also be due to the carrier recombination 

and the limited charges separation. In the case of ZIS photocatalyts, numerous attempts 

have been made to modify the compounds in order to limit the recombination processes 

of the photogenerated charge carriers such as controlling its morphology,69,70 elemental 

doping 70,71 and heterojunction structures.40  

On the contrary to ZIS-0.6 and GIS-0.1, as shown in Figure 38, CIGS chalcopyrite takes 

around 4 hours to generate hydrogen. This slow H2 ignition period could be due to the 

limited amount of active sites or the high recombination rates, limiting the available 

number of charge carriers for the reaction. Additionally, the redox potential of the 

sacrificial agent can also influence its effectiveness. 

However, to confirm these assumptions, it would be necessary to explore and understand 

the mechanism behind the reaction kinetics.  

 Hydrogen evolution using acid ascorbic and a co-catalyst 

Adding a co-catalyst to a photocatalytic reaction is an effective approach to enhance the 

performance by providing more active sites. In addition, they improve the carrier’s 

movement and prevent their recombination.72 Platine and nickel are widely employed as 

co-catalysts.  

The tests presented in this section were based on the experimental protocol described in 

the literature for CuGa2In3S8.73 The photocatalytic tests were thus carried out using Ni salt 

as a co-catalyst and AA (pH=4) as SED. Initially, a ligand exchange treatment with 3-

mercaptopropionic acid (MPA) and tetramethylammonium hydroxide (TMAH) is 

performed according to a literature procedure.73 100 mg of the sample (ZIS-0.6, CIGS6 or 

CIGS) was dispersed into a solution of 0.5 mL of MPA with 10 mL chloroform and 5 mL 

methanol where the pH was balanced to pH=11 with TMAH and  stirred for 6 hours. The 

mixture is then filtered, washed using ethanol and finally dried under vacuum. Afterwards, 

10 mg of the resulted compound was added to 3 mL of 0.1M AA and 2 mL of 50 nmol NiCl2 

and the co-catalyst photodeposition was successfully achieved for hydrogen production. 

The following steps remain similar to the earlier reactions. Unfortunately, in the time 

allocated to this thesis, we could not perform the same photocatalytic test on GIS-0.1. 
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Similarly to the previous experiment, H2 was apparently not detected in the case of CIGS6. 

The obtained results of CIGS and ZIS-0.6 are presented in Figure 39, compared to the ones 

without Ni2+. For both samples, the addition of Ni salt as co-catalyst brought no advantage 

in terms of stability.  

 

Figure 39: Photocatalytic H2 evolution as a function of time of ZIS-0.6 and CIGS using acid 

ascorbic (pH=4) as sacrificial electron donor and NiCl2 as co-catalyst. 

In the case of CIGS, it is evident that higher H2 amount is produced in shorter durations, 

we were able to measure 1 µmol of H2 after only 1.5 hours while the untreated CIGS took 

4 hours for H2 evolution. Nevertheless, it is obvious that the presence of the Ni2+ is 

poisoning the experiment, since the H2 generation is stopped after a short period. 

Therefore, this might be contributed to photocorrosion due to the formation of NiS during 

the experiment, which is detrimental. Otherwise, the catalyst could be also unstable in 

the presence of Ni2+ or the reaction conditions are not suitable for the co-catalyst, leading 

to a photocatalyst degradation and passivation. 

For ZIS-0.6, a higher amount of H2 is also produced over a short period before declining. 

The evolved H2 after 1.5 hours increased up to 20 µmol in the presence of Ni salt, almost 

twice higher than the amount measured in 1.5 hours for the same blank sample (11 µmol). 

However, after a certain time, the amount of H2 decreases and reaches a level close to 

that detected without Ni salt. This can be attributed to the passivation of the co-catalyst, 

since it can be observed that the catalyst does not suffer from producing H2 over time, 

but instead continues the H2 production in an equivalent quantity to that detected 

without Ni2+. 
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 Hydrogen evolution using triethanolamine as sacrificial electron donor 

A series of investigations was conducted using triethanolamine (pH=8) as sacrificial 

electron donor following previous protocol. The lamellar compounds (ZIS-0.6, GIS-0.1 and 

CIGS6) alongside with CIGS were tested. 

As shown in the Figure 40, only ZIS-0.6 was able to produce H2 using TEOA as SED. After 

1.5 hours, the compound starts to produce a very low quantity of H2, and keeps increasing 

over 30 hours attaining a value of 4.5 μmol, four times lower than using AA as SED.  

Although the activity with TEOA is lower than that observed with AA, no drop is observed 

in basic medium. This may be linked to the fact that there is less photocorrosion in a basic 

environment. This stability is expected based on the literature, as ZIS compounds were 

reported compatible with TEOA for hydrogen production.74 

 

Figure 40: Photocataytic H2 evolution as a function of time of ZIS-0.6 using triethanolamine 

(pH=8) as sacrificial electron donor. 

On the other hand, GIS-0.1, CIGS6 and CIGS compounds did not produce hydrogen with 

TEOA as SED. In fact, there are no publications in the literature reporting the use of TEOA 

for quaternary Cu-In-Ga-S materials, for which AA 73 and Na2SO3/Na2S 75 are commonly 

used as SEDs. Indeed, as shown in the Figure 36, the compound Zn3In2S6 which has a 

chemical composition very similar to that of ZIS-0.6, exhibits a positioning of the VBM 

more negative with respect to the redox potential of TEOA than those of  

GIS-0.1, CIGS6 and CIGS compounds.  

Furthermore, by comparing ZIS-0.6 in AA acidic medium and TEOA basic medium, we 

observe that the amount of hydrogen produced with TEOA is lower than that obtained 

with AA. This fact could possibly be due to Cu and Ga doping, which induces a change in 

bands energy positioning in relation to TEOA. 
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4. Discussion 

To conclude, nanopowders of CIGS and lamellar CIGSn-type compounds were successfully 

synthesized by microwave-assisted solvothermal synthesis. Among these compounds, ZIS-

0.6, GIS-0.1 and CIGS exhibit specific surfaces relatively high, allowing an efficient 

photocatalytic activity for hydrogen production. Contrarily, the low specific surface of 

CIGS6 could explain the lack of photocatalytic activity.  

In Table 13, we compare the hydrogen evolution rate of our compounds with those of 

materials studied in the literature, presenting either similar structures or similar 

compositions. In fact, this comparison is made in terms of photocatalytic activity 

performance criteria. Due to time constraints, the influence of the mass on the amount 

of H2 produced was not studied. However, considering that we are working with 10 mg of 

photocatalyst and that usually the plateau is observed above 50 mg,76,77 it was reasonable 

to normalize our activity by the mass of photocatalyst for comparative purposes.  

Table 13: A recap of H2 evolution rates of the prepared compounds compared to the 

literature. 

Material Sacrificial agent H2 evolution rate 
(μmol.h-1) 

H2 evolution rate  
(μmol.g-1.h-1) 

ZIS-0.6 AA 1.376 137.6 

TEOA 0.185 18.5 

ZIS6 Formic acid 12.88 44 
(0.1 g) 

128.8  

ZIS4 Na2SO3/Na2S - 265.978 

Pt/ZIS4 
(Solvothermal) 

Na2SO3/Na2S - 136.5 40 

Pt/ZIS4 
(Microwave assisted 

hydrothermal) 

Na2SO3/Na2S 69.2 40  
(0.1 g) 

692  

GIS-0.1 AA 0.521 52.1 

CuGa2In3S8 Na2SO3/Na2S 4 79 
(0.1 g) 

40 

Ru/CuGa2In3S8  Na2SO3/Na2S 338 79 
(0.1 g) 

3380 

Ni2+/CuGa2In3S8 AA 25 73 
(0.001 g) 

- 

CIGS AA 0.143 14.3 

Cu(In0.7,Ga0.3)S2 Na2SO3/Na2S - 750 75 

 

According to chalcogenides photocatalysts literature, Na2SO3/Na2S is much more widely 

used as SED. However, in this work, AA was first tested as SED alongside with TEOA, in 

order to compare photocatalysts activity under both acidic and basic conditions. Then, for 
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the addition of a co-catalyst, we have chosen to follow the same protocol used for the 

lamellar compound CuGa2In3S8
73 in order to facilitate the comparison.  

In view of our results, it is obvious that the lamellar compounds reported higher 

performances for hydrogen evolution in acidic conditions than CIGS chalcopyrite: 137.6, 

52.1 and 14.3 μmol.g-1.h-1 for ZIS-0.6, GIS-0.1 and CIGS, respectively. However, this is not 

the case in the literature when  Na2SO3/Na2S are used as SED.75 

ZIS-0.6 photocatalyst exhibits the higher performances and it was the only sample 

generating H2 from both acidic and basic conditions. Significantly, it was found that the 

mean apparent H2 yield measured (137 μmolg-1h-1) is comparable to that of pure ZIS6 

(using formic acid as a SED) 44 and also of Pt/ZIS4 (using Na2SO3/Na2S as a SED)40 

photocatalysts, but in the case of ZIS-0.6  the addition of a co-catalyst is not required 

(Table 13). In addition, we should note that the reaction medium plays a critical role in 

improving photocatalytic activity. According to literature, the ZIS4 prepared by 

microwave-assisted hydrothermal synthesis 39, i.e. using water as a reaction medium, 

exhibits much higher performances than that of ZIS-0.6 compound prepared in ethylene 

glycol. 

Besides, as presented in the Table 13, the H2 generation rate of GIS-0.1  

(52.1 μmol.g-1.h-1) is comparable to the one reported for CuGa2In3S8 using Na2SO3/Na2S as 

a SED (40 μmol.g-1.h-1), which exhibits a chemical composition quite close to that of GIS-

0.1 (Cu0.74Ga2In3.1S8). However, the protocol presented in this manuscript requires a 

significantly lower temperature and reaction time than those described in the literature 

for CuGa2In3S8 
79. Thus, GIS-0.1 was prepared by microwave-assisted solvothermal in only 

15 min at 170 °C, compared to CuGa2In3S8 nanoparticles that were prepared by a hot-

injection method in 15 h reaching a temperature up to 270 °C.73,79 

In the literature, the addition of a co-catalyst (e.g. Ni salt or Ru) significantly improves 

yields, as shown in the Table 13. This was not the case in this work. In fact, when using Ni 

salt as co-catalyst a poisoning effect is noticed during the experiment. 

Furthermore, a test with Pt as co-catalyst was also carried out. However, the attempt 

failed since we were unable to successfully photodeposited Pt on the test sample.  

The photodeposition approach requires having a photocatalyst already providing enough 

electrons or holes to, reduce or oxidize, respectively, the salt at the surface of the 

photocatalyst.  This could be mainly due to the morphology of our nanopowders (section 

2.2) that might not facilitate the grafting of the co-catalysts. 

Finally, promising visible light photocatalysts have been provided, opening up to new 

perspectives such as testing CO2 reduction and completing the hydrogen production 

studies using alternative sacrificial electron donors as Na2SO3/Na2S. Suitable co-catalysts 

could be also successfully grafted/deposited onto the prepared samples, in order to 
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improve their efficiency without causing any destructive effects. To further explore,  

CIGSn-type photocatalysts with high specific surface and various nanocrystal 

morphologies must be prepared. 
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General conclusion 

 

The aim of this thesis was to explore the potential of layered CIGSn compounds for 

photovoltaics and solar driven photocatalytic hydrogen production. We wished to obtain 

a rapid overview of potentialities of these materials, in order to focus our future research 

in the most promising area. Today, we believe that priority should be given to in-depth 

studies in the field of photocatalysis.  

As mentioned before, several layered compounds with four different structure types were 

previously described by our group in the Cu2S−In2S3−Ga2S3 system: Cu0.32In1.74Ga0.84S4 

(CIGS4), Cu0.65In1.75Ga1.4S5 (CIGS5), Cu1.44In2.77Ga0.76S6 (CIGS6), and Cu1.1In2.49Ga1.8S7 (CIGS7).  

We thought that these materials could potentially be interesting for photo-induced 

applications for two main reasons. First, CIGSn compounds exhibit an optical gap  

(1.7 - 1.9 eV) comparable to that of the chalcopyrite Cu(In0.7Ga0.3)S2 (1.6 eV), studied as 

absorber in tandem solar cells but also as photocatalyst for hydrogen evolution reaction 

(HER). Second, they are isostructural of ZISn compounds (i.e. ZnIn2S4 and Zn3In2S6), 

extensively investigated as visible-photocatalysts for HER. In addition, the existence of 

native cationic vacancies and mixed-cationic occupancy in CIGSn compounds, could be 

considered as an advantage over ZISn compounds, where such defects must be introduced 

by defect engineering.  

To achieve our objective, the optoelectronic properties of CIGSn compounds have been 

first studied and their energy diagrams were determined. This enabled to place these 

materials in relation to the specifications required for photovoltaic or photocatalysis, and 

to compare them to well-reported chalcopyrite Cu(In0.7Ga0.3)S2 (CIGS). This comparative 

study allowed us to select the materials to be favored for exploring applications.  

Therefore, our work involved the preparation of CIGSn materials in different forms: bulk 

samples for optoelectronic measurements, thin films for photovoltaic tests and 

nanopowders for photocatalytic tests. 

The (photo)electrochemical study concludes that CIGS4 and CIGS5 are n-type 

semiconductors, unlike the chalcopyrite CIGS for which a p-type behaviour has been 

determined. CIGS6 shows a different behaviour, generally highlighted in ambipolar 

materials, where the current is not clearly dominated by one type of charge carrier. 

Indeed, it exhibits an ambipolar character with a slight predominance of electron 

transport. The Fermi levels of all lamellar CIGSn compounds are similar (-4.5 eV) and higher 
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in energy than that of the chalcopyrite CIGS (-5.1 eV). This is consistent with a higher 

electron density in lamellar phases that corroborates the n-type behaviour. In addition, 

the charge carriers density of CIGSn compounds (1014 - 1017 cm-3) is significantly lower than 

that of CIGS (1020 cm-3), which is consistent with their higher resistivity.  

Photoluminescence measurements suggest much more in-gap defect states in the 

lamellar compounds. Indeed, defect-related emission band is broader and much more 

intense for CIGSn compounds than for CIGS. This fact could be directly correlated to the 

complex crystal structure of CIGSn compouds. Indeed, these materials exhibit intrinsic 

cationic vacancies and mixed occupancy on tetrahedral sites, leading to the formation of 

several intrinsic defects (e.g. VCu’, CuGa’’ or InCu
°°). These defects can notably affect the 

carriers recombination process. In fact, regarding the OCP decays observed during 

chronopotentiometry measurements, the lifetime associated to recombination process is 

calculated to be quite different from that of chalcopyrite CIGS.  

The energy diagrams of the CIGSn lamellar compounds besides the CIGS chalcopyrite have 

been established. The Table below is a summary of the results obtained for each of the 

compounds under investigation. 

Table 1: Summary of the results obtained for the CIGSn and CIGS compounds. 

Sample 
Eg 

(eV) 
VBM/Ef 

Ef 
(eV) 

CBM 
(eV) 

VBM 
(eV) 

Carriers 
density 
N(cm-3) 

Conductivity 
(Ω -1.cm-1) 

Photoluminescence 

Redox 
potentials 
(V vs NHE,  
eV vs Vac) 

CIGS4 
(n-type) 

1.8 1.1 -4.5 -3.8 -5.6 ND ~1015 

High 
resistivity 

- 
 

CO2/CO 
(-0.11 V) 
(-4.4 eV) 

 
H+/H2 

(0.00 V) 
(-4.5 eV) 

  
H2O/O2 

(+1.23 V) 
(-4.5 eV) 

CIGS5 
(n-type) 

1.9 1.0 -4.4 -3.5 -5.4 ND ~1017 

Wide intense main 
band (1.5 eV) 
 red-shifted 

emission band 

CIGS6 
ambipolar 

(n/p) 
1.6 1.1 -4.4 -3.9 -5.5 

ND ~1014 
NA ~1012 

Wide intense main 
band (1.4 eV)  

red-shifted 
emission band 

CIGS 
(p-type) 

1.6 0.8 -5.1 -4.3 -5.9 NA ~1020 1.94.10-3 
Narrow main band 

(1.7 eV) band to 
band emission 

 

The large number of in-gap defects of the CIGSn compounds together with their low 

carriers density and high resistivity, can suggest that these compounds would not be 

suitable for photovoltaic applications. In fact, all solar cell devices based on CIGS5 absorber 

tested in this work achieved very low efficiencies. The CIGS5 compound was preferred as 

absorber, because the elaboration of single-phase thin films by co-evaporation process is 

quite simple. Conversely, in the case of CIGS6 thin films, CuIn5S8 was identified as impurity. 

Given time constraints and the fact that CIGS4 exhibits the lower carrier density and many 

polytypes, we did not attempt to prepare thin films. 
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CIGS5 thin films exhibit an ambipolar character with a strong predominance of electron 

transport. In addition, their charge carriers density is extremely low (1011 cm-3). Therefore, 

two cell designs have been evaluated: conventional CIGS-based architecture and n-i-p 

architecture considering CIGS5 as intrinsic material. Different back contacts were used: 

Mo, FTO and ITO. For classical architecture, either n-type (CdS and ZnOS) and p-type (spiro-

OMeTAD) buffer layers were tested. Unfortunately, all these tests were unsuccessful in 

terms of yield. 

However, what was a disadvantage for photovoltaics could be an advantage for 

photocatalysis. Indeed, the beneficial role of defects on photocatalysis is widely discussed 

in the literature. Defects can serve as active site becoming thus directly involved in the 

catalytic reaction. Secondly, they can tune the electronic structure and improve light 

absorption by red shifting the absorption region. Finally, defects can serve to effectively 

separate photogenerated electron–hole pairs, facilitating their involvement in their 

corresponding redox reactions. For all these reasons, we expected that the existence of 

native cationic vacancies and mixed-cationic occupancy in CIGSn compounds, could be 

considered an advantage over the chalcopyrite CIGS and even ZISn compounds. In 

addition, the ambipolar behaviour evidenced in CIGSn compounds could enhance the 

efficiency of simultaneous oxidative and reductive reactions. For this reason, the initial 

screening of photocatalytic properties of CIGSn materials for hydrogen evolution, it was 

mainly focused on the compound CIGS6. 

In fact, the energy band position of CIGS6 (i.e. VBM and CBM) with respect to the water-

splitting redox potentials shows that water reduction can be performed but not oxidation. 

However, using an alcohol as a sacrificial agent, CIGS6 can presumably be used for 

hydrogen evolution reaction (HER).  

Consequentely, photocatalysts based on nanopowders of CIGS and CIGS6 were synthesised 

by microwave-assisted solvothermal synthesis. However, the single-phase nature of CIGS6 

nanopowders could not be clearly determined. Two strategies were implemented to 

obtain CIGS6 type nanopowders without CIGS as an impurity. Therefore, cationic 

substitutions were performed in two isostructural compounds of CIGS6 (Zn3In2S6 and 

GaInS3). In this way, two additional photocatalysts were prepared: ZIS-0.6, derived from 

Zn3In2S6, which has a CIGS6 type structure, and GIS-0.1, derived from GaInS3, with a CIGS5 

type structure. 

The photocatalytic experiments were based on the experimental protocol described in 

the literature for CuGa2In3S8, which presumably exhibits a CIGS5-type structure. The acid 

ascorbic (AA) was used as sacrificial electron donor (SED) alongside with triethanolamine 

(TEOA), in order to investigate photocatalysts activity under both acidic and basic 

conditions. 
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In view of our results and as expected based on the singularities of CIGSn compounds 

described above, lamellar compounds showed higher performances than chalcopyrite 

CIGS for hydrogen evolution using AA as SED: 137.6, 52.1 and 14.3 μmol.g-1.h-1 for ZIS-0.6, 

GIS-0.1 and CIGS, respectively. However, no hydrogen production was detected for CIGS6, 

probably due to its low specific surface area. Moreover, the H2 evolution rates of ZIS-0.6, 

GIS-0.1 photocatalysts are comparable to those reported in literature for related 

compounds Zn3In2S6 (128.8 μmol.g-1.h-1) and CuGa2In3S8 (40 μmol.g-1.h-1). The 

photocatalytic activity of these compounds is significantly enhanced by the use of  

co-catalysts. In our case, the addition of co-catalysts was not effective. It should be note 

that comparing experimental yields with those in the bibliography is always a tricky 

matter, as the experimental conditions must be comparable in order to draw relevant 

conclusions. 

The main perspective of this work is in the field of photocatalysis. Although the 

investigation of the photocatalytic properties of CIGSn was initiated during the last year of 

this PhD, it proved to be the most promising application for these materials. The first task 

will be to optimise the protocol to prepare single-phase CIGS6 nanopowders, with high 

specific surface area and optimized nanocrystals morphologies. Then, nanopowders of 

compounds CIGS4, CIGS5 and CIGS7 will be also prepared. A second challenge will be to 

evolve our synthesis protocol towards more sustainable and scalable conditions. In the 

future, we would like to avoid the use of the glove box in using hydrated precursors and 

other solvents as water or/and ethanol. 

To improve the photocatalytic activity of CIGSn compounds, an approach based on 

tailoring their electronic structure by tuning the catalyst thickness can be used. In fact, 

these materials are Van der Walls layered sulphides and their structural slabs can probably 

be exfoliated by ultrasonication. A second solution would be to use heterojunction 

photocatalysts. In this thesis, CIGSn compounds have been studied as single material 

photocatalysts, whereas their use in heterojunctions could improve their performance. In 

fact, heterojunctions generally show better performance compared to single material 

photocatalysts, as carrier separation is improved and recombination losses are reduced. 

In the literature, MoS2-ZnIn2S4 and MoS2-Zn3In2S6 heterojunctions have been explored for 

water splitting and resulted in much higher hydrogen production efficiencies than single 

ZISn photocatalysts (i.e. almost 16 times higher). Therefore, as a next perspective, it would 

also be interesting to explore MoS2-CIGSn heterojunctions. 

The photocatalytic properties of CIGSn need to be more deeply characterised. More 

fundamentally, the photocatalytic HER will be deeply characterized by employing SED 

adapted for chalcogenide photocatalysts as S2-, SO3
2- and S2O6

2-. Besides the photonic 

yield  and H2 production rate rH2 as function of photocatalyst mass and light intensity , 

the high-resolution action spectra (=f()) and the apparent energy activation of 
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photocatalytic reaction must be determined, in order to elucidate kinetics mechanisms 

involved in HER. Of course, photocatalytic reduction of CO2 could be also considered later. 

Concerning photovoltaics, CIGS5 thin films demonstrated that they are not adapted to 

photovoltaic application probably due to their high electrical resistivity. However, CIGSn 

are lamellar compounds that can exhibit large anisotropy in physical properties. In this 

PhD, the crystal orientation of the sheets with respect to the plane of the substrate was 

not controlled during co-evaporation process. If electrical conductivity is favoured within 

the layers of the (M(Td))n−2In(Oh)Sn blocs, a textured depot would improve cell 

performances. 

Finally, an in-depth crystal chemistry study to determine chemical composition ranges 

compatible with each CIGSn structure-type identified (i.e. CIGS4, CIGS5, CIGS6 and CIGS7) 

will be carried out. In addition, the existence of these lamellar compounds in the  

Cu2Se-In2Se-Ga2Se3 system or in the mixed sulphide-selenide one is currently under 

investigation. 
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Résumé : De nouvelles phases lamellaires 
nommées CIGSn, ont été identifiées dans le 
système Cu2S-In2S3-Ga2S3. Ces composés 
présentent un caractère 2D marqué avec un gap 
de van der Waals (~ 3 Å). Leur gap optique (1,7 - 
1,9 eV) est comparable à celui de la chalcopyrite 
Cu(In0.7Ga0.3)S2, étudiée comme absorbeur dans 
des cellules solaires tandem. D’autre part, les 
phases CIGSn sont isostructurales des composés 
ZnIn2S4 et Zn3In2S6, utilisés comme 
photocatalyseurs pour la production d'hydrogène 
dans le domaine visible. L'objectif de cette thèse 
est d’explorer le potentiel des composés CIGSn 
pour des applications photovoltaïques et 
photocatalytiques, en comparaison avec la 
chalcopyrite Cu(In0.7Ga0.3)S2. Pour ce faire, les 
diagrammes d'énergie de ces composés ont été 
établis en   combinant des mesures 
(photo)électrochimiques  avec la spectroscopie   

de photoélectrons X et la réflectance diffuse. 
Les bandes de conduction et de valence des 
composés CIGSn, se positionnent de manière 
intéressante par rapport aux potentiels redox 
impliqués dans certaines réactions 
photocatalytiques. D’autre part, quelques-uns 
de ces composés présentent un comportement 
électrique ambipolaire (type p/n), ce qui les rend 
prometteurs. Des nanopoudres de CIGSn ont 
été synthétisées par voie solvothermale 
assistée par micro-ondes, afin d'optimiser la 
microstructure et d'évaluer leur activité 
photocatalytique pour la production de 
l'hydrogène en présence d’alcools. 
Parallèlement, des couches minces de ces 
matériaux ont été préparées par co-évaporation 
afin de fabriquer et caractériser des cellules 
photovoltaïques avec différentes architectures. 
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Abstract : New lamellar phases, named CIGSn, 
have been identified in the Cu2S-In2S3-
Ga2S3  system. These compounds exhibit a 
marked 2D character with a van der Waals gap 
(~ 3 Å). Their optical gap (1.7 - 1.9 eV) is 
comparable to that of the chalcopyrite 
Cu(In0.7Ga0.3)S2, studied as an absorber in 
tandem solar cells. The CIGSn phases are 
isostructural of the compounds ZnIn2S4 and 
Zn3In2S6, used as photocatalysts for hydrogen 
production under visible light. The aim of this 
thesis is to explore the potential of CIGSn 
compounds for photovoltaic and photocatalytic 
applications, in comparison with the chalcopyrite 
Cu(In0.7Ga0.3)S2. To do this, their energy 
diagrams were established by combining 
(photo)electrochemical measurements with X-ray  

photoelectron spectroscopy and diffuse 
reflectance.  The conduction and valence 
bands of CIGSn compounds are interestingly 
positioned in relation to the redox potentials 
involved in certain photocatalytic reactions. In 
addition, some of these compounds exhibit 
ambipolar electrical behaviour (p/n type), which 
makes them promising. CIGSn nanopowders 
were synthesised using a microwave-assisted 
solvothermal process, to optimise their 
microstructure and to evaluate their 
photocatalytic activity for the evolution of 
hydrogen in the presence of alcohols. In parallel, 
thin films of these materials were prepared by 
co-evaporation in order to fabricate and 
characterise photovoltaic cells with different 
architectures. 

 


