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RÉSUMÉ DÉTAILLÉ EN FRANÇAIS 1. Introduction

La technologie thermoé lectrique (TE) permet la conversion directe de la chaleur en é lectricité et elle offre une opportunité inté ressante pour la ré cupé ration de chaleur perdue. Des dispositifs TE flexibles à base de couches minces offrent de nombreux avantages, tels que flexibilité , lé gè reté , petite taille et facilité d'inté gration. Ils pré sentent un inté rê t particulier pour alimenter des dispositifs é lectroniques portables. En effet, des dispositifs TE flexibles peuvent, par exemple, de convertir continuellement la chaleur corporelle en é nergie é lectrique en utilisant la diffé rence de tempé rature entre un corps humain et son environnement.

La performance d'un matériau thermoélectrique est déterminée par la figure de mérite sans dimension, ZT=S 2 σT/κ, où S est le coefficient de Seebeck, σ est la conductivité électrique, T est la température absolue et κ est la conductivité thermique totale (contribution électronique κele + contribution phononique κlat). Ces paramè tres sont interdé pendants et par consé quent, l'amé lioration de l'un peut dé té riorer les autres et des compromis sont souvent né cessaire pour maximiser cette figure de mé rite ZT qui dé termine directement le rendement de conversion thermoé lectrique. En raison de la difficulté de mesure de la conductivité thermique, le facteur de puissance PF=S 2 σ est aussi souvent utilisé pour caractériser les couches minces.

Il existe des moyens pour dé coupler ces paramè tres interdé pendants, par exemple, en nanostructurant des couches minces pour provoquer une diffusion de phonons à l'interface afin de ré duire la conductivité thermique sans provoquer une baisse importante de la conductivité é lectrique.

Des progrè s importants ont é té ré alisé s et il reste cependant toujours des dé fis importants à relever pour la préparation et l'utilisation des dispositifs à couches minces: II -Optimisation des paramètres interdépendants. Des méthodes permettant de les découpler sont toujours en cours d'étude.

-Préparation de couches minces de haute qualité à grande échelle. Le développement de procédés fiables et économiques est toujours un défi important.

-Efficacité des dispositifs thermoélectriques. Malgré l'existence de certains matériaux en couches minces avec une valeur de ZT élevée, même supérieure à 2, obtenue en utilisant une structure à hétérojonction, les performances thermoélectriques de la plupart des matériaux en couches minces sont encore faibles, trop faibles pour une application pratique.

Les maté riaux à base de Te sont parmi les maté riaux thermoé lectriques les plus é tudié s. Jusqu'à pré sent, les meilleures performances prè s de la tempé rature ambiante sont obtenus avec le Bi2Te3 et le Sb2Te3. De nombreuses é tudes ont aussi montré que ces maté riaux sont é galement inté ressants pour la pré paration des couches minces performantes. Les dé fis majeurs sont les suivants :

-Une méthode de préparation simple et reproductible pour obtenir des couches minces de haute qualité doit être développée.

-Une architecture appropriée doit être conçue. L'é tat de l'art montre que des couches minces à base de Bi-Sb-Te peuvent ê tre des semiconducteurs de type p ou de type n avec un facteur de puissance é levé . L'objectif de ce travail est de développer des méthodes innovantes pour la préparation de couches minces et de dispositifs thermoé lectriques flexibles et performants en utilisant ces maté riaux discuté s ci-dessus.

Les principaux ré sultats de ce travail sont les suivants :

-Une méthode innovante a été développée pour préparer des couches minces Bi-Sb-Te. 

Pré paration des couches minces de Bi2Te3 and Sb2Te3 par pulvé risation

Pré paration des cibles

Les cibles de Bi2Te3 et de Sb2Te3 utilisé es pour le dé pôt de couches minces par pulvé risation cathodique, ont é té pré paré s de la faç on suivante : Les é lé ments mé talliques ont é té utilisé s comme matiè res premiè res. Les poudres de Bi2Te3 et de Sb2Te3 ont é té synthé tisé es par broyage mé canique de haute é nergie. Ces poudres ont é té ensuite fritté es, en utilisant le SPS (Spark plasma Sintering), pour former des cibles de diamètre de 50 mm et d'épaisseur de 2-3 mm, qui ont é té grossiè rement polies avant utilisation.

Les é tudes par diffraction de rayons X (DRX) ont confirmé la synthè se de ces deux composé s Bi2Te3 et de Sb2Te3 qui sont purs et sans phase secondaire.

Pré paration de couches minces Bi2Te3 et Sb2Te3

Les couches minces de Bi2Te3 et Sb2Te3 ont é té pré paré es par pulvé risation magné tron avec des cibles de Bi2Te3 et Sb2Te3 pré paré es ci-dessus. Les paramè tres de dé pôt de couches minces ont é té optimisé s en relation avec des proprié té s thermoé lectriques, qui sont ré sumé es sur la Figure 1. Une couche mince de Bi2Te3 a é té obtenu, avec un facteur de puissance (PF) de 0,71 mWm - 

Couches minces de Sb2Te3 de type P pré paré es par diffusion thermique

Dans ce travail, nous avons progressé dans les deux directions suivantes:

-Développement d'une méthode innovante pour le dépôt de couches minces thermoélectriques.

-Amé lioration des proprié té s des couches minces de Sb2Te3 de type p par le dopage.

Pré paration de couches minces par diffusion thermique

La Figure 2 Il a é té dé montré que le traitement thermique avait une influence critique sur la qualité de la couche mince finale. La source de chaleur doit ê tre proche de Te pour faciliter sa diffusion vers la couche de Sb afin d'obtenir une réaction complète. Cette nouvelle méthode s'est avérée efficace pour pré parer des couches minces de qualité avec une composition ajustable.

Influence du traitement thermique sur la structure et les proprié té s des couches minces de Sb2Te3

L'observation au MEB (Microscope électronique à balayage) a montré que les couches possé daient une bonne adhé rence au substrat flexible de polyimide. Une tempé rature de traitement thermique é levé e augmente la rugosité de la couche mince.

L'analyse de composition par EDS (Energy dispersive spectroscopy) indiquait que le rapport atomique Sb/Te dans les couches minces était proche de la composition stoechiométrique de 2/3. Cette composition était modifiable en ajustant l'épaisseur des couches précurseurs de Sb et de Te. Les é lé ments é taient ré partis dans les couches minces de faç on homogè ne.

Les études par DRX et par la spectroscopie Raman ont confirmé l'obtention de couches minces de composition Sb2Te3.
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Comme indiqué sur la Figure 3, la tempé rature de diffusion a une influence importante sur le coefficient de Seebeck, sur la conductivité é lectrique et par consé quent sur le facteur de puissance, qui peut atteindre 1,69 mWm -1 K -2 à la température ambiante pour une couche mince traitée à 350°C. L'influence de cette température de diffusion sur la concentration et sur la mobilité de porteurs de charge est plus complexe. 

Effet de la composition sur les proprié té s thermoé lectriques des couches minces de Sb-Te

L'effet de la déviation de composition par rapport à la stoechiométrie de la couche de Sb2Te3 sur les proprié té s a é té é tudié . La ré sistance mé canique de ces couches minces à la flexion a é té testé e en mesurant le changement de la ré sistance é lectrique. Une augmentation infé rieure à 8% de cette ré sistance é lectrique a é té constaté e mê me aprè s 2000 cycles de flexion à un petit rayon de courbure de 6.5 mm, démontrant l'excellente résistance à la flexion de ces couches minces déposées sur des substrats en polyimide.

Dopage de couches minces de Sb2Te3

Bi, Ag et In ont é té sé lectionné s comme é lé ments dopants. La pré paration des couches minces dopé es a é té identiques à celle des couches non dopé es. Les é lé ments dopants ou co-dopants ont é té pré alablement co-dé posé s avec Sb. La couche de Te a é té chauffé e pour ré agir avec la couche de Sb contenant les é lé ments dopants.

Influence du dopage par Bi

Le Tableau 1 ré sume quelques proprié té s des couches minces dopé es au Bi. La teneur en Bi a é té contrôlé e en ajustant le temps de pulvérisation de Bi, qui influence également l'épaisseur totale de la couche finale. Une augmentation de la teneur en Bi tend à diminuer la concentration des porteurs de charge sauf pour la couche trè s fortement dopé e avec une concentration de Bi de 22 at.%. Son influence sur la mobilité des porteurs de charge est plus complexe mê me si cette influence est relativement faible sauf pour la couche fortement dopé e.

L'influence du dopage Bi sur les propriétés thermoélectriques est résumé e sur la Figure 5. Le coefficient de Seebeck atteint la valeur maximale de 227 μVK -1 , avec une teneur en Bi de 7,8

at.% (B3). Cet é chantillon possè de é galement le facteur de puissance le plus é levé de 2,29 mWm -1 K -2 à la tempé rature ambiante. 

Influence du dopage par Ag

Le Tableau 2 résume quelques propriétés électroniques des couches dopées à l'Ag. Ce dopage diminue fortement la mobilité , mais augmente aussi fortement la concentration des porteurs de charge. Ce dopage amé liore é galement la conductivité é lectrique tout en diminuant le coefficient de Seebeck, sans amé liorer le facteur de puissance. 

Codopage Bi/Ag et Bi/In

Il est constaté ci-dessus que le dopage par Bi peut augmenter le coefficient de Seebeck S et que le dopage par l'Ag améliore considérablement la conductivité électrique σ, tandis que le dopage par l'In peut augmenter S et σ simultané ment. Le codopage a é té ainsi envisagé pour é tudier les effets conjugué s. En raison des ré sultats inté ressants obtenus avec Bi, cet é lé ment a é té sélectionné en priorité et l'effet de codopage avec Ag ou In a été a été étudié.

Le Tableau 4 résume les échantillons étudiés et l'influence de codopage sur les propriétés é lectroniques. Dans tous les cas, la teneur en Bi est de 7.8 at.% et le rapport Sb/Te est proche de 2/3. On peut constater que le codopage avec l'Ag ou l'In augmente significativement la concentration des porteurs de charge tout en diminuant leur mobilité .
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Concernant les propriétés thermoélectriques, le codopage avec l'Ag diminue fortement le coefficient de Seebeck S et ainsi le facteur de puissance PF. Par contre, malgré une diminution significative de S pour les couches codopées avec l'In, l'augmentation de la conductivité est nettement plus importante, conduisant ainsi à une nette amé lioration du PF surtout à haute tempé rature, qui peut atteindre 2,1 mWm -1 K -2 à 180°C. Cette partie du travail a é té consacré e à la pré paration et à la caracté risation des couches minces de Sb2Te3 de type p. Diffé rentes straté gies ont é té utilisé es pour amé liorer leurs proprié té s thermoé lectriques. Un excè s de Te dans la composition ou un dopage par le Bi semble ê tre le moyen le plus efficace pour augmenter le facteur de puissance qui peut atteindre une valeur de 2,29 mWm -1 K -2 à 30 °C. 

Caracté risation des couches de Bi2Te3

L'étude de ces couches minces par la DRX a clairement montré l'obtention de la phase Bi2Te3 sans distorsion, avec une tempé rature de diffusion supé rieure à 300 °C. Les é tudes par Raman ont ré vé lé la pré sence du Te mé tallique quand cette tempé rature de diffusion/ré action é tait infé rieure à 350°C. La phase Bi2Te3 stoechiométrique a été obtenue avec une température de diffusion supé rieure à 350°C. Cette tempé rature de diffusion/ré action avait donc un effet critique sur la composition des couches minces.

Ces couches minces ont é té é tudié es par le MET à haute ré solution et les ré sultats sont ré sumé s sur la Figure 8. transform (IFFT) images of regions marked by white dotted frames [1] and [2] in (c)), (f) HRTEM image of the selected areas marked by red dotted frame (c*) in (c), (g)-(h) IFFT image of selected area marked by red dotted frames [3] and [4] in (f) from corresponding Te and Bi2Te3 phase, (i) schematic of structure for Bi2Te3 and Te phase. (j)-(k) bottom intensity profiles along blue solid AB line (corresponding to Bi2Te3 phase) and blue solid CD line (corresponding to embedded Te nano-phase) in (f).

Il existe une croissance en nano laminaires et des nano domaines de Te, entouré s de la phase Sb2Te3 ont é té clairement observés. L'existence de ces nano domaines a été également confirmé e par les mesures de la fluctuation atomique Bi/Te.

Diffé rentes proprié té s thermoé lectriques en fonction de la tempé rature ont é té mesuré es pour des couches minces de Bi2Te3 pré paré es avec diffé rentes tempé ratures de diffusion (250°C-375°C), donnant ainsi diffé rentes teneures en Te. Les ré sultats des mesures sont ré sumé s sur la En ré sumé , des couches minces flexibles de Bi2Te3 de type n ont é té obtenues avec diffé rentes tempé ratures de diffusion/ré action, qui ont une forte influence sur la composition, la structure et les propriétés thermoélectriques. La température de 350°C a permis d'obtenir la meilleure Ré sumé Dé taillé En Franç ais XVI couche mince avec une conductivité é lectrique é levé e, de 5,3×10 4 Sm -1 à la tempé rature ambiante et un coefficient de Seebeck |S| de 165,6 μVK -1 , donnant un excellent facteur de puissance de 1,46 mW m -1 K -2 . Ces couches pré sentent é galement une excellente ré sistance mé canique à la flexion.

Dispositifs thermoé lectriques flexibles en couches minces

Plusieurs dispositifs thermoé lectriques en couches minces avec diffé rentes structures et configurations ont é té pré paré s et caracté risé s en utilisant une couche mince de Sb2Te3 de type p et une couche mince de Bi2Te3 de type n. Le facteur de puissance, à la tempé rature ambiante, de ces deux couches minces est respectivement de 2,12 mWm -1 K -2 et de 1.46 mWm -1 K -2 . 

Dispositif thermoé lectrique à un maté riau
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Les performances de ce dispositif sont ré sumé es sur la Figure 13. La tension de sortie peut atteindre 81,3 mV avec une puissance de sortie maximale de 393,3 nW quand la diffé rence de tempé rature est de 58°C.

Ce dispositif a été aussi testé pour générer une puissance électrique en utilisant le ∆T entre un corps humain et l'environnement ambiant. Comme indiqué sur la Figure 13, ce dispositif souple permet de gé né rer une tension de sortie de 6,8 mV avec un △T d'envions 5°C, démontrant l'intérêt de ce type de dispositif thermoélectrique pour alimenter des dispositifs électroniques portatifs. 

Dispositif en cercle de type π

Ce type de dispositifs encore plus efficaces ont é té fabriqué s avec des couches minces p-Sb2Te3 et n-Bi2Te3 en utilisant le procé dé sché matisé sur la Figure 14. Des couches pré curseurs de Bi et de Sb ont é té aussi utilisé es comme é lectrodes de contact, conduisant à un procé dé simplifié . Ré sumé Dé taillé En Franç ais XX

Couches minces organiques et inorganiques Sb2Te3-CH3NH3I

Ce travail exploratoire vise à amé liorer les performances thermoé lectriques des couches minces à base de Sb-Te en cré ant une structure composite/hybride.

Pré paration de couches minces

Les couches minces hybrides/composites ont é té dé posé es par é vaporation thermique en utilisant du Sb2Te3 commercial et du CH3NH3I synthé tisé au laboratoires avec une mé thode bien connue. Le procé dé est illustré ci-dessous.

Figure 16. Schematic preparing process for multilayer thin films.

Caracté risation

L'étude par DRX indiquait que les couches minces ainsi obtenus sans traitement thermique é taient amorphes et que la pré sence de la couche organique avait une grande influence sur l'orientation de la croissance cristalline pendant le traitement thermique.

L'observation au MET haute résolution a confirmé la diffusion de l'iodure organique dans les couches de Sb2Te3 pendant le traitement thermique, comme montré sur la Figure 17. Le mé canisme de diffusion de phonons par des dé fauts ponctuels, des joints de grains et autres interfaces, illustré sur la Figure 18, a é té utilisé pour expliquer la baisse trè s importante de la conductivité thermique. L'interface organique-inorganique a permis aussi de cré er une barriè re d'é nergie, qui filtre les é lectrons en laissant passer uniquement les é lectrons qui possè dent suffisamment d'é nergie en bloquant les é lectrons "faibles", ce qui a donné un coefficient de Seebeck bien plus é levé .

L'influence globale de la phase organique sur les proprié té s thermoé lectriques est ré sumé e sur la Figure 19. La pré sence de cette phase organique dans le Sb2Te3 augmente trè s fortement le coefficient de Seebeck (en passant de 0,07 à 1,09 mWm -1 K -2 à 303K), surtout vers la tempé rature ambiante, ce qui est particuliè rement inté ressant pour les applications envisagé es.

La conductivité é lectrique est seulement un peu diminué e, permettant d'obtenir un facteur de puissance nettement amé lioré de 1,72 mWm -1 K -2 à 423K. Grâ ce à la baisse combiné e de la Ré sumé Dé taillé En Franç ais XXII conductivité thermique, la couche mince composite a donné une figure de mé rite é levé e pour les couches minces de 0,77 à 423K, dé montrant ainsi l'inté rê t de cette couche pour des applications portatives. 

Conclusions gé né rales

Ce travail a porté sur la pré paration et la caracté risation de couches minces et de dispositifs thermoé lectriques à base de Bi-Sb-Te.

Une mé thode innovante pour la fabrication de couches minces thermoé lectriques a é té mise au point avec succè s et elle est basé e sur la diffusion de Te. Des couches minces avec une phase pure de Sb2Te3 de type p, ont é té obtenues avec un facteur de puissance é levé de 1,69 mWm - 1 K -2 à la tempé rature ambiante. Il a é té dé montré qu'une dé viation de la composition peut avoir des influences trè s importantes sur les proprié té s thermoé lectriques. A titre d'exemple, une couche de mince de composition Sb2Te4, constitué e en fait de Sb2Te3 contenant des inclusions de Te, peut conduire à un facteur de puissance trè s é levé de 2,12 mWm -1 K -2 à la tempé rature ambiante.

Diffé rentes straté gies de dopage, en utilisant un ou deux é lé ments dopants, ont é té testé es pour amé liorer encore les proprié té s de Sb2Te3. Le meilleur ré sultat a é té obtenu avec Bi comme é lé ment dopant et un facteur de puissance de 2,29 mWm -1 K -2 à 30 °C a é té mesuré . Il a é té é galement dé montré que le dopage est aussi un moyen efficace pour diminuer la conductivité thermique.
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Les couches minces de type n ont é té fabriqué es avec du Bi2Te3 en utilisant la mé thode de diffusion de Te et un excellent facteur de puissance de 1,46 mW m -1 K -2 a é té mesuré .

Toutes ces couches ont une excellente ré sistance mé canique à la flexion, compatible avec les applications portables envisagé es. 

Des

GENERAL INTRODUCTION

Thermoelectric (TE) energy conversion technology that enables direct conversion of heat from the solar energy, fuel energy, automobiles exhaust, industrial sectors or even the human body to electricity, offers a unique opportunity for sustainable energy harvesting and energy saving. materials can be nano-structured making it possible to create interface phonon scattering effect in order to reduce the thermal conductivity of the material and therefore to increase the ZT value of the material. The nano-structuration can also produce the quantum confinement effect, which can increase the power factor of the material. Thin films materials, compared to bulk materials, have higher response speed, higher cooling and heating performance, higher energy density and smaller static localization capabilities. In addition, devices based on flexible thin films offer many advantages, such as flexibility, lightness, small size and easy integration. The thin film preparation technology is already compatible with the technologies largely used in the semiconductor industry. Therefore, TETF devices are considered as a promising technology for making micro-TE devices.

Despite of significant progress, there are still several important challenges remaining for the preparation and application thin film TE devices: (1) large-scale preparation of high quality thin films. The requirements are relatively high for the preparation equipment and process parameters. Cost-effective production is still challenging. (2) Optimized compromise of thermoelectric properties. As discussed earlier, the parameters S, σ and κ are inter-dependent and can be decoupled with appropriate material structuration. The method of efficient decoupling still needs to be explored. (3) The efficiency of the thermoelectric devices needs to be improved. Despite the existence of some thin film materials with high ZT value, even higher than 2, obtained by using heterojunction structure, the thermoelectric performance of most thin film materials obtained by using traditional preparation methods is still low, too low for practical application. Therefore, design and optimization of TE thin film devices are still challenging. This work has been focused on the following aspects:

Te

1) Develop innovation methods and concepts for preparing high-performance Bi-Sb-Te based thermoelectric thin films.

2) Explore different strategies of doping for improving the thermoelectric of the p-type Sb2Te3.

3) Prepare high quality n-type Bi2Te3 based thin films.

4) Prepare and characterize Bi-Sb-Te based flexible TFTE devices with the different structures.

5) Explore the possibility of enhancing the thermoelectric properties of Sb2Te3 thin film by creating inorganic-organic composite/hybrid thin films.

Chapter I: Basic principles of thermoelectric conversion 1.1. Introduction

With the development of global economy, urbanization and industrialization, the demand for energy is considerably increasing in industrial production and human life, and also the severe energy crisis and deteriorating environmental issue become more and more urgent. Currently, most of the energy production/conversion methods are based on thermal processes that generate an enormous amount of residual/waste heat to be released into the environment. According to various reports, only 30-40% of produced energy by burning fossil fuels can be utilized, nearly two-thirds of all available energy is lost as heat in various industrial and household processes ( Fig. 1.1) [1][2]. This waste heat, an untapped and low-cost source of sustainable energy, can be economically benefic in comparison with most other sustainable energies such as wind, solar, geothermal [3]. Therefore, there is an increased interest in finding cost-effective technologies to generate electricity from this waste heat for promoting energy efficiency and exploiting new energy source. Thermoelectric (TE) materials have been extensively investigated owing to the possibility to convert thermal energy directly into electrical energy and vice-versa [4]- [7].

However, and the still low efficiency of thermoelectric devices may curb the demand of thermoelectric generators (TEGs) in the near future. Hence, aiming to improve their efficiency for contributing to find a sustainable solution to the energy problems, the research on TE materials and devices have attracted increasing research effort in the last decade [8]. Thermoelectricity has been investigated for about two hundred years since Seebeck effect and Peltier effect were discovered by Thomas Johann Seebeck [17] and Jean Charles Athanase Peltier [18], respectively. The TE performance of materials is determined by using the concept of figure of merit, Z, which is defined by E. Altenkirch who had developed the theory of thermoelectric conversion in 1909 [19]. Since Z varies with absolute temperature T, a useful non-dimensional figure-of-merit is ZT [20]. Generally, the efficiency of a TE device is mainly determined by the ZT values of both the n-type and p-type TE materials. A higher ZT value leads a higher generation and cooling efficiency as shown in In summary, it can be concluded that the reliability and simplicity of thermoelectricity enable niche applications for this solid-state technology without moving parts even though conventional processes for electricity generation can be more efficient. Great progress has been made in this research field in the past decades. However, although some ZT values of the TE materials have been reported to exceed 2.0, they have not yet reached the required performance for large-scale application where ZT value over 3.0 is required [11]. Indeed, the reported high ZT values were the maximum value at a certain temperature, but the average ZT values were still far away from the maximum value. Generally, all TE material have their optimal application temperature range, and it may have poor TE properties if it is used outside this range.

The biggest challenge in TE conversation technique is not only the preparation of highperformance TE materials, but also the fabrication of high efficiency TEG. In many cases [23]- [25], the actual prepared TEGs had significantly lower efficiency than the predicted efficiency.

In addition to the TE properties of the materials, the reasons can be related to many factors, such as generator size design, performance of the electrode materials. Therefore, searching the method to improve the performance of TE materials as well as developing the technology for fabricating highly efficient TE device are the focus and key in this research field. Many works are still needed to meet the requirements of practical applications.

The physical effects of thermoelectric conversion

When two ends of a material are kept at different temperatures, a temperature gradient is generated across the material, and the resulting movement of charge carries from the hot end to the cold end can generate a potential difference. Conversely, when an electric current or voltage is applied across a material, the release or absorption of heat occurs at the two ends of the material, depending on the direction of the current. This phenomenon is known as a thermoelectric effect, which encompasses three separately identified effects: the Seebeck effect, Peltier effect and Thomson effect [26].

Seebeck effect

The phenomenon by which heat is directly converted into electricity at the junction of different types of wires, was originally discovered in 1794 by Italian scientist Alessandro Volta. It is named Seebeck effect by the Baltic German physicist Thomas Johann Seebeck in 1821, marking the birth of thermoelectricity. Seebeck found that electrical voltage was produced in a circuit of two different metals when a temperature difference was present between the two junctions (Fig. 1.5 (a)) [27]. There are two different materials A and B (metals or semiconductors) with different free electron densities. When two different materials come into contact with each other, the electron diffusion will occur at the interface to eliminate electron density difference. Meanwhile, the electron diffusion rate is proportional to the temperature at the interface. Therefore, as long as the temperature difference between the two materials is maintained, electron diffusion will continue by generating a stable voltage. The voltage produced is proportional to the temperature difference between the two junctions. The proportionality constant is known as the Seebeck coefficient (S), which is an inherent property of the circuit. Mathematically, equation can be written as [28]: or p-type conductor material, the electron or hole carriers are uniformly distributed. When there is a temperature difference between the two ends, a difference in the concentration gradient of carriers will occur. The electrons in the n-type semiconductor will diffuse due to different concentrations and are collected at one end of the material. At the other end, a large number of holes are collected, which leads to the formation of electromotive force, which is also called thermoelectromotive force [29]- [31]. The opposite is also true for p-type semiconductors.

Therefore, the above principles can be used for both p-type and n-type thermoelectric materials, to form a simple thermoelectric power generation device [32].

Peltier effect

In 1834, Jean Peltier discovered that there was a heating or cooling effect when electric current flows through the junction of two dissimilar metals [33]. The principle of the Peltier effect is that when current flows across an interface, heat is absorbed (cooling) or rejected (heating)

owing to the difference in the thermal energy transported by charge carriers (electrons or holes) in the two materials [34]. This effect represents the calorific effect of an electrical current at the junction of two different metals, shown in Fig. 1.6 (a). The direction of the current would determine the heating or cooling of the junction. According to the experiment, the relationship between the heat absorbed or emitted q and the current I in the circuit is as follows [28]:

𝑞 = 𝜋 𝐴𝐵 𝐼 ( 1 . 3 ) I q AB =  ( 1 . 4 )
where, AB  (W/A) is defined as the Peltier coefficient. Fig. 1.6 (b) shows the principle of a refrigeration device based on the Peltier effect. Contrary to the principle of thermoelectric power generation devices, the current eventually leads to the phenomenon of heat absorption or release. The reason is that the concentration of holes or free electrons in the conductors on both sides of the contact is different from the Fermi level. In order to maintain the conservation of energy and charge, the contact must exchange energy with the external environment. When the direction of current flows from p-type to n-type material, heat will be released at the contact; when the current direction is opposite, the phenomenon of absorbing heat from the outside will appear at the contact, so the cooling effect can be achieved [36].

Thomson effect

British scientist William Thomson discovered that when a current flowed through a single uniform conductor, a temperature gradient was formed in the conductor and a reversible thermoelectric effect was also possible. This effect was later confirmed by subsequent experiments in 1867 and is called the Thomson effect [37]. The released or absorbed heat q by the conductor is determined by the current and the temperature difference [35]:

𝑞 = 𝛽𝐼∆𝑇 ( 1 . 5 )
In the formula, ∆T is the temperature difference, β is a constant, called the Thomson coefficient.

The unit of the Thomson coefficient is V/K. When the direction of the current is consistent with the direction of the temperature gradient, the conductor absorbs heat, and the Thomson coefficient is positive, and vice versa. Thomson effect is inefficient for thermoelectric conversion and is therefore often neglected.

Relations between different thermoelectric effects

The Seebeck, Peltier, and Thomson effects are the intrinsic properties of materials are related to each other. Thomson derived the relations among these three effects according to equilibrium thermodynamics [38][39], ( )

𝜋
3 2 3 22 5 ln 2 B B m k T k S q nh         = + +         ( 1 . 9 )
where m*, kB, q, , h, and n represent the effective mass, Boltzmann constant, electronic charge, scattering factor, Planck constant and carrier concentration respectively. The Seebeck coefficient depends upon the absolute temperature, carrier concentration and crystal structure of the material. Seebeck coefficient is a linear function of temperature only for small temperature differences; at higher temperatures, it has nonlinear temperature dependence. The carrier concentration influences both the Seebeck coefficient and the electrical conductivity, such that increasing the carrier concentration decreases the Seebeck coefficient and increases the electrical conductivity. Hence, an optimal carrier concentration is required to tune the power factor (S 2 σ). The various strategies for increasing the Seebeck coefficient include increasing the energy dependence of μ (E) and of n (E) by a local increase in the density of states (DOS) [46].

The type of dopants and their concentration have a substantial effect on the Seebeck coefficient [47]. For example, in the case of Na doped PbSe, the Seebeck coefficient is reduced with an increase in concentration, whereas Tl-doped PbTe systems have high Seebeck coefficient values that can be attributed to the introduction of resonant energy levels by Tl atoms [46]. Kdoped systems have Seebeck coefficient values that are sensitive to dopant concentration.

Electrical conductivity

Electrical conductivity is an important material-dependent property, which is the measure of the ability of a material to conduct electrical current. The electrical conductivity (σ) of a semiconductor is given by [START_REF] Liu | Research on Preparation Technology and Physical Characteristics of Zinc Antimony-based Thermoelectric Thin Films[END_REF]:

σ=1/ρ=neµ (1.10)
In this equation, carrier concentration n and carrier mobility µ can be expressed by the following formula [48]: ( 1. 12) 0  is the relaxation time. It can be seen from these equations that when the temperature is constant, the carrier concentration n shows a nonlinear increase with the increase of the effective mass m* and the mobility µ is inversely proportional to the effective mass m*.

Therefore, the change of effective mass m* has a complex influence on the conductivity.

However, using appropriate strategies to control the effective mass m* of carriers can effectively improve the thermoelectric properties of materials. Typical values of the electrical conductivity for a good thermoelectric material are on the order of 10 

Thermal conductivity

The thermal conductivity of a material measures its ability to conduct heat. In semiconductors, the total thermal conductivity κ is the sum of the contributions from the charge carriers, κc, and the phonons κl [START_REF] Parrott | Transport theory of semiconductor energy conversion[END_REF],

κ = κ l + κ c ( 1 . 1 3 )
κc is related to the electrical conductivity (σ) via the Wiedmann-Franz law, κc = LσT, where L is the Lorentz constant, which is equal to 2.45×10 -8 V 2 K -2 for metals and 1.5×10 -8 V 2 K -2 for nondegenerate semiconductors [START_REF] Nolas | Thermal conductivity of semiconductors[END_REF]. Hence, an increase in the electrical conductivity, in turn, leads to an increase in the thermal conductivity due to charge-carriers. The charge-carrier thermal conductivity is affected by the bipolar conduction effect when the carrier concentration and mobility of electrons and holes are comparable to each other. Lattice thermal conductivity plays an important role in the heat conduction of semiconductor materials. Therefore, reducing the lattice thermal conductivity of a material can effectively improve the thermoelectric properties of the material. Increasing phonon scattering, by introducing impurities and lattice defects for examples, can reduce the thermal conductivity of the lattice.

Power factor and Figure of merit

Altenkirch was one of the firsts who derived the efficiency of a thermoelectric generator, which is the ratio of the output power and the heat supplied per unit time to the hot side, using a constant property model according to which the thermoelectric properties of the materials were assumed to be temperature independent. It was Ioffe who in 1949 gave the modern dimensionless parameter, the figure of merit (ZT), characterizing the performance of a thermoelectric device using the approximation of constant thermoelectric properties.

𝑍𝑇 = 𝑆 2 𝜎𝑇 𝜅 ⁄ ( 1 . 1 4 )
Where S 2 σ is the thermopower or the power factor, S is the Seebeck Coefficient, σ is the electrical conductivity, κ is the thermal conductivity of the material, and T is the absolute temperature. Ideal thermoelectric materials should possess a high electrical conductivity (σ), a high Seebeck coefficient (S) and a low thermal conductivity (κ) to have a high ZT.

Conflicting thermoelectric properties

The figure of merit (ZT) is the main parameter for evaluating the performance of TE materials.

A large S for obtaining high ZT value is generally found in semiconductors or insulators which have however too low carrier concentration. Metals have generally high electrical conductivity (σ), but low S. Consequently, a good compromise can be reached when the carrier concentrations lie between semiconductors and metals (shown in Fig. 1.7) [START_REF] Vaqueiro | Recent developments in nanostructured materials for highperformance thermoelectrics[END_REF]. In order to achieve high ZT, materials should possess high σ, high S and low κ. However, these three key parameters are strongly interrelated and are conflicting with each other [START_REF] Chen | Nanostructured thermoelectric materials: Current research and future challenge[END_REF]. As introduced above, increasing n can lead to an increase in σ and κe, along with a decrease in S. This could eventually be detrimental to ZT. It is still a significant challenge to decouple and to optimize these parameters [START_REF] Snyder | Materials for Sustainable Energy-Complex thermoelectric materials[END_REF] [START_REF] Zhu | Compromise and Synergy in High-Efficiency Thermoelectric Materials[END_REF] in order to secure a high ZT. Recent reports have shown that efficient strategy for enhancing ZT [START_REF] Gayner | Energy Filtering of Charge Carriers: Current Trends, Challenges, and Prospects for Thermoelectric Materials[END_REF]- [START_REF] Su | Multi-Scale Microstructural Thermoelectric Materials: Transport Behavior, Non-Equilibrium Preparation, and Applications[END_REF] is to decrease κl by band engineering [START_REF] Makongo | Simultaneous large enhancements in thermopower and electrical conductivity of bulk nanostructured half-Heusler alloys[END_REF], resonant states [START_REF] Pei | High Thermoelectric Performance in PbTe Due to Large Nanoscale Ag2Te Precipitates and La Doping[END_REF], the formation of nanocomposite materials which enable decoupling electron transport from phonon scattering at interfaces [START_REF] Paul | Dramatic enhancement of thermoelectric power factor in PbTe:Cr co-doped with iodine[END_REF], synergistic approach of phonon glass electron-crystal (semiconducting chalcogenide glasses for example) [START_REF] Zheng | High-performance p-type inorganic-organic hybrid thermoelectric thin films[END_REF], dimensionality reduction [64][65].

More works are still needed. 

Thermoelectric conversion efficiency

The thermoelectric conversion efficiency for electricity generation, p, is defined as the ratio of energy provided to the load and the heat energy absorbed at the hot junction. In an thermoelectric module using both p-type and n-type thermoelectric materials, the maximum efficiency p is defined as [66][67].

𝜂 p = 𝑇 ℎ -𝑇 𝑐 𝑇 ℎ √1+𝑍𝑇ave-1 √1+𝑍𝑇ave+ 𝑇 𝑐 𝑇 ℎ ( 1 . 1 5 ) 𝜂 c = 𝑇 𝑐 𝑇 ℎ -𝑇 𝑐 √1+𝑍𝑇ave- 𝑇 ℎ 𝑇 𝑐 √1+𝑍𝑇ave+1 ( 1 . 1 6 )
where 𝜂 p , 𝜂 c , Th and Tc are the power generating efficiency, refrigeration efficiency, temperature at the hot and cold ends, respectively. ZTave is the average value of both n-type and p-type for the two legs, the ZTave per leg is averaged over the temperature dependent ZT curve between Th and Tc, respectively. (Th-Tc)/Th is known as the Carnot efficiency and ZTave can be described by [START_REF] Kim | Relationship between thermoelectric figure of merit and energy conversion efficiency[END_REF][69]:

𝑍𝑇 ave = 1 𝑇 h -𝑇 c ∫ 𝑍𝑇 𝑇 h 𝑇 c d𝑇 ( 1 . 1 7 )
Fig. 1.8 shows the power generating efficiency (𝜂p) of thermoelectric devices as a function of average figure of merit, ZTave of materials. Highly efficient thermoelectric power generation and cooling rely on thermoelectric materials that exhibit high ZTave [70][71]. As an example, with ZTave = 3.0 and T=400 K, the power generation efficiency 𝜂p can reach 25%, comparable to that of traditional heat engines. With ZTave of 1, 𝜂p~4% can be expected under ΔT = 70 K.

Although each thermoelectric unit provides relatively low 𝜂p, output power can be enhanced by connecting a larger number of units, which can satisfy the power requirement of many wearable electronics, such as wrist watches or hearing aids [START_REF] Ou | Fully printed organic-inorganic nanocomposites for flexible thermoelectric applications[END_REF]- [START_REF] Weber | Coin-size coiled-up polymer foil thermoelectric power generator for wearable electronics[END_REF]. When ZT approaches infinity, the max approaches the Carnot limit. Up to now, there is not any TE material with a ZT larger than 3. Therefore, how to improve this value is still a key issue in this research field. Great progress has been achieved on TE materials since several decades ago. On one hand, some new bulk materials with special structure and superior performance have been discovered. Most of these approaches aim to maintain a high power factor and/or to reduce the lattice thermal conductivity. Alternatively, one can seek high performance materials with intrinsically low thermal conductivity, which may arise from a large molecular weight, a complex crystal structure, anharmonic, anisotropic bonding, weak chemical bonding, or ion liquid-like transport behavior, etc. For instances, some new TE materials that have attracted great attention in recent years are shown in Fig. 1.9. Liquid-like ionic conductor TE materials, can be considered as an extension of the concept of 'phonon-glass electron-crystal' [81][82]. Cu2-δX (X = S, Se and Te) compounds have quite complex crystal structures and was reported to show a liquid-like TE transport (shown in Fig. 1.9 (a)). At high temperatures, they possess the anti-fluorite structure (similar to Mg2X) with X in the face-centred cubic positions and Cu in highly disordered tetrahedral or other interstitial sites [START_REF] Shi | Recent advances in high-performance bulk thermoelectric materials[END_REF]. For different X, Cu2-δX compounds form different phase structures at different phase transition temperatures. Cu2-δSe undergoes a structural phase transition around 400 K, while Cu2-δS undergoes two structural transitions between 300 and 900 K, and Cu2-δTe has as many as five successive phase transitions between 300 and 900 K. The deficiency of copper also modifies the crystal structure of Cu2-δX and makes it more complicated than one would expect, based on its simple chemical formula. The highly disordered diffusing copper ions definitely scatter phonons at high temperatures and their liquid-like nature effectively eliminates transverse phonons from contributing to the heat flow, leading to a much-reduced lattice thermal conductivity κL. In addition, the study of Cu2Se revealed the multiformity of Cu ordering in the low-temperature phase, and enormous structural fluctuations during the secondorder phase transition also contribute to the extremely low κL, which approaches the minimum theoretical thermal conductivity κmin. Various fabrication methods have been applied recently to synthesize Cu2-δSe with the ZT values ranging from 1.5 to 2.1 [START_REF] Liu | Copper ion liquid-like thermoelectrics[END_REF][82], and the Cu2-δS compounds with the ZT up to 1.9 at 970 K [START_REF] Zhao | High thermoelectric and mechanical performance in highly dense Cu2-xS bulks prepared by a meltsolidification technique[END_REF]. Especially, a very high ZT value of 2.1 has been achieved with Cu2S0.52Te0.48 at 1000 K [START_REF] Liu | Copper ion liquid-like thermoelectrics[END_REF].

SnSe single crystals, SnSe adopts a layered orthorhombic crystal structure at room temperature, which can be derived from the three-dimensional distortion of the NaCl rock-salt structure, as shown in Fig. 1.9 (b) [START_REF] Zhao | Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals[END_REF]. SnSe has a unique lattice structure, two-atom-thick SnSe slabs (along the b-c plane) with strong SnSe in-plane bonding are linked with weaker SnSe bonding along the a-direction. The structure contains highly distorted SnSe7 coordination polyhedron with three short and four very long SnSe bonds and a lone pair of the Sn 2+ atoms sterically accommodated in between the four long SnSe bonds. The physics of SnSe is fascinating, which is due to the high anharmonicity of its chemical bonds. SnSe shows a very low thermal conductivity of 0.70 Wm -1 K -1 along b axis at room temperature and decreases to 0.34 Wm -1 K - 1 at 973 K, which results in a high ZT of 2.6 at 973 K [START_REF] Zhao | Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals[END_REF]. The high anharmonicity of chemical bonds may be the main reason for the high ZT of SnSe.

Skutterudites, with a general formula MX3 (M=Co, Rh, Ir; X=P, As, Sb), attract wide attention from the thermoelectric community due to their special lattice structure: an X12-icosahedral nano-cage at 2a site (0, 0, 0), as shown in Fig. 1.9 (c). Generally, there are heavy metal doping into cage voids and substitution doping, that lead to local vibrational modes which strongly scatter the phonon transport. This phenomenon is also known as the "rattling effect". On one hand, since the void-filling atoms can act as electron donors or acceptors, partially filled void space of skutterudites could lead to an optimum electron concentration. On the other hand, these atoms can also act as strong phonon-scattering centers to greatly reduce the lattice thermal conductivity [START_REF] Slack | Some properties of semiconducting IrSb3[END_REF]- [START_REF] Liu | Recent advances in thermoelectric nanocomposites[END_REF]. The smaller and heavier the ion in the voids, the larger the disorder that is produced and, therefore, the larger the reduction in the lattice thermal conductivity. The rattling effect of these void-filling atoms has resulted in improvements in the thermoelectric properties of several skutterudite materials [8]. For example, the multi-filling the skutterudite structure lead to a high ZT value of 1.7 with Ba0.08La0.05Yb0.04Co4Sb12 [START_REF] Yang | Dual-frequency resonant phonon scattering in BaxRyCo4Sb12 (R = La, Ce, and Sr)[END_REF].

I-V-VI2 semiconductors, as shown in Fig. 1.9 (d), have crystal structure of cubic rock salt, with yellow atoms representing Ag/Sb, gray atoms representing Te (Se). The maximal power factor is 10 mWcm -1 K -2 and 3 mWcm -1 K -2 for AgSbTe2 and AgSbSe2, respectively [START_REF] Guin | High thermoelectric performance in tellurium free p-type AgSbSe2[END_REF][91], The low thermal conductivity comes from the strong anharmonicity of their chemical bonds, namely, the Grüneisen parameter is 2.05 and 3.5 for AgSbTe2 and AgSbSe2, respectively. The high Grüneisen parameter of I-V-VI2 semiconductors may originate from the presence of lone-pair electrons in the sp-hybridized bonding orbitals. The non-bonded electron pair of Sb gives rise to electron clouds surrounding the Sb atoms that cause nonlinear repulsive force, which manifests as bond anharmonicity.

Half-Heusler compound with the general formula ABX refer to a wide family of compounds, which crystallize in the cubic structure and get their reputation for high temperature thermoelectric power generation owing to their high temperature stability as well as abundance (Fig. 1.9 (e)) [START_REF] Poon | Recent Trends in Thermoelectric Materials Research II[END_REF].

Clathrates or clathrate compounds consist of regular lattices of cages in which guest atoms or molecules are encapsulated. Cages with restricted geometry form the basic framework of a lattice with translational invariance. Clathrates are also called host-guest complexes and typical examples are inclusion compounds and intercalation compounds [START_REF] Patschke | Thermoelectric Properties and Electronic Structure of the Cage Compounds A2BaCu8Te10 (A = K, Rb, Cs): Systems with Low Thermal Conductivity[END_REF]. There are several main types of clathrates, based on their cage structures (Fig. 1.9 (f) [START_REF] Takabatake | Phonon-Glass Electron-Crystal Thermoelectric Clathrates: Experiments and Theory[END_REF]). Type-I cage compound has better thermoelectric performance. The filling can be realized with all kinds of atoms, forming lattice scattering centers, which effectively reduce the thermal conductivity of materials.

Different strategies have been adopted with different filling elements in order to obtain cage compounds with interesting thermoelectric properties [8].

In addition, there are some newly developed thermoelectric materials, including rare earth metal compounds [START_REF] Snowden | High temperature segmenting for increased specific output[END_REF], superlattice thermoelectric materials [START_REF] Brown | Thermoelectricity in natural and synthetic hydrogels[END_REF], organic polymer thermoelectric materials [START_REF] Lenior | Bi-Sballoys: Anupdate, 15 th Int. Conf. on Thermoelectric[END_REF], carbon nanotubes [START_REF] Enrique | Quasicrystals as thermoelectric Materials: A Theoretical Prospective[END_REF], rare metal sulfides and rare metal borides, layers shaped compounds and gradient thermoelectric materials [START_REF] Yim | Compound tellurides and their alloys for peltier colling-A review[END_REF], and so on.

Strategies for improving thermoelectric properties

There are two main methods for TE materials to reach high ZT.

(1) The first one is the phononic glass electron crystal (PGEC) concept with combination of crystal-like electronic properties and glass-like thermal conductivity [81][100]. The best approach to significantly reduce κ is to create complex crystal structures in which the voids and heavy atoms are located in the gaps acting as effective phonon scattering centers. ( 2) the other one is to create nanostructured/nanoscale morphologies [101][102]. Due to the quantum confinement effect in case of nanostructures which enhance the electronic DOS near the Fermi level, as a results the thermopower will increase by providing a way to decouple σ and S [101] [START_REF] Dresselhaus | New directions for low-dimensional thermoelectric materials[END_REF]. Furthermore, in heavily doped semiconductors, electrons have a much shorter mfp (mean free path) than phonons. However, material nanostructuring can create a large density of interfaces in which phonons can be more effectively scattered than electrons (as shown in Fig. 1.10 (a)), leading to reduced κl while preserving electronic conduction and carrier mobility [START_REF] Yu | Thermoelectric properties of copper selenide with ordered selenium layer and disordered copper layer[END_REF]. The κl characterizes the transport of thermal energy via phonons using lattice vibrations. In recent decades, there are two main approaches to obtain a low κl: (1) strengthen the scattering of phonons by controlling nano-microstructures, and (2) find materials with vibrational modes of unique lattice, leading to intrinsically low κl [START_REF] Zhou | Routes for high-performance thermoelectric materials[END_REF]. Additionally, phonons are scattered more effectively than electrons or used to filter low energy electrons (Energy filtering effect) at the interfacial energy barriers. Therefore, the development of lower dimension (LD) materials can be an effective approach for improving ZT value. [START_REF] Zhou | Routes for high-performance thermoelectric materials[END_REF].

These strategies/concepts were first experimentally tested on 2D quantum well system [START_REF] Koga | Experimental proof-of-principle investigation of enhanced Z3DT in (001) oriented Si/-Ge superlattices[END_REF] after that on 1D quantum wire systems [START_REF] Lin | Thermoelectric properties of Bi1-xSbx and superlattice nanowires[END_REF]. Apart from this, energy filtering [START_REF] Moyzhes | Possible ways for efficiency improvement of thermoelectric materials[END_REF], carrierpocket engineering [START_REF] Koga | Experimental proof-of-principle investigation of enhanced Z3DT in (001) oriented Si/-Ge superlattices[END_REF] [108] and semimetal-semiconductor transition [START_REF] Hicks | Use of quantum-well superlattices to obtain a high figure of merit from nonconventional thermoelectric materials[END_REF] have also been considered as effective approaches to enhance the TE performance of nanostructured materials. ZT, while the peak ZT of n-type materials was obtained at higher temperatures. Although the same polycrystalline fabrication process was applied to n-type materials, expected performance enhancement has not been realized as in the p-type materials [START_REF] Witting | The Thermoelectric Properties of-Type Bismuth Telluride: Bismuth Selenide Alloys Bi2Te3-xSex[END_REF]. Nanocrystals allowed the peak ZT to reach up to 1.4 through intense phonon scattering by grain boundaries and defects [START_REF] Poudel | High-thermoelectric performance of nanostructured bismuth antimony telluride bulk alloys[END_REF]. Dispersed nano-SiC partially decoupled S and σ via an energy-filtering effect, leading to peak ZT as high as 1.33 at 373 K [START_REF] Li | BiSbTe-Based Nanocomposites with High ZT: The Effect of SiC Nanodispersion on Thermoelectric Properties[END_REF]. In 2015, an exceptional peak ZT of 1.86 was achieved by introducing dense dislocation arrays based on liquid-phase Te extrusion [START_REF] Kim | Dense dislocation arrays embedded in grain boundaries for high-performance bulk thermoelectrics[END_REF]. The idea of introducing dense dislocations has drawn great interest, leading to the recent studies devoted to process innovations. 

Structure and thermoelectric properties

The crystal structure of Bi2Te3 compound is shown in Fig. 1.12 (a), and its space group is R3̅ m, which belongs to rhombohedral tetradymite and is a hexagonal layered structure. The unit cell is composed of five monatomic layers, stacking along c-axis in the sequence of -Te(1)-Bi-Te(2)-Bi-Te(1)-Te(1)-Bi-Te(2)-Bi-Te(1)-. A complete unit cell consists of three such layered structure [START_REF] Brebrick | Characterization of phases in 50I60 at percent Te region of Bi-Te system by X-ray powder diffraction patterns[END_REF][119], which is potentially beneficial for low κ. Bi-Te(1) is combined by covalent bond and ionic bond and Bi-Te( 2) is combined by covalent bond. The bond length between Bi-Te( 1) is the shortest, with the strongest force. Te(1)-Te( 2) is combined by a weaker Van der Waals bond. Due to this weak bond, cleavage is easy to occur with mechanical deformation [START_REF] Drabble | Chemical bonding in bismuth telluride[END_REF]. The crystal plane is arranged along the (001) plane, which making the Bi2Te3 anisotropic [START_REF] Shen | The texture related anisotropy of thermoelectric properties in bismuth telluride based polycrystalline alloys[END_REF]. The anisotropy of Bi2Te3 is particularly reflected in the different performances between the direction parallel to the c-axis and the direction perpendicular to the c-axis. For example, the electric conductivity perpendicular to the c-axis is 3 to 4 times the conductivity parallel to the c-axis. The ratio of thermal conductivity is about 2 times, and the Seebeck coefficient is however almost the same, without obvious directivity [121][122]. Since the ratio of the electrical conductivity in the two directions is greater than that of the thermal conductivity, the thermoelectric performance perpendicular to the c-axis direction is better. Moreover, studies have found that the conductivity ratio of n-type materials in the two directions is about 4~7, while that of p-type materials is only about 3, so the anisotropy of n-type materials is stronger than that of p-type materials [START_REF] Delves | Anisotropy of electrical conductivity in bismuth telluride[END_REF].

In terms of the electronic band structure, Bi2Te3 shows narrow band gaps (~0.15 eV) and relatively high band degeneracy [START_REF] Shi | Connecting Thermoelectric Performance and Topological-Insulator Behavior: Bi2Te3 and Bi2Te2Se from First Principles[END_REF], as shown in Fig. 1.12 (b). Six valleys are calculated by pseudo potential model to exist at both the highest valance band and lowest conduction bands, the energy separations of the second conduction and valence band are 30 meV and 20 meV, respectively [START_REF] Mishra | Electronic structure and thermoelectric properties of bismuth telluride and bismuth selenide[END_REF]. Since narrow band gaps may contribute to decent σ, while high band degeneracy can lead to high S 2 σ, Bi2Te3 is anticipated to exhibit intrinsically splendid electrical properties. Sb and Te elements are typical elements of group V and VI, respectively. They can combine to form Sb2Te3 semi-conductor thermoelectric material. The lattice structure of Sb2Te3 is similar to that of Bi2Te3 (Fig. 1.13 (a)). The density is 6.44g/cm 3 , the melting point is 622 °C, and the lattice parameters are a =4.25 Å, c=30.3 Å, the band gap is 0.3 eV. The space group of the crystal is also the R3m. Since Bi2Te3, Sb2Se3, Bi2Se3 and other lattice structures are similar to Sb2Te3, its band structure are often optimized by doping and atom substitution. This method can effectively optimize the carrier concentration and carrier mobility in this material, achieving improved thermoelectric figure of merit of the Sb2Te3 semiconductor [START_REF] Teweldebrhan | Exfoliation and Characterization of Bismuth Telluride Atomic Quintuples and Quasi-Two-Dimensional Crystals[END_REF].

Changes in the electronic energy band structure of Sb2Te3, such as changes in the energy band gap, the number of energy valleys, etc., will directly affect the mobility of carriers and the effective mass of carriers. Therefore, the study of energy bands will be useful to improve the 

. State-of-the-art

Recently there have been several applications calling for a few microwatts of power at relatively high-voltage for the operation of small electronic devices and systems. Even though these devices and systems need only a very small amount of power, they are usually powered by batteries or external electric sources. In some specific circumstances, TE generator may be an ideal onboard power source. It can directly produce a small electrical power from thermal energy [START_REF] Rojas | Reviewmicro and nano-engineering enabled new generation of thermoelectric generator devices and applications[END_REF]. However, traditional TE device manufacturing technique cannot meet the requirements of miniaturized devices, such as the micro-size, light weight and high energy density, especially in flexible and wearable devices [START_REF] Bell | Cooling, heating, generating power, and recovering waste heat with thermoelectric systems[END_REF]. Therefore, the demand for using micro-TE device as an alternative power source for small electric devices and systems is constantly increasing and the research in this field is attracting more and more attention.

Nowadays, with the continuous development of low-dimensional materials and nanostructures especially for above-mentioned applications, TE applications have attracted new attention. The dimensionality of thermoelectric thin film (TETF) materials (2D) is lower than that of bulk materials (3D). On one hand, the reduction of dimensionality will cause interface scattering effect to reduce the thermal conductivity of the material and increase the ZT value of the material; when the film thickness is on the order of nanometers, it can also produce the quantum confinement effect, which can increase the power factor of the material. On the other hand, low-dimensional thermoelectric materials have high response speed, high cooling and heating performance, high energy density, and small static localization capabilities. R.

Venkatasubramanian [START_REF] Venkatasubramanian | Thin film thermoelectric devices with high room-temperature figures of merit[END_REF] reported that the cooling energy density P of the nano-superlattice film is 585 W/cm 2 at 298 K, while the P value of the corresponding bulk material is only 1.9

W/cm 2 . Therefore, the TETF has always been of high research value.

Various film deposition methods including sputtering [START_REF] Kusagaya | Investigation of the effects of compressive and tensile strain on n-type bismuth telluride and p-type antimony telluride nanocrystalline thin films for use in flexible thermoelectric generators[END_REF], vacuum evaporation [START_REF] Takashiri | Enhanced thermoelectric properties of phase-separating bismuth selenium telluride thin films via a two-step method[END_REF],

electrodeposition [START_REF] Manzano | Anisotropic Effects on the Thermoelectric Properties of Highly Oriented Electrodeposited Bi2Te3 Films[END_REF], drop-casting [START_REF] Wada | Fabrication of bismuth telluride nanoplates via solvothermal synthesis using different alkalis and nanoplate thin films by printing method[END_REF], pulsed laser deposition [START_REF] Makala | Pulsed laser deposition of Bi2Te3-based thermoelectric thin films[END_REF][139], metal organic chemical vapor deposition (MOCVD) [START_REF] You | Deposition of Nanocrystalline Bi2Te3 Films Using a Modified MOCVD System[END_REF] and molecular beam epitaxy (MBE) [START_REF] Zhang | Investigation on the electrical transport properties of highly (00l)-textured Sb2Te3 films deposited by molecular beam epitaxy[END_REF] have been used to deposit Bi2Te3-based alloy thin films. As mentioned above, the advantages of the thin-film technology are the reductions in device size and manufacturing cost by incorporating nanoscale effects. Among the various film deposition methods, sputtering, electrodeposition and printing are the most favorable for large-scale production.

Performance optimization approaches

Considering the difficulty of measuring thermal transport in thin-film structures, the power factor PF is often considered, instead of ZT, as the main parameter to characterize the TE performance of thin films. F. Z. Ding et al. [START_REF] Shang | High-Performance Ag-Modified Bi0.5Sb1.5Te3 Films for the Flexible Thermoelectric Generator[END_REF] successfully prepared p-type Bi0.5Sb1.5Te3based heterostructure thermoelectric films with a good power factor of 2.32 mWm -1 K -2 at room temperature. Varghese et al. [START_REF] Varghese | Flexible Thermoelectric Devices of Ultrahigh Power Factor by Scalable Printing and Interface Engineering[END_REF] used a scalable screen-printing method to prepare p-type Bi-Sb-Te flexible film with a PF of ~3.0 mWm -1 K -2 at room temperature. Concerning Bi2Te3 superlattice films, Kim [START_REF] Kim | Electronic transport properties of the flash-evaporated p-type Bi0.5Sb1.5Te3 thermoelectric thin films[END_REF] used the instantaneous evaporation method to fabricate Bi0.5Sb1.5Te3 superlattice thermoelectric films. H. L. Zou et al. [START_REF] Zou | Growth of p-and n-type bismuth telluride thin films by co-evaporation[END_REF] used the simultaneous evaporation method to obtain high-performance p-type and n-type Bi-Te thermoelectric superlattice films by controlling the stoichiometric composition of Bi and Te. R.

Venkatasubramanian [START_REF] Venkatasubramanian | MOCVD of Bi2Te3, Sb2Te3 and their superlattice structures for thin-film thermoelectric applications[END_REF] used MOCVD to fabricate p-type Bi2Te3/Sb2Te3 nano-superlattices with a ZT value of 1.4 at room temperature and n-type Bi2Te3/Bi2Te2.83Se0.17 nano-superlattices with a ZT value of 2.4. However, this high performance has not been repeated, but other studies on superlattices have already obtained results exceeding this value. Harman et al. were able to grow superlattices of such sandwich structures over thousands of periods to produce a quantumdot superlattice (QDSL) of the composition PbTe/PbSe0.98Te0.02 on top of a BaF2 substrate followed by a relatively thin PbTe buffer layer. Using Bi as an n-type dopant for this QDSL, values of ZT∼ 1.6 and 3.5 were achieved at 300 K and 570 K, respectively [START_REF] Harman | Quantum dot superlattice thermoelectric materials and devices[END_REF]. Those results are of great significance with the creation of a promising new research direction on lowdimensional thermoelectric materials.

Despite of significant progress, there are still several important challenges remaining for thin film TE preparation and application: (1) large-scale preparation of high quality thin film. The requirements are relatively high for preparation equipment and process parameters. Costeffective production is still challenging. (2) Optimized compromise of thermoelectric properties.

As discussed earlier, the parameters S, σ and κ are inter-dependent and can be decoupled with appropriate material structuration. For thin film materials, large crystal grain with high crystallinity can lead to high electrical conductivity. The introduction of grain boundary or/and nano components will improve the Seebeck coefficient. Consequently, it has been considered as an innovative strategy to decouple the S, σ, and κ by utilizing nanoscale effects or other nanoscale interface effects [START_REF] Shang | Bi0.5Sb1.5Te3-based films for flexible thermoelectric devices[END_REF]- [START_REF] Cho | Completely organic multilayer thin film with thermoelectric power factor rivaling inorganic tellurides[END_REF].

(3) The efficiency of thermoelectric devices needs to be improved. Despite the existence of some thin film materials with high ZT value, even higher than 2, obtained by using heterojunction structure, the thermoelectric performance of most thin film materials obtained by using traditional preparing methods is still low, too low for practical application. Therefore, design and optimization of TE thin film device are also crucial.

So far, numerous strategies and methodologies have been adopted to prepare flexible Bi2Te3 based thin films in order to obtain high PF value [START_REF] Madan | Enhanced Performance of Dispenser Printed MA n-type Bi2Te3 Composite Thermoelectric Generators[END_REF]- [START_REF] Zhu | Realizing record high performance in n-type Bi2Te3-based thermoelectric materials[END_REF]. Recently, micro-structure control [START_REF] Liu | Towards higher thermoelectric performance of Bi2Te3 via defect engineering[END_REF]- [START_REF] Fan | High thermoelectric performance achieved in Bi0.4Sb1.6Te3 films with high (00l) orientation via magnetron sputtering[END_REF] and doping strategies [START_REF] Tan | Anisotropy Control-Induced Unique Anisotropic Thermoelectric Performance in the n-Type Bi2Te2.7Se0.3 Thin Films[END_REF][158], such as tailoring crystal size, intrinsic structure disorder, growth orientation and component hybrid, have been reported as efficient ways to improve the PF of TE thin films. For instance, Shang et al. [START_REF] Shang | Highly (00l)-oriented Bi2Te3/Te heterostructure thin films with enhanced power factor[END_REF] reported a highly (00l)oriented Bi2Te3 based thin film with excellent carrier transport properties, leading to a high σ of 9.72 × 10 4 Sm -1 . Similarly, Shang et al. [159] employed a magnetron sputtering method to fabricate the p-type Ag-doped Bi0.5Sb1.5Te3 films with an optimal PF of ~1.4 mWm -1 K -2 at 420 K, and Varghese et al. [START_REF] Varghese | Flexible Thermoelectric Devices of Ultrahigh Power Factor by Scalable Printing and Interface Engineering[END_REF] used a scalable screen-printing method to prepare p-type Bi-Sb-Te flexible film with a PF of ~3.0 mWm -1 K -2 at room temperature as mentioned above. To date, a significant enhancement has been reported for p-type flexible Bi2Te3 based thin films.

However, for n-type Bi2Te3 based thin films, the TE performance is still severely limited by its low TE parameters [START_REF] Li | A Flexible and Infrared-Transparent Bi2Te3-Carbon Nanotube Thermoelectric Hybrid for both Active and Passive Cooling[END_REF]. Actually, the strong coupling between the interdependent parameters (S, , µ and ) also makes it difficult to improve the performance of TE materials through reported strategies and methodologies [START_REF] Shi | Fiber-based thermoelectrics for solid, portable, and wearable electronics[END_REF]. Hence, it is still a great challenge to find an effective methodology to obtain high PF values for flexible n-type Bi2Te3 thin films.

Thermoelectric thin film devices

Advances in miniaturization and integration of electronics have recently stimulated the dramatic progress in the development of implantable and wearable electronics. In response to the increasing practical needs, the worldwide market value of implantable and wearable electronics has been predicted to grow up to US$115.8 billion in 2020 and US$51 billion in 2022, respectively [162][163]. Conventional batteries have limited applications in wearable and/or implantable electronics due to their requirements for more or less frequent replacement/recharge and extra-maintenance [START_REF] Stoppa | Wearable Electronics and Smart Textiles: A Critical Review[END_REF], therefore, developing maintenance-free and energy-autonomous power sources could have a profound impact on the expansion of the number of applications for the wearable and/or implantable electronics [START_REF] Bahk | Flexible thermoelectric materials and device optimization for wearable energy harvesting[END_REF]. Most of the reported TETF devices generated output power in the micro watt range or less [START_REF] Cao | Screen printed flexible Bi2Te3-Sb2Te3 based thermoelectric generator[END_REF]- [START_REF] Bulman | Superlattice based thin film thermoelectric modules with high cooling fluxes[END_REF], more power is still necessary to broaden the application area. Another important aspect is to prepare flexible thermoelectric thin film devices, to ensure more miniaturization for wider applications.

Conclusions

There is increasing demand for flexible thermoelectric materials and devices especially for operating near room temperature. The following challenges/issues should still be addressed before practical application:

(1) Thermoelectric materials with good enough thermoelectric properties at room temperature should be developed/optimized.

(2) Simple and reproducible preparation method to achieve high-quality TE thin film TE should be developed.

(3) Flexible TETF device with appropriate architecture in order to address separately different issues (the preparation techniques of various types thin films, electrode connecting method, integration of the units and so on) for achieving ultimately high efficiency with environmental stability should be designed/developed.

Through careful investigation of the state of the art, we believe that an intrinsic thermoelectric thin film with excellent film quality and high thermoelectric performance can be obtained by developing appropriate thin film preparation method. Optimized Te self-doping and doping using other elements can lead to high PF values based on p-type and n-type Bi-Sb-Te thin films for the realization of flexible devices. The purpose of this work is to develop innovative thinfilm preparation methods to prepare high-quality and high-performance flexible thermoelectric thin films and devices. Various optimization processes will be studied, with particular emphasis on the following points:

(1) Explore innovation methods and ideas for preparing high-performance Bi-Sb-Te based thermoelectric thin films.

(2) Optimize the preparation parameters and study the growth mechanism of Bi-Sb-Te based thermoelectric thin films.

(3) Elucidate the relationship between microstructure and thermoelectric properties.

(4) Doping will be used to further improve the thermoelectric properties of Bi-Sb-Te based thermoelectric thin films. The microstructure, electrical transport characteristics and TE characteristics will be studied to understand the mechanism of performance enhancement.

(5) Flexible TFTE devices with different structure models will be manufactured.

This thesis is organized in six chapters:

Chapter I is an overview of the current TE materials and device, which is used to decide the research objective of this work. preparing thin film TE materials by using various methods, including magnetron sputtering [6], evaporation [7], pulsed laser deposition [8], screen printing [9], solution process [10]. However, despite some improvements, the Sb2Te3 based and Bi2Te3 based thin films still exhibit significantly lower PF or ZT value than that of the bulk form.

The magnetron sputtering technology, selected for this work, is an established process of choice for a wide range of industrial applications. The driving force behind this development has been the increasing demand for high-quality functional films in diverse market sectors. Magnetron sputtering generally allows higher deposition rates (for most commercial equipment) and is fully compatible with mass production. The energy of the deposited atoms is superior to evaporative methods. Thus, thin film durability and stability obtained with sputtering can be excellent. Additionally, in many cases, magnetron sputtered films now outperform films deposited by other physical vapor deposition processes. Consequently, this deposition technique finds wide applications such as metallization, coatings on architectural glass, reflective coating on polymers, magnetic films for storage media, transparent electrically conductive films on glass and flexible webs, dry-film lubricants, wear resistant coating on tools and decorative coatings [11].

The TE properties of the above-mentioned bulk materials are very good. However, it is a big challenge to obtain high quality thin film materials. At present, the most used method to improve the TE properties of thin films is doping, as most of the intrinsic thin films have poor performance and the performance optimization on this negative basis is limited. Therefore, it is extremely important to pay attention to the quality of the original intrinsic thin film. At present, most of the physical methods for preparing thin films in laboratory are magnetron sputtering, ion beam sputtering, pulsed laser deposition (PLD) etc., which all necessitate target.

The target material is the basic consumable in the process of physical vapor deposition technology. The quality of the target material plays a crucial role in determining the performance of the film. It is not very useful to simply study the properties of the target material without the sputtering process and film properties [12].

The idea here is to develop appropriate targets, in relation with the properties of the thin film and the objective is to reproduce the good properties of the bulk materials in thin films.

The objective of this work is to prepare flexible thin film microdevices, especially for wearable applications. Two main tasks have been particularly planned. The first one is devoted to the preparation of high quality starting materials and the second task will be focused on thin film deposition.

Bi2Te3 and Sb2Te3 target fabrication by Spark Plasma Sintering

As discussed earlier, the thin film deposition has been realized by using magnetron-sputtering techniques. The Bi2Te3/Sb2Te3 target preparation process was the following: The starting elements were weighed according to the stoichiometry and introduced in the hermetic milling jar in a glove box under argon atmosphere to limit oxygen contamination. The mechanical synthesis was performed outside the glove box. After getting the reacted powder, the densification for target fabrication was realized by Spark plasma sintering (SPS). The whole process for thin film preparation is shown in the Fig. 2.1.

The detailed preparation process of the targets is as follows: (2) Spark plasma sintering (SPS), also referred as Pulsed Electric Current Sintering (PECS)

or Field Activated Sintering Technique (FAST), utilizes pulsed high DC current along with uniaxial pressure to consolidate powders [13]. As shown in the Fig. 2.2 (a), The SPS equipment Labox-325, from Sinter Land Inc, Japan, was used in this work. A schematic of the SPS process is presented in Fig. 2.2 (b). The fast heating rate achieved with SPS generally leads to sintering in shorter time and at lower temperature. This process can minimize material loss due to vaporization, undesirable phase transformation and limit grain growth [14].

The detailed operation is the following: A thin carbon paper was adhered to the inner wall of the graphite mold with a diameter of 60 mm to facilitate the demolding. The powder taken out of the ball milling jar was put into a graphite mold, and then placed in a SPS system (Fig. 2.

2).

The thermal treatment and the pressure applied during the sintering process are presented in Fig. 2.3. Firstly, the pressure was increased to 30 kN at room temperature for 5min. Then, the temperature was raised to 350°C degrees for 12 min while applying a pressure of 30 kN. Next, the temperature was increased to 400°C and hold for 15 min. Finally, the pressure was released and the temperature was slowly decreased to room temperature in 2h. The whole sintering process is carried out under vaccum of 10 Pa. The target was then removed from the mold after cooling and polished until the upper and lower sides are smooth (Polish with 800 and 2000 grit sandpaper. There is no special requirement for the smoothness of the target surface, as long as it is flat and smooth). copper plate with the same diameter (60mm) was heated to 180°C with a thin layer of melted

In on it. Then the Bi2Te3 or Sb2Te3 target was put on the copper plate and a banded target/holder was obtained after cooling, which can considerably extend the lifetime of the target. 2.1). The prepared target is then qualified for thin film deposition. 

Characterization of the Bi2Te3 target

Characterization of the Sb2Te3 target

Preparation of Bi2Te3 and Sb2Te3 thin films

Magnetron sputtering deposition technique is one of the physical vapor deposition technologies, most widely used method for thin films deposition. It has been developed rapidly over the last decade to the point where it has become established as the process of choice for a wide range of industrial applications. Fig. 2.9 shows the magnetron sputtering facility used in this work and the working scheme. During a magnetron sputtering process, a plasma is created and positively charged ions from the plasma are accelerated by an electrical field superimposed on the negatively charged electrode or "target". The positive ions are typically accelerated by potentials ranging from a few hundred to a few thousand volts and strike the negative electrode with sufficient energy to eject atoms from the target, in a typical line-of-sight cosine distribution from the face of the target. The ejected atoms will condense onto the surface of the substrate placed in proximity to the magnetron sputtering cathode. The magnetron is used to generate magnetic field for the confinement of the plasma, leading to considerably higher deposition rate.

Electrically conductive materials can be deposited using a direct current (DC) power supply and insulators can be deposited by using a radio frequency (RF) power supply [19] films. The only difference is the sputtering power, which is RF (In the initial experiment, it was found that DC sputtering made the target material more fragile and more prone to cracks, so RF sputtering was chosen.) power kept at 40 W for depositing thin film with 20 min. Preliminary results indicated that the thermal annealing with 300 °C did not have significant effect on the TE properties of the Bi2Te3 thin films. It may be that the annealing temperature of 300 °C not suitable, and there will be more in-depth research on the heat treatment temperature in the later period of research. In order to simplify the process of preliminary exploration, the Sb2Te3 thin film is only investigated without annealing. The chemical composition of the Bi2Te3 target and the thin films was analyzed by energy dispersive X-ray spectrometer that allows elemental composition analysis with a detection limit of approx. 0.5 at. %. As the Table 2.1 shows, the Bi : Te atomic ratio is 40. The surface morphology of both appears smooth and flat, filled with tiny triangular crystalline grains. There is no obvious change in the size of the triangular crystal particles on the surface morphology between the annealed and the unannealed thin films. The grains are uniform and the average grain size is about 100 nm, while the thickness is with a few ten of nanometer wide.

The identical/similar surface topography characteristics of the two samples is well consistent with the results of XRD. 

𝑆 = 1 2 ( a A +a B a B -a A × S AB + S A + S B ) ( 2 . 1 ) 
The sheet resistivity of the sample is determined in the so called "linear four terminal arrangement". Fig. 2.14 (e) shows the test schematic diagram of the resistivity. According to Smits and Valdes, the sheet resistivity of quasi-infinite sized sheets is given by:

𝜌 = ∆𝑉 𝐼 2𝜋 1 𝑆 1 + 1 𝑆 3 - 1 𝑆 1 +𝑆 2 - 1 𝑆 2 +𝑆 3 ( 2 . 2 )
In the SBA 458 sample carrier system, the distances are S1 = S3= 1.625 mm and S2=8.25 mm. This leads to a simplified formula:

𝜌 = ∆𝑉 𝐼 𝜋 ( 1 𝑆 1 - 1 𝑆 1 +𝑆 2 ) ( 2 . 3 )
According to the sample geometry, the equipotential surface caused by current input will also be different. Therefore, further Finite Element Modeling (FEM) simulations are required, leading to the modified formula:

𝛿 𝑥 = 𝛴𝐴 𝑛 × ⅇ -𝑥 𝑡 𝑛 ⁄ ( 2 . 4 )
The corrected 𝛿𝑥 、𝛿𝑦、𝛿𝑧 is the value of the length, width and height (thickness) of the sample, so the final corrected value of the resistivity is:

𝜌 𝑓𝑖𝑛𝑎𝑙 = 𝜌 𝛿 𝑥 𝛿 𝑦 𝛿 𝑧 ( 2 . 5 )
The electrical conductivity can be measured based on the method of van-der Pauw. Thus, the electrical conductivity σ is calculated by σ = 1/ρ. leading to a maximum PF of 0.71 mWm -1 K -2 . As a comparison with the bulk samples, the maximum  of our thin film samples is lower. This is likely due to the fact that the grain size of the thin film samples is much smaller, leading to enhanced interface scattering of electrons, resulting in smaller. The increase of Seebeck coefficient, is due to the nano-sized structure and weaker atomic vibration which may filter out low energy electrons, leading to enhanced Seebeck coefficient as theoretically predicted. This is the so-called energy filtering effect [18].

The 

Micro-structure analysis and thermoelectric properties of Sb2Te3 thin films

Since the TE properties of Bi2Te3 thin films with 300 °C annealed, were not much improved compared to the unannealed sample, it is speculated that the annealing temperature may be inappropriate. Therefore, in order to avoid useless repetitive work, we did not discuss the 

Conclusions

We have successfully prepared the bulk target materials Sb2Te3 / Bi2Te3, and TE thin film materials were obtained with Magnetron sputtering. Optimized quality Bi2Te3 thin film was obtained, with an electric conductivity of 14.63×104 Sm -1 , a Seebeck coefficient of -69.76 μVK - 1 and a power factor (PF) of 0.71 mWm -1 K -2 . The Sb2Te3 thin film has an electric conductivity of 2.45×10 4 Sm -1 , a Seebeck coefficient of 87.21 μVK -1 and a PF of 0.19 mWm -1 K -2 at 543K.

These thin films constitute an interesting base for the preparation of flexible TE devices.

Despite this, those results still did not meet our expectations. Therefore, Innovation and improvement of thin film preparation methods, in addition, the methods to improve the thermoelectric properties of thin films still need to be further explored. (In this part of the initial exploration work, the focus is on the feasibility of the method (preparation of target and thin film), and the exploration of other issues is relatively weak, such as the optimization of thin film preparation parameters and the optimization of thin film thermoelectric properties. This is also the key of the subsequent chapters. Therefore, the explanation in this chapter is relatively weak).

Chapter III: Preparation and thermoelectric properties of p-type Sb 2 Te 3 based thin films

Introduction

TE devices exhibit unique advantages, such as long operating lifetimes, no mechanical moving parts, high portability, easy encapsulation and no working noise. Flexible TE devices are of particular interest because they offer a sustainable supply of power in a reliable manner, while their flexibility additionally enables effective energy harvesting from hot surfaces with complex geometry or even a human body. Particularly for wearable electronics, flexible TE devices must not only possess superior flexibility, but also be lightweight, comfortable, low cost and safe to use, as well as have good durability [1].

TE film materials and devices need to be in close contact with the surface of the heat and the cold sources in order to maintain the temperature difference and fully utilize and transport the heat energy during operation. However, the heat and cold sources in practical applications often have complex geometric structures and surfaces with varying curvatures. Whether it is possible to develop flexible thermoelectric materials with good deformability so as to improve the energy transmission efficiency between the thermoelectric materials and the heat source/cold source surface has become one of the key factors to expand the new large-scale application of thermoelectric technology. Therefore, there is an urgent need to develop flexible thermoelectric film materials, to innovate or optimize preparation methods and other methods such as doping to improve their thermoelectric properties.

To realize good mechanical flexibility and high thermoelectric performance, current studies on FTE materials mainly focus on the exploration of room temperature materials combined with novel fabrication technologies and rational structure design for enhancing the thermoelectric performance.

As a well-known TE material, p-type Sb2Te3 has attracted much attention for its excellent thermoelectric performance around room temperature and potential application in microelectronics. It is widely used for preparing thin film TE materials by various deposition technologies, including magnetron sputtering [2], thermal evaporation [3][4], pulsed laser deposition [5], molecular beam epitaxy [6], screen printing [7], electrochemical deposition [8].

In the past few decades, high performance Sb2Te3 based flexible TE thin films have been reported. For instance, E. M. F. Vieira et al [9] reported a thermal coevaporation method to deposit Sb2Te3 thin film on polyimide substrate with a PF of ~1.2 mWm -1 K -2 . Z. H. Wu [10] used a co-sputtering technology to obtain Sb2Te3-Te thin film with a PF of ~1.12 mWm -1 K -2 at room temperature. D. Y. Kong et al. [11] employed a magnetron sputtering method to fabricate p-type Sb2Te3 flexible thin film with an optimal PF of 1.75 mWm -1 K -2 at room temperature. H.

J. Shang, et al. [12] reported the fabrication of flexible p-type Bi0.5Sb1.5Te3-based heterostructure films exhibiting an optimized power factor of 2.32 mWm -1 K -2 at 300 K. H. G.

Shang et al [13] reported the fabrication of flexible p-type thermoelectric Ag-modified Bi0.5Sb1.5Te3 films on flexible substrates using a facile approach. Their optimized power factors are 1.24 mWm -1 K -2 at 300 K.

Although the above-mentioned traditional thin film preparation methods have their own advantages, there are still many problems in the preparation of Sb-Te thin films. For instance,

(1) the requirements for preparation equipment and process parameters are relatively high. The process control can be complicated. According to the reports, the thermoelectric properties of intrinsic Sb2Te3 flexible thin films prepared by the above methods generally are not as high as expected. Doping may be an efficient way to improve the properties. (2) It is useful to develop a film deposition method, using simple equipment and process, compatible with large-scale production.

In this work, we have tried to progress in the following directions for preparing high quality Sb2Te3 thin films

(1) We have successfully developed and optimized a simple deposition method by using Sb and Te films, which can be deposited quickly and simple on large flexible surface. The thin film composition can be easily adjusted by controlling the thickness of each film.

(2) In order to prepare the p-type Sb2Te3 flexible TETF with the optimal property, thermal annealing has been carefully optimized. The influence of the composition deviation from the stoichiometry, on different TE properties has been demonstrated.

(3) The influence of doping with one and two elements on the properties of p-type Sb2Te3 flexible TETF materials has been studied. Concerning the thin film preparation methods, preliminary results indicated that heat treatment had a critical influence on the quality of the final film. As shown in Fig. 3.2, we explored the effect of heat flow direction on film growth. We explored three heat flow directions. Direction 1: heating from the Te thin film vertically to the Sb thin film (from top to bottom in the Fig.

Thin film preparation method

3.2)

. Direction 2: uniform heating. Direction 3: form Sb thin film vertically to the Te thin film (from bottom to the top in the Fig. 3.2). Firstly, the direction 1 heating was used to prepare the thin film for 30 minutes. It was noticed that the Te thin film was completely diffused into the Sb thin film, and the original substrate with the Te thin film had become a blank substrate, without Te thin film left. To ensure a complete reaction, the heat treatment time was extended to 45 minutes when using heat flow directions 2 and 3. A Sb-Te thin film was obtained with a uniform heating. However, there was still some Te residues on the initial substrate without reaction to Sb. Similar results were obtained when the heating was directed from the Sb film to the Te film. The heat treatment temperatures were 350°C for all these tests. These results indicated that the heat source should be close to Te to facilitate its diffusion into the Sb film in order to achieve full reaction. This novel method seems efficient for preparing high quality thin films with adjustable composition. 

Thermoelectric properties analysis

It is well known that both Seebeck coefficient S and electrical conductivity σ are closely related to carrier concentration n of the semiconductor, and a higher n is beneficial to σ but detrimental to S. The measurements of n and σ have been realized by Hall Effect Measurement System (HL5500PC, Nanometrics, Fig. 3.8). As indicated in Fig. 3.9 (a), the reaction temperature has much higher influence on the mobility of the carriers than on the carrier concentration. As a result, both S and σ increase with the increase of heat treatment temperature, as shown in Fig. 3.9 (b). The maximum PF is 1.69 mWm -1 K -2 at room temperature for the sample (Th= 350 °C).

It can be seen that the decrease of mobility for the sample (Th= 375 °C) results in a slight decrease in both electric conductivity and the power factor probably due to the Te precipitates, which form clusters in the sample. The effective carrier concentration in this thin film is therefore reduced, resulting in an overall increase in Seebeck coefficient. This effect is similar to the influence of nano-metal particles on conductivity in metal nanocomposite. The above experimental results confirm that pure phase Sb2Te3 TE thin films with excellent quality can be prepared by this diffusion reaction method, with a quite high PF value. Yet, so far, the highest reported PF value of pure phase Sb2Te3 is 1.75 mWm -1 K -2 [11] and the value obtained in this work is very close. It has also been demonstrated that an excess of elemental Te has a critical influence on the TE properties of the thin films and further study will be performed to uncover the mechanism behind the improved TE properties in order to obtain still higher performance. 

Mechanical performance of the thin film

In order to assess the flexibility of the Sb2Te3 thin films, the relative resistance changes (R′/ R0, where R0 is the initial resistance and R′ is the resistance after bending) were measured, using a homemade automatic film bending instrument and a Keithley 2400, as shown in Fig. 3.10. Fig. thin film deposited on a PI substrate. When the bending radius of the thin film is constant, the relative resistance will increase with the increase of the number of bending, but when the number of bending is greater than 1600 times, the increasing trend of the relative resistance will gradually slow down. For all the Sb2Te3 thin film, the relative resistance change is mostly less than 1.08 when the bending number is less than 1600 cycles.

Fig. 3.10

The bending and recovery process of bending test. resistance (R'/R0) as functions of the bending radius with the bending cycles of 800, 1200, 1600, and 2000 times. When the number of bending is constant, as the bending radius increases, the relative resistance change will be smaller. For all samples, the decrease can be basically controlled to be lower than 4%. It can be seen from the above results the relative resistance will increase with increased bending number or reduced bending radius. The resistance increase is small, indicating that these thin films have quite strong mechanical properties, compatible with many wearable applications. 

Effect of the composition on the thermoelectric properties of the Sb-Te thin films

It has been demonstrated earlier that the presence of Te clusters inside the Sb2Te3 thin films can affect significantly their TE properties. Therefore, we have decided to study more systematically the effect of composition deviation, from Sb rich to Te rich, on the properties of Sb2Te3 films. In order to identify the nature of the islands/particles on the surface of the thin films, we deliberately selected a large and representative particle for composition analysis (from the Fig.

Micro-structure and composition characterization

(d))

. The magnified image of the selected area is shown in Fig. 3.14 with the composition analysis of two selected points. For A point, representing the smooth surface, the atomic ratio of Te/Sb is 59.74/40.26, which can be considered as the stoichiometric composition of Sb2Te3.

For the B point, representing a single crystal on the smooth surface of the thin film, the atomic ratio of Te/Sb is 97.02/2.98. The results show that these large crystalline particles are mainly Te precipitated particles. Raman spectrum for Sb-Te thin films having different composition is shown in Fig. 3.

(a).

There are four Raman sensitive phonon vibration modes for Sb-Te thin films for the single crystal in the range of 50 to 250 cm -1 as mentioned as before. There are three typical Sb2Te3

Raman modes visible and located at 68.5, 112.5 and 165.5 cm -1 , corresponding to the A 1 1g, E 2 g and A 2 1g, respectively. The intensity of these peaks decreases progressively with increasing Te excess and the Raman peak of Te appears gradually. Te has three active Raman phonon modes, E 1 , A 1 and E 2 . The most intense Raman peak of Te, located at ∼121.5 cm -1 is related to the A 1 mode, corresponding to chain expansion mode in which each atom moves in the basal plane.

Meanwhile, there exist two degenerate E modes, which separate into predominately bond bending and bond stretching types with larger content of Te. E 1 mode at ∼86.5 cm -1 is caused by a-axis rotation, and E 2 mode at 140.9 cm -1 is appointed to asymmetric stretching mainly along the c-axis [18]. (c). This is the classical arrangement of atoms in Sb2Te3. As analyzed above, precipitation of grains creates lattice strains, while interfaces introduce lattice stains between grains. This kind of interface barriers often induces lattice scattering and energy filtering effect between Sb2Te3 and Te [12], which can help to achieve an optimized carriers' transport characteristic in this thin film. The power factor exhibits a temperature independent trend for all samples and the highest PF value of 2.12 mWm -1 K -2 was obtained with the Sb2Tex thin film (x = 4). generalized gradient approximation (GGA) exchange correlation functional was employed [28]- [31]. The cutoff energy for the basis set was chosen to be 500 eV, and the Brillouin zone was sampled using a Monkhorst-Pack grid with a separation of ∼0.03 Å -1 [32]. The convergence criteria were set to be 10-5 eV in energy and 0.01 eV Å -1 in force. For Te-enriched For all the Sb2Te3 films, the relative resistance is almost less than 1.08 (108%), when the bending cycle is less than 2000, and the resistance change tends to slow down when the bending cycle is larger than 1200. With a given bending cycle number (2000 in this case), the resistance change tends to decrease with increasing bending radius. The R′/ R0 value is even lower than 1.03 (103%) with a bending radius of 11 mm. Fig. 3.30 shows the comparison of the relative resistance between our sample and some reported samples of (Sb -Bi -Te) after about1000 bending cycles with a similar bending radius.

Theoretical calculation and mechanical performance analysis of the thin films

Obviously, the Sb2Te3 films obtained in this work present the lowest resistance change [11][12],

[23], [13], [34], which demonstrates the stability of the electrical properties of these flexible films. 

Doping in Sb2Te3 thin films

Doping has been proven to be an effective strategy to improve the TE properties of Sb2Te3 based materials, through the manipulation of carrier concentration to adjust electrical conductivity and Seebeck coefficient. Substituting isovalent elements by doping can lead to enhanced phonon scattering and thus decreased thermal conductivity, favorable for a higher TE property.

Three elements have been particularly studied for Sb2Te3 doping. The first one is Bi and for instance, Hu et al. [35] increased carrier concentration by tuning the ratio of Bi/Sb and achieved a high ZT∼1.3 at 373K in Bi0.3Sb1.7Te3. As already mentioned above, H. J. Shang, et al. [12] reported the fabrication of flexible p-type Bi0.5Sb1.5Te3-based heterostructure films exhibiting an optimized power factor of 2.32 mWm -1 K -2 at 300 K. Therefore, Bi is therefore preferentially selected in this work as a doping element.

Silver, as a metallic dopant due to its low work function (4.26-4.9 eV), has also been used for efficient carrier injection into the Sb2Te3 conduction band [36]. This doping can increase the electrical conductivity σ and have varying influence on other properties by facilitating charge transport between Sb2Te3 nanoplates. Among the most remarkable studies, L. F. Argemi, et al.

[37] reported a high power factor (1.87 mWm -1 K -2 ) for Ag3.9Sb33.6Te62.5 due to the Ag doping, leading to the generation of β-AgTe2 nanoprecipitates (~6% in vol.). With a co-doping of Ag/In in Sb2Te3, enlarged Eg was observed, which helped to yield a ZT∼ 1 at 673K [38].

In has also been frequently considered as a doping element in Sb2Te3, which may lead to high density of intrinsic vacancies at cation sites, due to the lattice mismatch between indium (In 3+ ) (In 3+ is supposed to substitute Sb 3+ ) and tellurium ions (Te 2-) [39][40]. Hence, the thermoelectric performance should be improved by phonon-vacancy scattering, which plays a substantial role in the reduction of the thermal conductivity [41]- [43].

In summary, Bi, Ag and In are promising doping elements for improving the thermoelectric properties of the Sb2Te3 thin film.

The preparation method of the single element doped p-type Sb2Te3 thin film was basically the same as for the pure samples with some specific parameters:

(1) At first, Te thin films were deposited on the substrate by radio frequency magnetron sputtering with a sputtering power of 20 W during 42 min. The vacuum chamber was firstly pumped down to 8.0×10 -4 Pa and the working pressure was kept at 0.7 Pa with argon flow of 40 sccm.

( The undoped Sb2Te3 thin film has also been fabricated in this way as the reference sample.

Influence of Bi doping on the micro-structure and the thermoelectric properties of

Sb2Te3 thin film

The micro-structure was characterized by SEM, while the composition analysis was performed by EDS. Table 3.2 shows the EDS results for the thin films doped with Bi. Undoped sample is marked as B0. As expected, the Bi content increases, from 0% up to 22% with the increasing sputtering time of Bi. From this table, it can be seen that the thickness of the thin film tends also to increase. The lone-pair activity of the trivalent Bi and Sb is thought to be important in these materials, particularly for improving the TE performance [44], which is favorable for obtaining high mobility of charge carriers in heavily doped semiconductors. Besides, the angle shift increases with increasing content of Bi, indicating that the doping content affects the microstructure of the thin film. 

Influence of Ag doping on the micro-structure and the thermoelectric properties of Sb2Te3 thin films

Table 3.3 shows the EDS results for the thin films with different Ag doping contents. Undoped sample is marked as A0. These thin films contains respectively 0, 0.12, 0.21 and 0.34 at.% of Ag, adjusted by increasing the sputtering time of Ag with quite constant thickness of about 685 nm because of the low doping content. The SEM surface morphology for the samples A0~A3 is shown in Fig. 3.35. The results reveal that the undoped thin film exhibit a smooth and dense surface across all region. Significant changes have been observed after Ag doping with bigger crystal grains and increasing quantity of clusters and porosity. Large crystal grains will be favorable for electron transport. The crosssectional morphology of samples (inset) shows clearly the big crystals in A3 sample. was obtained for the Sb2Te3 thin film with the Ag doping content of 0.12 at.% (A1), which has the best compromise between σ and S. 

Influence of In doping on the micro-structure and the thermoelectric properties of

Sb2Te3 thin films

The In doped Sb2Te3 thin films were prepared by the same preparation method. They were marked as I0~I5 (Undoped sample is marked as I0). Table 3.4 shows the EDS results of the I0~I5. The In content in the films, ranging from 0 to 3.28% was adjusted by controlling the sputtering time of In. The thickness of the thin films is in the range of 680-768 nm and it tends to increase with increasing sputtering time of In, as expected. 

Bi/Ag and Bi/In co-doped p-type Sb2Te3 thin films

According to the above single-element doping investigation, it is found that the doping of Bi can increase the S, the doping of Ag can greatly increase the σ, and the doping of In can increase the S while reducing the σ slightly. Therefore, it is promising to try co-doping with the objective to improve simultaneously the Seebeck coefficient and the electric conductivity. Due to the excellent doping effect of Bi, this element was selected as the fixed doping element, Ag and In were combined with Bi for double elements doping.

The preparation method of the double-element doped p-type Sb2Te3 thin film was basically the same as for the films discussed above. Based on the results of the above single doping exploration, the optimal Bi doping content of 7.81 at.% was selected. Sb is co-sputtered with Bi/Ag or Bi/In during the thin film preparation. The deposition parameters were the same as for the Bi doped thin film with doping content of 7.81 at.%, described in detail above. The only changed parameter was the sputtering time of Ag and In. For the Bi/Ag co-doped p-type Sb2Te3 thin film, the sputtering power and sputtering time of Sb and Bi were the same as described previously, the Ag co-deposition time was 1, 3, 5, 7 and 9 minutes, with the sputtering power of 5W (RF), respectively remarked G1, G2, G3, G4 and G5 samples. For the Bi/In co-doped ptype Sb2Te3 thin film, the sputtering power and sputtering time of Sb and Bi were the same as above mentioned and the In co-deposition time was 1, 3, 5, 7 and 9 minutes, with the sputtering power of 10W (RF), respectively remarked S1, S2, S3, S4 and S5 samples. The room temperature n and µ for the thin films of S0~S5 are also shown in Table 3.5, the n and μ for all samples shows the same trend with G0-G5. The temperature-dependent TE properties of all the S0~S5 samples were investigated and the results are shown in Fig. 3.47 (a)- (c). S of all of the thin films increases with increasing test temperature, on the contrary, σ decreases with increasing temperature (30-180 °C). The In co-doping decreases significantly the Seebeck coefficient and the decrease is almost independent of the doping concentration. On the contrary, The In co-doping is favorable for increasing the electrical conductivity, which reaches the peak value of 22.25×10 4 Sm -1 at 30 °C for the S1 sample. The PF of this S1 sample is also the largest of all samples, which is 1.64 mWm -1 K -2 at 30 °C and 2.11 mWm -1 K -2 at 180 °C. For the Bi/In co-doped thin film samples, although the thermoelectric performance does not exceed that of the un-doped samples near the room temperature, the doping enhances the thermoelectric performance at higher temperatures, therefor leading to higher average thermoelectric performance above room temperature. Consequently, these films may have application potential and are worth of further investigation. 

Thermal conductivity and figure of merit

To further elucidate the influence of the co-doping effect on the thermoelectric properties of the films, the room-temperature thermal conductivity was measured. The measurement method and results are shown respectively in Fig. 3.48 and Fig. 3.49. The measurement method of thermal conductivity is the transient electrothermal technique (TET), which is a cutting-edge thermal measurement technology with a wide range of applications. Fig. 3.48 (a) shows the schematic of the experimental set-up and the Fig. 3.48 (b) shows the photo of a sample. First, the sample to be measured was cut into rectangular films, then suspended between two silicon or copper or aluminum electrodes [45][46]. The ends of the sample were painted silver to ensure a good contact between the sample and the electrodes. The electrodes were connected to a current source and an oscilloscope in parallel. Then the whole device was built in a vacuum chamber. When feeding a step DC to the sample, its temperature will increase and take a certain time to reach the steady/equilibrium state. This temperature evolution was probed by measuring the variation of the voltage over the wire, which is directly related to the resistance/temperature change. Based on the experimental data, the method can be used to obtain the thermal diffusivity, which is the linear fitting at the initial state of Joule heating (The corresponding normalized V-t curve of the sample, collected at different environmental temperatures are presented in Fig. 3.48 (c).). The temperature evolution history of the sample can be used to determine its thermal diffusivity [45][47]. 

Conclusions

This part of work is related to the doping strategy for enhancing the thermoelectric performance of the p-type Sb2Te3 based thin films. The following achievements and conclusions have been achieved:

(1) An innovative approach for fabricating thin films for thermoelectric applications has been tested successfully, based on the thermally induced diffusion reaction. In order to achieve this goal, we have conducted a series of investigations on the methods and processes of thin film preparation, including heat treatment method, the direction of heat flow during heat treatment, and so on. Pure phase Sb2Te3 thermoelectric thin films with excellent quality have been, for example, prepared with a high power factor of 1.69 mWm -1 K -2 at room temperature.

(2) It has been demonstrated that the composition deviation can have important influence on the thermoelectric properties of the Sb2Te3 thin films. A Te excess, with for example the composition Sb2Te4 can give a thin film with a high power factor of 2.12 mWm -1 K -2 at room temperature, which is the highest value for undoped Sb2Te3 thin films. Bending testing revealed the excellent flexibility of these thin films.

(3) Different doping strategies have been used to improve the thermoelectric properties of the p-type Sb2Te3 thin films. The best single doping element is Bi, achieving a power factor of 2.29 mWm -1 K -2 at 30 °C, with a Bi doping content of 7.81 at.%.

(4) Different co-doping has been tested and the results are for the moment not as good as single element doped Sb2Te3 thin film.

(5) The room-temperature thermal conductivity of thin films was measured using the transient electrothermal technique (TET). The results indicate that doping is an efficient strategy to decrease the thermal conductivity of the thin films, leading to higher figure of merit ZT value, than the un-doped thin film. Therefore, the results confirm that doping can enhance the thermoelectric performance of the p-type Sb2Te3 based thin film.

Chapter IV: Preparation and thermoelectric properties of n-type

Bi 2 Te 3 thin films

Introduction

Among the state-of-the-art TE materials, bismuth telluride -based materials have been widely considered as n-type legs due to their high stability and outstanding TE properties in the temperature range of 250 K -500 K [1]- [3]. The maximum temperature difference can be increased by up to 9 % (It is the temperature difference between the low temperature and the high temperature sides. Generally, due to the limitation of the structure of the device, the maximum temperature difference is also limited. After the structure is optimized, the increase in the temperature difference that can be achieved after the multi-stage series and parallel connection is beneficial to improve its performance), through a multi-stage device in the bismuth telluride -based TE module [4], demonstrating the high potential of n-type Bi2Te3 in the TE applications near room temperature. A recent report on Te crystal-embedded Bi2Te3 thin film demonstrated that the inter-grain phonon transmission was obviously affected by the phonon scattering at the interface between the heterojunction Te-Bi2Te3 [6], leading to improved ZT.

To date, progress has been reported especially for p-type Bi2Te3 based thin films. For n-type thin films, the TE performance is still severely limited with quite low PF (< 20 μWcm -1 K -2 )

[7] [8]. Actually, the strong coupling between the interdependent parameters (S, , µ and ) makes it difficult to find the best compromise through reported strategies and methodologies [9]. Hence, it is still a great challenge to find an effective methodology to obtain high PF values for flexible n-type Bi2Te3 thin films via optimizing two or more parameters simultaneously.

Our approach was to rationally engineer the flexible TE thin films by modifying their microstructure and by optimizing the electron transport to decouple closely interdependent TE parameters. We have already developed a facile and easily scalable method to obtain uniform composition distribution and well-crystallized thin film, which will be used in this work. The heterojunction engineering strategy will be used to build potential barriers for inducing effective energy filtering effect (EFE), by creating controlled structural imperfection. Recently, impressive achievements have been made in various TE bulk materials, including Bi2Te3/Te [10], Bi2Te3/graphene [11], and Bi2Te3/Si [12] based bulk nanocomposite systems. So far, this strategy has not yet been successfully realized in flexible thin films. Searching the lowdimensional limit is important for exploring heterojunction engineering which involves electron-electron and electron-phonon interactions to optimize EFE. In this work, we will apply this strategy in Bi2Te3 based flexible thin-film system. The lattice parameters of the element Te (aTe = 4.4 Å, cTe = 5.94 Å) are similar to that of Bi2Te3 (aBi2Te3 ≈ aTe, and cBi2Te3 ≈ 5cTe), which can easily form heterojunction between Te and Bi2Te3 by a kind of epitaxial growth. Thus, the EFE can be expected to improve S, which is beneficial for improving the TE performance [13]- [15]. Overall, if large grain size in well-crystallized n-type flexible Bi2Te3 thin films with optimized Bi2Te3/Te heterojunction structure is synthesized, the σ and S can be adjusted individually, and an optimal PF can be expected. 

Thin film deposition process

Micro-structure and composition characterization

The chemical composition of the Bi2Te3 thin films obtained with different diffusion temperatures (Ta) was analyzed by an energy-dispersive spectrometer (EDS, Bruker Quantax 200) and the results are summarized in Table 4.1. As expected, less Te entered into Bi films due to the insufficient Te diffusion at low temperature. As the diffusion temperature increased from 275 °C to 350 °C, the Bi2Te3 thin films were Te-excess. The stoichiometry of Bi2Te3 was obtained by increasing the diffusion temperature, which can be attributed to the Te evaporation.

In fact, Te evaporation was already observed in Bi2Te3 films with Te excess under high temperature [18]. The chemical composition with a Bi/Te ratio of 2:3.25 was here obtained with a reaction temperature of 350 °C and the same process at 375 °C could adjust the Bi2Te3 films to the stoichiometric composition as denoted by a Bi/Te ratio of 2:3.01. and 134.3 cm -1 , respectively, were recognized as the E 2 g and A 1 1g modes, which were caused by the Bi2Te3 rhombohedra structure [15]. The E 2 g (121.6 cm -1 ) and A 1 g (140.2 cm -1 ) peaks were assigned to the Te phonon mode [15]. From Fig. 4.7 (a), the E 2 g (103.0 cm -1 ) of the Bi2Te3, the E 2 g (121.6 cm -1 ) and A 1 g (140.2 cm -1 ) of Te were observed in the Raman spectra of the Bi2Te3 films prepared at 300 °C and 325 °C. The Raman results confirm the Te excess, shown in Table 4.1, and the crystalline Te was formed by the segregation of Te-excess from the stoichiometric Bi2Te3 phase for films obtained with a reaction/diffusion temperature below 350 °C. When the temperature was raised above 350 °C, the Te phonon mode was disappeared, and a new A 1 1g (134.3 cm -1 ) mode of Bi2Te3 emerged. The Raman analysis was consistent with the EDS and XRD results. In summary, with this preparation method, the diffusion/reaction temperature has a critical effect on the quality of Bi2Te3 thin films in terms of crystallinity and chemical compositions. The well crystallized and stoichiometric composition Bi2Te3 or Teembed Bi2Te3 can be obtained at the diffusion temperature higher than 300 °C. Te-embedded Bi2Te3 thin film was synthesized below 350 °C and a stoichiometric Bi2Te3 thin film at 375 °C. 

Analysis of HRTEM micrographs

The TEM image of the cross-section surface of the 350 °C -Bi2Te3 thin film is shown in Fig. 

Geometric phase analysis

To further understand and distinguish the embedded Te nano-phase in Bi2Te3 matrix, the geometric phase analysis (GPA) for the HRTEM images was performed as shown in Fig. 4.11.

The strain maps unambiguously distinguish the Te nano-phase from the Bi2Te3 phase, which is well consistent with the analysis in Figure 8. Bi2Te3 phase with embedded Te nano-phase could lead to a lattice expansion, as already observed by others [15]. The large tensile strain is mainly concentrated on the Bi2Te3 phase, with the largest strain reaching 8.9 %. Thus, the compression strain is then produced in the embedded Te nano-phase as it forms boundaries with the Bi2Te3 phase by a kind of epitaxial growth. The reasons for this phenomenon may be as follows: the compression strain field could not be released in a short range due to the small size of Te, while the Bi2Te3 matrix with large size grains can easily release the strain. shows the induced compressive strain from 0% to 8% in embedded Te nano-phase.

Temperature dependence of thermoelectric properties

The room temperature carrier concentration (n) and Hall mobility (μ) of the Bi2Te3 thin film were measured in Fig. 4.12 (a). Temperature dependence of TE parameters for Bi2Te3 based flexible thin films prepared at 250 °C -375 °C are shown in Fig. 4.12 (b-d). The σ of the Bi2Te3 thin film tends to increase with the increase of diffusion/reaction temperature with a higher value for 350°C and 375 °C , which are 5.32×10 4 Sm -1 and 5.68×10 4 Sm -1 , respectively. To further understand the σ evolution (σ = neμ, where e is carrier charge), as the diffusion temperature increases from 250 °C to 375 °C, μ increases from 41.4 cm 2 V -1 s -1 to ~ 97 cm 2 V -1 s -1 (Fig. 4.12 (a)). The higher crystallinity and the more uniform composition distribution for samples prepared at higher temperatures are responsible for the increase of μ, leading to the enhancement of σ. The carrier concentration was more stable with different sample preparation temperatures.

It is worth of noting that the electric conductivity of the 350°C sample tends to decrease with increasing temperature, showing a metallic behavior. This is probably due to the existence of Te nano-phase inclusions, confirmed by the above microstructure investigation. In order to determine whether the EFE is generated and if it contributes to the enhancement of S in this system,  (at 300K) is calculated based on experimental data of S along with n for all Bi2Te3 thin film, by using the follows equations [23]: In order to understand why so strong EFE takes place, the heterojunction interface potentials (IPs) were further investigated. Firstly, the interface potential barriers (IPBs) were determined at the interfaces of Te nanophases and BT phase. According to John Y. W. Seto [24], σ has a relationship with the potential barriers height (Eb), given in Eq. (4.5).

S = k B e [ (λ+2)F λ+1 (ξ F ) (λ+1)F λ (ξ F ) -ζ F ] ( 4. 3) 
𝜎 ∝ 𝑇 -1 2 ⅇ𝑥𝑝 (-

𝐸 𝑏 𝑘 𝐵 𝑇 ) (4. 5)
The linear relation between ln(σT 1/2 ) and 1/(kBT) is evidenced in the inset of Fig. 4.13, confirming the validity of this equation for our thin films. Eb was thus determined, and it changes from 28 to 33 meV for the films prepared at 250 °C and 350 °C . Fig. 4.12 (d) presents the PF of the film prepared at 250 °C -375 °C. The highest room temperature PF of 1.46 mW m -1 K -2 was obtained for the flexible Bi2Te3 thin film prepared at 350 °C due to a moderate S and a high σ, which is 325 % higher than that of the films prepared at 250 °C. Compared with the bending test of the un-encapsulated films prepared by different methods, the 350°C -Bi2Te3 films show excellent results as shown in Table 4.2. It is clear that the electronic properties and mechanical stability of this thin film is high enough for many commercial applications. 

Conclusion

Flexible n-type Bi2Te3 based thin films were fabricated on PI substrate by using a novel and robust thermally induced close diffusion reaction method. The morphology, electron transport and thermoelectric properties of these thin films are found to strongly depend on the preparation method, composition and micro-structure.

The microstructure study, the geometric phase analysis, the theoretical simulation rand the band structure analysis confirmed the formation of Te nano-phase embedded in Bi2Te3 thin film due to Te diffusion, which has strongly positive effect on the thermoelectric properties of the films.

The energy difference created at the Te/Bi2Te3 interface is believed to the origin of the energy filtering effect, which is responsible for the enhancement of the Seebeck coefficient, by filtering the low charge carriers.

In summary, the highest room temperature electric conductivity σ of 5.32×10 4 Sm -1 is obtained with the 350 °C -Bi2Te3 film, with a |S| of 165.59 μVK -1 and an excellent PF of 1.46 mW m -1 K -2 . The high σ is attributed to the uniform composition distribution and the large grain size with high crystallinity. Furthermore, for the 350 °C -Bi2Te3 thin films, the relative increase of the electric resistance is less than 10% even after 2000 bending cycles with a low bending radius, demonstrating its excellent flexibility and high application potential.

Chapter V: Fabrication and optimization of flexible thermoelectric thin film devices

Introduction

A thermoelectric generator (TEG) composed of paired p-and n-type semiconducting legs connected electrically in series and thermally in parallel, can convert heat into electricity under a temperature difference (∆T) across the thermoelements [1][2]. The TEGs are generally divided into three categories: bulk, thick-film and thin film according to their thermoelement thickness. The thermoelements in the film-type TEGs can be arranged with either a vertical or a planar configuration [3].

Like the solid-state thermoelectric (TE)device, flexible thermoelectric thin film (TETF) device is also capable of converting waste heat into electricity depending on the temperature interval in which its efficiency peaks [4]. It has the advantages of flexibility, small volume, light weight, high integration, portability, easy adaptation to curved surfaces and ability to cover a large surface area [5][6]. The efficiency η of flexible TETF device is directly related to the dimensionless thermoelectric figure of merit, ZT, according to the following equation [7]:

avg h c c h avg h 1 1 1 TT ZT T T ZT T  - + - = + + (5.1) 
where Tc and Th are cold and hot side temperatures, respectively, and ZTavg is the average TE materials figure-of-merit. ZT is a dimensionless materials-dependent component of the p-n couple and can be derived as follows:

2 2 pn p n p p n n ( ) / [ ( ) ( )] Z T T       = - + (5.2) 
Where, p and n is the Seebeck coefficient of p type and n type thin films respectively, p and n are the electrical resistivity of p type and n type films, p and n is thermal conductivity.

Additionally, the TEG output power is an important parameter to measure the performance of TETF devices. It directly determines the possibility of device output, and varies with the model design, size and number of thermoelements in the thermoelectric module. To make a fair comparison of TEG performance, it a performance metrics has been proposed for various TEGs with different structural configuration, operation conditions and heat sink/source design [8].

The output voltage (U) of a TEG increases monotonically with ΔT (ΔT = Thot -Tcold). As expressed in Eq. (5.3) [9], the calculated output power (P) curve is displayed as follow:

P = 𝐼 2 R 𝑒𝑥 = ( U R 𝑖𝑛 + R 𝑒𝑥 ) 2 R 𝑒𝑥 (5.3) 
Where I, Rex and Rin denote the output current, the external resistance and the internal resistance, respectively.

The power density (PD) is calculated by the Eq. (5.4) [9].

P 𝐷 = P 𝑚𝑎𝑥 𝑁•𝐴 = P 𝑚𝑎𝑥 𝑁•𝑇•𝑤 ( 5 . 4 )
where N, A, and l denotes the number, the area and the length of the legs, T, w denote the thickness and the width.

In the literature, the primary research focus has been on improving the ZT, by manipulating electron and phonon transport properties through different techniques, such as nanoinclusions [10], band gap engineering [11] and energy filtering effect [12]. These techniques do not ensure high conversion efficiency of TEGs mainly due to the obtained low ZT or/and high device contact resistance. Important results have been obtained thin films. Venkatasubramanian et al.

[13] achieved a very high ZT of ∼2.4 using Bi2Te3-Sb2Te3 quantum well superlattice structure with a periodicity of 6 nm. With the same principle of concept, Tian et al. [14] prepared an organic suprelattice generator with an exceptionally high power density of 2.5 Wcm -2 which is almost one hundred times higher than the others. Some emerging advantages of flexible TETF devices can provide new opportunities for TE application. Typically, it can be directly integrated into micro-scale devices and packaged in macro-scale systems. For examples, Yadav et al. [15] has integrated a thermoelectric power generator into a fiber by vacuum evaporation, which can directly convert the body heat to electricity for wearable devices. Robert et al. [16] designed and embedded flexible thermoelectric generators into high power light emitting diode (LED).

The available thermal gradient of approximately 50 K allows the conversion of the LED waste heat with an overall efficiency of 1%. Kwang-Suk Jang et al. [17] presented a simple solution process to prepare flexible inorganic/carbon nanotube hybrid films for preparing a multi-layer laminated TEG. When the ΔT was 7.5 K, the output power of this flexible device with a thermal contact area of 3.8 cm 2 can reach 11.3 μW. In addition, due to the feature of larger length to area ratio for flexible TETF legs and the facile preparation method, a variety of device structures is feasible, such as forming in-plane structure to achieve different applications, such as sensor [18], and fabricating cross-plane device with low internal resistance for high cooler efficiency [19].

The efficiency of a TEG can be improved by using high ZTavg of TE materials, a large temperature gradient, and also appropriate TEG designs to minimize the heat loss [20] as well as small electrical and thermal contact resistances at the junction of TE materials and interconnect electrodes. Thus, a comprehensive strategy is required for designing highefficiency TEGs that comprises materials for TE legs, interconnects, and others [21].

For flexible thermoelectric thin film devices, many interesting results have been obtained. For instance, Kim et al. [22] demonstrated that a wearable thermoelectric generator fabricated on a glass fabric, can use a human body as heat source with stable output power. Culebras et al. [23] reported a low cost flexible thermoelectric generator based on organic materials as a low-power source. However, the following challenges are still remaining for practical flexible TE devices applications:

(1) There are still few materials with high thermoelectric properties, that can be used for the preparation of thermoelectric devices operating at room temperature. In fact, flexible TETF devices are generally supposed to be used at low temperature. Despite the existence of many promising materials with high ZT value, even higher than 2, obtained by using different mature methods during the past decades [24]- [27], most of those materials still have low efficiency at a temperature below 250 °C where the majority of the waste heat reserves is located.

(2) The application of flexible devices is mostly wearable devices, so the temperature difference will not be particularly large. That requires the device to have extremely high thermoelectric performance and sensitivity to heat.

(3) The last challenge is to optimize the design and to reduce the preparation cost. Actually, the high cost is because of not only the unaffordable or toxic element of the materials, but also its slow and complicated preparation process. Good device design needs to adapt to the current requirements for device application scenarios, such as wearable electronic devices, sensors etc.

Te-based TE material has drawn extensive attention as one of the most promising thermoelectric materials in the room temperature range. Some significant reports indicated that the Sb2Te3 and Bi2Te3 can lead to high ZT value as both p-type and n-type materials. Thus, it is favorable to fabricate highly efficient TE generators using these materials.

In chapters III and IV, we have prepared high performance p-type Sb2Te3 thin films and n-type Bi2Te3 based thin films. Hence, in this chapter, a complete Te based TE material flexible TETF device will be fabricated by using thermally induced diffusion reaction method. Flexible TETF devices with different structures and shapes are designed and prepared and the thermoelectric generation performance will be characterized, followed by a feasibility study for different scenarios and applications. The fabricated devices will be evaluated and directions for future research will be discussed.

Preparation of flexible thin film

The p-type and n-type TE thin film preparation and properties have been discussed in the Chapter III and IV. Here below are the specific preparation conditions for the thin films used in the thermoelectric devices. The TE properties of the p-Sb2Te3 thin films were already discussed in Chapter III. The Seebeck coefficient S value is 120.1 μVK -1 , the electrical conductivity is 14.72×10 4 Sm -1 , and the power factor is 2.12 mWm -1 K -2 at room temperature (22 °C), as summarized in Table 5.1. For the n-Bi2Te3 thin films, the Seebeck coefficient S value is -165.59 μVK -1 , the electrical conductivity is 5.32 × 10 4 Sm -1 and the power factor is 1.46 mWm -1 K -2 at room temperature, as also summarized in Table 5.1. Different thermoelectric devices have been designed, fabricated and tested. Although the structure of this single-leg device is relatively simple, promising output power and power density has had been obtained due to the high thermoelectric performance of the film material itself. However, a quite large temperature difference was necessary to achieve this interesting performance. Therefore, for small temperature difference, it will be necessary to optimize the device structure, by using for example, p-n junctions. this work with representative reported TE generators using the following materials in a simiar range of ΔT [28], n-type Bi2Te3 and p-type Sb2Te3 [29], n-type Ag2Se [30], n-type Ag2Se/Ag/CuAgSe [31], p-type flexible PEDOT:PSS/Cu2Se [32], n-type C60/TiS2 [33], n-type TiS2/organic hybrid film [34] and n-type PVP/Ag/Ag2Te [35]. The performance of the device studied in this work is comparable or mostly higher than that of the previously reported flexible organic and inorganic thin films TE devices. We believe that this work provides a novel and easy-to-implant strategy to fabricate high-performance flexible TE devices. 

Single-leg thermoelectric device

Cycle π-type device

In order to fabricate a more compact and more efficient cycle π-type flexible device, p-Sb2Te3 and n-Bi2Te3 thin films were prepared by using the same method as described above, always using thermally induced diffusion reaction. As shown in Fig. 5.7, the simple and flexible TE thin film device was fabricated with the following steps. Firstly, Sb thin film was deposited on PI substrates in a half π cycle shape (step 1) and Bi thin film in the complementary half shape (step 2), leading to the final shape (step 3). Then, the Te thin film was deposited with the form illustrated in step 4 and put face to face on the film of step 3. Finally, the flexible Sb2Te3/ Bi2Te3 p-n junction thin film device was fabricated by heating the Te thin film. There were 18 TE legs and each inner strip dimension was about 3 mm × 2 mm, and the outers was close to 10 mm × 3 mm, and the length of the p-n TE legs was 20 mm. The contact between the Sb and Bi thin film was metal-to-metal contact, with therefore small contact resistance. This method eliminated the need for connection electrodes between the p-n junctions. This device was prepared without metal electrode as the precursor Bi and Sb thin films overlapped each other with good adherence and acted as contact electrodes. For an efficient TE device, the total resistance of the device should as small as possible in order to minimize the transport loss. In addition to the resistance of the p and n type TE materials, the resistance formed between the metal electrodes and the TE materials also has an effect on the current. It is difficult to improve the resistance of the thermoelectric material during the preparation process of the device, after the p and n type TE materials in the device are selected.

The overall resistance of the device can only be adjusted by improving the contact resistance between the metal electrode and the thermoelectric material. Therefore, the preparation of electrodes is also very important for thermoelectric devices.

The connection of the p-n junctions of the above-studied TETF device did not need other materials to prepare the electrodes. Sb and Bi were used for preparing the TE materials as well as the metal electrodes with high electric conductivity and well-matched work function.

Nevertheless, we have still explored the possibility to find better electrode materials. The circular π shape device was specially selected for this study.

The preselection of electrode materials has been performed based on previous investigations in our laboratory [36] Compared with the above-studied circular π-type flexible TETF device without additional contact electrode, the output voltage and the short circuit current of this device are reduced when the temperature difference is similar. Correspondingly, the power density is also reduced. Some comments are summarized here: The device preparation is a complicated process, and the increase of the preparation steps will increase the risk of imperfection. This electrode film was thin, which could increase the contact resistance. During the layer-by-layer preparation process, the repeated use of masks increases the risk of oxidation or/and damage of the film surface, which can affect the adhesion of the subsequently deposited film during the following steps, leading to increased contact resistance. Therefore, it is important to minimize the manufacturing steps.

Conclusion

We fabricated flexible n-type Sb2Te3 and n-type Bi2Te3 based thin film on PI substrate by using the novel and robust thermally induced close diffusion reaction method. Firstly, a single-leg TE shows high application potential for powering wearable electronic devices, for converting light into electricity and also as thermal sensors. Finally, another important result of this work is related to the electrode. It is confirmed that a complex preparation process will increase the risk of device performance degradation. Device design and preparation process simplification are an important research topic, which is worthy of in-depth research. We believe that this work provides a novel and easy-to-implant strategy to fabricate high-performance flexible thin films and TE devices. These results are expected to have practical applications, especially for powering portable/wearable electronic devices.

Introduction

Recently, a series of remarkable researches showed that inorganic-organic hybrid can greatly enhanced the TE performance of the materials. In addition to the above chapters mentioned well known inorganic materials, recent reports indicated that inorganic-organic hybrid can greatly enhance the TE performance of the materials [1]- [3], providing another promising candidate for the preparation of performant thin films. For instance, C. L. Wan et al. [4] developed a strategy to adjust the carrier concentration of the hybrid inorganic/organic superlattices, which can be effectively reduced by 2-3 times. A high power factor of 904 μWm - filtering. On the other hand, hybrid thin films also have lower thermal conductivity than that of fully inorganic material, which attribute to a larger phonon scattering due to the nano-inclusions and organic-inorganic grain interfaces [8]- [10].

Organic CH3NH3I has been studied for different applications, especially in photovoltaic because of its outstanding optical, magnetic and electronic properties [11]- [13]. scattering centers for a wide range of phonons, leading to reduced thermal conductivity [8].

Our group has also demonstrated the feasibility of high quality TE inorganic-organic composite material Sb2Te3/CH3NH3I [18]- [20].

This chapter is an attempt to improve the TE properties of Sb-Te based TE material in the early stage of the doctoral work, especially the preparation and exploration of thermoelectric properties of TE inorganic-organic composite Sb2Te3/CH3NH3I/Sb2Te3 thin films. For this reason, we have also tested inorganic-organic nano-composites CH3NH3I/Sb2Te3 based thin film through the layer-by-layer evaporation growth method. The deposition process and the transport characteristics of the organic-inorganic composite thin films have been carefully studied in order to improve their TE properties.

Thin film preparation

The CH3NH3I was prepared by conventional method, routinely used in our research group [18].

Methylammonium iodide (MAI) was synthesized by using 28 milliliter (ml) methylamine (CH3NH2) (Sigma Aldrich) and 30 ml hydroiodic acid (HI) (Sigma Aldrich), which were 57 wt% and 40 wt% in water respectively. The reactants were then put together in an iced bath within a 250 ml flask at 0 °C under a constant magnetic stirring for 2 hours. After that, the reaction mixture was transferred to a beaker, placed in water heated at the constant temperature of 95°C, until the white powder of CH3NH3I was obtained. The purification process was carried out with a diethyl ether for three times. The high purity crystallized white methylammonium iodide (MAI) powder was obtained after drying at 60 °C in a vacuum chamber over ten hours.

Afterwards, the powder was kept at 25 °C in a vacuum oven to avoid hydration before use.

For the thin film fabrication, high-purity Sb2Te3 powder (99.99%, Aladdin) and CH3NH3I powder, previously prepared, were placed in two thermal evaporators (Tungsten evaporation boat). The preparation process for the multilayer thin films is schematized in Fig. 6.1. Firstly, the substrate, 2 mm thick BK7 glass, was cleaned with acetone, alcohol, and deionized water for 15 min respectively, in an ultrasonic cleaning machine. It was then dried under N2 gas.

Before deposition, the vacuum chamber was evacuated to a residual pressure of 9.0×10 -4 Pa

The thin film deposition was realized with the pressure of 2.1×10 -3 Pa, obtained with a high purity argon flow. The Sb2Te3 thin film was deposited for 10 min with an evaporation current of 120 A, while the CH3NH3I layer was evaporated 10 min onto the Sb2Te3 layer by using an evaporation current of 80 A. The second and last Sb2Te3 thin film was evaporated with the same condition of the previous Sb2Te3 thin film to sandwich the CH3NH3I layer. Finally, the Sb2Te3/CH3NH3I /Sb2Te3 multilayer was post-annealed at 448 K for 1 hour under an Ar atmosphere.

Fig. 6.1 The schematic preparing process for multilayer thin films.

Characterization of organic-inorganic composite thin films 6.3.1. Composition and morphology analysis

The composition of the thin film was obtained with EDS and the results are collected in Table 6.1. The Sb : Te atomic ratio is 40.07 : 59.93 (at. %), which is close the nominal composition of the Sb2Te3 thin film. When the CH3NH3I is present between the Sb2Te3 layers in the multilayer thin film, I atomic content is 0.53 at. % in Sb2Te3/CH3NH3I and Sb content is 42.18 at. %, higher than the nominal content, probably due to the relatively low volatility of this element. The surface morphology of Sb2Te3 and Sb2Te3/CH3NH3I multilayer films was observed by SEM, and shown in Fig. 6.2, with quite different aspects. Some dense and compact clusters of crystal with distinct flakes shape can be observed from the pristine Sb2Te3 thin film, which is the typical structure [1]. Important difference can be observed on the surface of Sb2Te3/CH3NH3I multilayer thin film. The clusters tend to be destroyed to form isolated nanoisland-like structure. This will be discussed later in relationship with the crystalline structure.

The thickness of the thin films was also listed in Table 6.1. To confirm the state of the organic components in the hybrid thin film, room-temperature Raman scattering measurements were performed by using the Micro-Raman Spectroscopy System (RENISHAW inVia) and the results are shown in Fig. 6.4. The laser excitation wavelength was 514.5 nm and the measurement range were from 40 cm -1 to 255 cm -1 for the thin films. Based on the theoretical calculation, by using density functional perturbation theory [1], there are four Raman sensitive phonon vibration modes for Sb2Te3 single crystal in the range of 40 cm -1 to 255 cm -1 , identified as 2A1g + 2Eg [21]. Here, three typical Sb2Te3 Raman modes are visible and located at 68.2 cm -1 , 119.7 cm -1 and 165.4 cm -1 , corresponding to the A 1 1g, E 2 g and A 2 1g, respectively. Interestingly, the other three Raman peaks are matched to the characteristic peaks of CH3NH3I [22], The Raman peak at ~139.9 cm -1 , can be attributed to the E 2 modes of the Te-Te bonds [23]. There is decreases in characteristic vibrational Raman peak of Sb2Te3/ CH3NH3I composite film at ~139.9 cm -1 . Therefore, it can be proved that Sb2Te3 and CH3NH3I structures exist in the composite film. The broad Raman peaks associated with CH3NH3I confirm its amorphous state, in agreement with the results of XRD. 

Thermoelectric properties

Table 6.2 shows the carrier mobility and concentration of Sb2Te3 and Sb2Te3/CH3NH3I composite thin films at room temperature. Electrical conductivity is determined by the formula of σ = nμe, where n, μ, and e are the carrier concentration, carrier mobility, and the unit charge, respectively. The measurements have been realized by Hall Effect Measurement System (HL5500PC, Nanometrics). The carrier mobility of Sb2Te3/CH3NH3I composite thin film is 124 cm 2 V -1 s -1 , higher than that of Sb2Te3 thin film (85.7 cm 2 V -1 s -1 ). The carrier concentration of the Sb2Te3/CH3NH3I composite thin films is 1.01×10 19 cm -3 , lower than that of the Sb2Te3 film.

Both of them are the p-type semiconductors. It is therefore anticipated that thanks to the presence of CH3NH3I, the recombination of charge carriers could be reduced. In fact, it is likely that the presence of iodine ions can reduce the number of dangling bonds, leading to reduced number of defects, which can act as traps for charge carriers. The Sb/Te ratio in the composite thin film is much larger than in pure Sb2Te3 thin film. This may be the reason for a lower hole carrier concentration, leading to a higher mobility and an increase in Seebeck coefficient. In addition, as it can be seen from the microstructure analysis, the enhancement of Seebeck coefficient can be explained by the energy-filtering effect, due to the presence of the nanoscale clusters in inorganic/organic composite.

As shown in Fig. 6.8 (b), the band bending at the inorganic/organic interface induces an energy potential barrier (ΔE). And the work function of Sb2Te3 is 4.55eV. The Valence band maximum (VBM) and Conduction band minimum (CBM) of CH3NH3I-based materials are -5.43eV and -3.93eV, respectively. When the energy of carriers is higher than ΔE, those carriers will be able to pass the barrier, otherwise, they will be blocked. This barrier acts as an energy filter for low energy electrons, and the filtered carriers with higher average energy can contribute to enhance the Seebeck coefficient [26]- [29]. This result is also confirmed from the hall measurements listed in Table 6.2. The carrier concentration decreases after the introduction of CH3CH3I hybrid, leading to lower carrier concentration, but higher carrier mobility, which is commonly observed in many inorganic-organic composited [12][30]. The temperature dependence of Seebeck coefficient of the samples was measured and is shown in Fig. 6.9 (a). The absolute S value of the pure Sb2Te3 thin film is 34.31 µVK -1 at 300K and increases to 215.19 µVK -1 when the temperature increases to 423 K. The absolute S value of the hybrid thin film is 156.12 µVK -1 at 303 K, about 4 times higher than that of the pure sample.

A very high value of 239.26 µVK -1 is reached at 423 K. Fig. 6.9 (b) and (c) show the electrical conductivity and calculated power factor of thin films as a function of temperature. The electrical conductivity of the pure sample is 5.67× 10 4 Sm -1 at 303K and decreases slightly to 4.46 × 10 4 Sm -1 after the introduction of the organic component due to the decrease of carrier concentration as mentioned above. With increasing temperature, the electrical conductivity of both the pure and hybrid films decrease. For comparison, the power factor has greatly increases from 0.07 mWm -1 K -2 for the pure Sb2Te3 to 1.09 mWm -1 K -2 for the hybrid film at 303K, which can have a maximum PF of 1.72 mWm -1 K -2 at 423K. To further investigate the influence of the thin film's thermal property, the room-temperature total thermal conductivity was measured by transient hot-wires theory method (shown in Fig. 6.10). The transient hot wire method used two metal wires, which were kept in a flexible substrate as a heating and testing unit. Then this unit was kept between two same thin film samples and the thermal conductivity can be measured and calculated by the thermal conduction principle [11][31]. This is an in-plane test. To get more reliable/reproducible data, the thermal conductivity of glass substrates with and without film was firstly measured. Then the thin film's thermal conductivity was calculated. The measurement of each sample was repeated for over ten times to confirm the reproducibility.

Finally, the result of the pure Sb2Te3 thin film was compared with reported data, confirming the validity of this technique. The temperature dependence of ZT value was calculated by using the power factor with a constant room temperature of 303 K. As shown in Fig. 6.9 (d), the total  of Sb2Te3 and Sb2Te3/CH3NH3I composite thin films is 1.25 Wm -1 K -1 , and 0.68 Wm -1 K -1 , respectively. Due to the drastic scattering effect of heat-carrying phonons by the introduced CH3NH3I, and to the existence of nano-components formed by organic functional groups, the thermal conductivity value of the composite film is much lower. As discussed earlier, such inorganic/organic Sb2Te3/CH3NH3I interfaces and defects will have significant influence on phonon scattering. The maximum ZT value of 0.77 can be obtained at 423 K. Therefore, it is confirmed that the TE property of thin film can be greatly improved by fabricating Sb2Te3/CH3NH3I organic-inorganic composite thin films, which can be a promising research direction for TE materials. The thin film thermal conductivity measurement system.

Conclusions

We have successfully prepared high-quality Sb2Te3/CH3NH3I composite thin films by thermal evaporation. For further improving the TE properties, the concept of organic/inorganic hybrid thin film structure has been tested. the corresponding TE properties of those thin films were studied and analyzed in relationship with the microstructure, characterized using different techniques such as SEM, TEM, EDS, XRD and Raman. It is interesting to notice that the introduction of organic component leads to smaller Sb2Te3 crystals and creates additional crystalline/amorphous boundaries. Different boundaries, including crystal/crystal boundaries, are very efficient for phonon scattering, leading significantly lower thermal conductivity of the hybrid thin film. In addition, the band alignment between the Sb2Te3/CH3NH3I create also an energy gap, acting as an energy-filter to remove low energy electrons. This effect decreases effectively the carriers' concentration, but increase their mobility, leading to improved Seebeck coefficient. A promising ZT value of 0.77 at 423 K has been obtained with the hybrid film, which is doubled in comparison with the pure Sb2Te3 thin film.

GENERAL CONCLUSIONS

This thesis was focused on the development of innovating thin film preparation methods and on the thermoelectric property optimization of p-type and n-type Bi-Sb-Te thin films. The objective was to realize efficient and flexible thermoelectric devices based on thin films.

Firstly, two main tasks have been particularly executed. The first one was devoted to the preparation of high quality starting materials (targets) and the second task was focused on thin film deposition. The bulk target materials Sb2Te3 / Bi2Te3 have successfully prepared and thin films were obtained with Magnetron sputtering. These thin films constituted an interesting base for the preparation of flexible thermoelectric devices. However, the performance of these films was considered as insufficient and therefore, improvement of the preparation methods as well as the properties of these films, was necessary.

An innovative approach for fabricating thermoelectric thin films has been tested successfully, based on thermally induced diffusion reaction of tellurium. Pure phase Sb2Te3 thin films with excellent quality have been, for example, prepared with a high power factor of 1.69 mWm -1 K - 2 at room temperature. It has been demonstrated that the composition deviation can have important influence on the thermoelectric properties of the Sb2Te3 thin films. A Te excess, with for example the composition Sb2Te4 can give a thin film with a high power factor of 2.12 mWm - 1 K -2 at room temperature, which is the highest value for undoped Sb2Te3 thin films. Bending tests have revealed the excellent flexibility of these thin films.

Different doping strategies for enhancing the thermoelectric performance of the p-type Sb2Te3 based thin films have been applied. Single-element doping and co-doping of different elements were studied. The best single doping element was Bi, achieving a power factor of 2.29 mWm - 1 K -2 at 30 °C, with a Bi doping content of 7.81 at.%. Different co-doping with Bi has been tested and the results were not as good as the single element doped Sb2Te3 thin film.

The room-temperature thermal conductivity of thin films was measured using the transient electrothermal technique (TET). The results indicated that doping was an efficient strategy to decrease the thermal conductivity of the thin films, leading to higher figure of merit ZT value, in comparison with un-doped thin films. Therefore, the results confirmed that doping can enhance the thermoelectric performance of the p-type Sb2Te3 based thin film.

Flexible n-type Bi2Te3 based thin films have also been obtained using this novel and robust thermally induced close diffusion reaction method with an excellent PF of 1.46 mWm -1 K -2 and excellent flexibility.

Based on the above results, a single-leg TE device consisting of 5 strips of p-type Sb2Te3 thin films and a flexible power generator consisting of 8 pairs of p-n TE legs have been assembled.

The overall performance of these thermoelectric devices is comparable or more often higher than most reported flexible organic and inorganic thin films devices. More importantly, a novel or finger touch. This highly flexible generator with high overall performance shows high application potential for powering wearable electronic devices, for converting light/heat into electricity and also as thermal sensors. Finally, another important result of this work was related to the electrodes. It is confirmed that a complex preparation process will increase the risk of device performance degradation. The simplification of device design and preparation process is an important research topic, which is worthy of in-depth research. We believe that this work provides a novel and easy-to-implant strategy to fabricate high-performance flexible thin films and TE devices. These results are expected to have practical applications, especially for powering portable/wearable electronic devices.

In addition to the above work, some additional and more exploratory work have been performed

for the improvement of thermoelectric performance of thin films using innovative concepts.

High-quality Sb2Te3/CH3NH3I composite thin films have been prepared by thermal evaporation in order to test the concept of organic/inorganic hybrid thin films for further improving the TE Abstract: This thesis was focused on the development of innovative thin film preparation methods and on the optimization of p-type and n-type Bi-Sb-Te thin films for preparing high performance and flexible thermoelectric devices.

Firstly, Sb2Te3 and Bi2Te3 thin films have been prepared with Magnetron sputtering by using homemade targets and they have been characterized for thermoelectric application.

Secondly, an innovative approach for fabricating thermoelectric thin films has been tested successfully, based on thermally induced diffusion/reaction. Pure phase Sb2Te3 thin films with excellent quality have been prepared. It has been demonstrated that the composition deviation can have important influence on the thermoelectric properties of the Sb2Te3 thin films. A Te excess, with for example the composition Sb2Te4 can give a thin film with a high power factor of 2.12 mWm -1 K -2 at room temperature, which is the highest value for undoped Sb2Te3 thin films. Different doping strategies for enhancing the thermoelectric performance of the p-type Sb2Te3 based thin films have been applied. Single-element doping and twoelement co-doping were particularly studied. The best single doping element was Bi, achieving a power factor of 2.29 mWm -1 K -2 at 30 °C, with a Bi doping content of 7.81 at.%. Materials with co-doping did not outperform Bi-doped Sb2Te3 thin film.

Thirdly, the novel and robust thermally induced close diffusion/reaction method has also been used for preparing n-type Bi2Te3 thin films. An excellent power factor of 1.46 mW m -1 K -2 has been obtained.

It has been demonstrated that all these thin films had excellent mechanical resistance to flexion, compatible with wearable applications.

Bi-Sb-Te based flexible thin film thermoelectric devices with the different structures/configurations have been designed and fabricated. An open circuit voltage of 46.7 mV and an ultrahigh power density of 2.86 W m -2 have been obtained under a moderate temperature difference of 20°C for a device with 18 pn legs. This work has provided a novel and easy-toimplant strategy to fabricate high-performance flexible thermoelectric devices, especially promising for powering portable/wearable electronic devices. Some additional and more exploratory works have also been performed for improving the thermoelectric properties of thin films using innovative concepts. High-quality Sb2Te3/CH3NH3I composite thin films have been prepared by thermal evaporation in order to test the concept of organic/inorganic hybrid thin films. It is interesting to notice that the different boundaries in the composite films are very efficient for phonon scattering, leading to much lower thermal conductivity of the hybrid thin film. In addition, the energy filtering effect is also favorable for improving the Seebeck coefficient. A promising ZT value of 0.77 at 423 K has been obtained with the hybrid film, which is the double in comparison with the pure Sb2Te3 thin film.
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  Des dopages ont été utilisés pour améliorer les performances thermoélectriques des couches minces -Des dispositifs thermoélectriques flexibles ont été fabriqués avec des performances prometteuses /Sb2Te3 ont été explorées pour une amélioration des propriétés thermoélectriques.

Figure 1 .

 1 Figure 1. Temperature dependence of electrical conductivity σ, Seebeck coefficient S and power factor PF of the (a) Bi2Te3 and (b) Sb2Te3 thin film.

  illustre le procé dé de pré paration de couches minces par diffusion thermique. Les couches de Sb et Te ont é té pré alablement dé posé es sur des substrats de polyimide (PI) flexible par pulvé risation magné tron DC pour Sb et RF pour Te respectivement. Ensuite, ces couches ont été mises en contact face à face. L'ensemble est chauffé directionnellement depuis le côté de la couche de Te. Une couche de Sb2Te3 est formé e sur le substrat contenant initialement du Sb, tandis que rien ne reste sur le substrat contenant initialement du Te.

Figure 2 .

 2 Figure 2. Schematic illustration of the preparation process for the Sb-Te thin films.

  La flexibilité de ces couches minces de Sb2Te3 a é té testé e et les ré sultats indiquaient que ces couches flexibles possédaient d'excellentes propriétés mécaniques, compatibles avec des applications portables.

Figure 3 .

 3 Figure 3. (a) Carrier concentration and mobility, (b) Seebeck coefficient, electrical conductivity and power factor as function of heat treatment temperature.

Les é tudes utilisant

  le MEB montraient clairement que la teneur en Te dans les couches minces affectait directement la croissance cristalline et qu'une teneur é levé e en Te é tait clairement favorable à cette croissance. La pré sence de Sb2Te3 et de Te dans les couches a é té confirmé e par la DRX et l'observation au MET (microscope électronique en transmission). VII L'influence de la composition Sb2Tex sur diffé rentes proprié té s thermoé lectriques est ré sumé e sur la Figure 4, Le coefficient de Seebeck S atteint la valeur maximale à x = 4,5 avec un large excès en Te et la conductivité électrique σ atteint la valeur maximale de 14,7×10 4 Sm -1 avec x = 4. Le facteur de puissance pré sente une tendance quasiment indé pendante de la tempé rature et la valeur la plus é levé e de 2,1 mWm -1 K -2 est obtenue aussi avec x = 4. Ces ré sultats montrent qu'un excès de Te est favorable à une optimisation des proprié té s thermoé lectriques des couches minces à base de Sb-Te.

Figure 4 .

 4 Figure 4. (a)-(c) Thermoelectric properties as a function of measurement temperature for Sb2Tex thin films, prepared by heating at 350 °C.

Figure 5 .

 5 Figure 5. Thermoelectric properties of the Bi doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Figure 6 .

 6 Figure 6. Thermoelectric properties of the In doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Ré sumé Dé taillé En Franç ais XIII 4 . Couches minces de Bi2Te3 de type n 4 . 1 .

 441 Pré paration des couches mincesComme discuté pré cé demment, les couches de Bi et de Te ont é té dé posé es sé paré ment en utilisant la pulvérisation sur des substrats en polyimide. Le procédé de formation d'une couche de Bi2Te3 est illustré sur la Figure7.

Figure 7 .

 7 Figure 7. Schematic illustration of Bi2Te3 thin films growth process.

Figure 8 .

 8 Figure 8. TEM analysis of 350 °C -Bi2Te3 thin films. (a) TEM image, (b) high resolution TEM (HRTEM) image of the selected area (a*) in (a), (c) HRTEM image, (d)-(e) inverse fast Fourier

Figure 9 .

 9 Figure 9. D'une façon gé né rale, une tempé rature de diffusion plus é levé e entraine une augmentation importante de la mobilité des porteurs de charge, probablement en raison d'une

Figure 9 .

 9 Figure 9. (a) Carrier concentration and mobility of the flexible 350 °C -Bi2Te3 thin films. Temperature dependence of TE properties: (b) σ, (c) S, (d) PF for the 250 °C -350 °C Bi2Te3 films.

Figure 10

 10 Figure 10 illustre le procédé de préparation d'un dispositif thermoélectrique souple à un maté riau à base de Sb2Te3. Les couches minces à base de ce maté riau ont é té dé posé es sur un substrat en polyimide par pulvérisation avec un masque. L'Ag a été utilisé comme électrode pour connecter les couches minces.

Figure 10 .

 10 Figure 10. Preparation process of single-leg structure flexible thermoelectric thin film device.
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 1152521 Figure 11. (a) Output voltage and output power versus current at different temperature differences. (b) The power density as a function of △T.

Figure 12 .

 12 Figure 12. Schematic of the preparation process of the thermoelectric device.

Figure 13 .

 13 Figure 13. (a) Output voltage and output power versus current at the temperature difference of 10 °C -58 °C. (b) The voltage difference induced by the temperature difference between a human body and the ambient temperature.

Figure 14 .

 14 Figure 14. Schematic illustration of the preparation process of the flexible TETF device in a shape of cycle π.

Figure 15 .

 15 Figure 15. (a) Illumination test set-up (b) Output voltage and output power of the TE device under lighting (inset) with the Illumination test apparatus.

Figure 17 .

 17 Figure 17. HRTEM images of Sb2Te3/CH3NH3I composite thin film.

Figure 18 .

 18 Figure 18. (a) Various phonon scattering mechanisms for pure Sb2Te3 and Sb2Te3/CH3NH3I composite thin films. (b) The schematic illustration of the energy-filtering effect at the interface of inorganic/organic Sb2Te3/CH3NH3I composite thin film.

Figure 19 .

 19 Figure 19. Electrical transport properties as a function of temperature for Sb2Te3 and Sb2Te3/CH3NH3I composite thin films; (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) ZT values.

  dispositifs thermoé lectriques flexibles, utilisant diffé rentes configurations ont é té pré paré s et caracté risé s. Les performances obtenues dans ce travail sont comparables et souvent meilleures que celles des meilleurs dispositifs flexibles publié s à base de couches minces organiques ou inorganiques. A titre d'exemple, un dispositif avec 18 paires de jonctions p-n a permis d'obtenir un voltage à circuit ouvert de 46,7 mV et une densité de puissance très élevée de 2,86 Wm -2 avec une différence de température de seulement 20°C. Ce dispositif permet également de convertir directement l'énergie solaire en électricité et il est en plus très sensible à la variation de la température et pourrait être utilisé aussi comme capteur de température. Il est utile de mentionner que le procédé de fabrication de ces dispositifs performants a été soigneusement conçu et simplifié, permettant d'envisager une production fiable et économique à grande échelle. Des é tudes exploratoires ont é té é galement entreprises pour obtenir des couches minces encore plus performantes. Des couches minces composites organiques-inorganiques de Sb2Te3/CH3NH3I ont é té notamment dé posé es par é vaporation thermique. Il a é té dé montré que la pré sence de joints de grains et d'interfaces est trè s efficace pour diffuser les phonons, permettant ainsi de diviser la conductivité thermique presque par deux. L'insertion de la phase organique dans le Sb2Te3 a é galement permis d'augmenter fortement le coefficient de Seebeck en filtrant les é lectrons grâ ce aux barriè res d'é nergie cré é es à l'interface organique/inorganique. Une figure de mé rite ZT trè s prometteuse de 0,77 à 423 K a é té obtenue avec une couche mince composite/hybride.

  This technology has attracted wide attention as it exhibits numerous interesting features such as solid-state operation, zero-emissions, vast scalability, low maintenance and a long operating lifetime. The conversion efficiency of a TE device is determined by the dimensionless figure of merit ZT=S 2 σT/κ, calculated with the three thermoelectric properties of the materials, Seebeck coefficient S, electrical conductivity σ and thermal conductivity κ. Ideal thermoelectric materials should possess a high σ, a high S and a low κ to have a high ZT. Unfortunately, these parameters are generally interdependent and thus improving one would normally counteract or deteriorate the others, resulting in a limited ZT value and energy-conversion efficiency.The traditional technique of manufacturing TE devices cannot meet the requirements of miniaturization with high energy density and very small size. It is also necessary to minimize the replacement/recharge and extra-maintenance of these devices. In response to the above requirements, different research schemes are proposed and among which, micro-TE devices based on flexible thin films have been particularly studied. Indeed, the TE thin film (TETF)

  -based materials are among the most studied thermoelectric materials with past and recent important results. So far, no TE material has outperformed Bi2Te3 and Sb2Te3 near room temperature. Since the narrow band gap of these materials may contribute to decent σ, while high band degeneracy can lead to high S 2 σ, Bi2Te3 and Sb2Te3 are anticipated to exhibit intrinsically splendid electrical properties. Their band structure is often optimized by doping and atom substitution. This method can effectively optimize the carrier concentration and mobility, achieving improved thermoelectric figure of merit of these semiconductors. Numerous reports have shown that Bi2Te3 and Sb2Te3 materials are the basic materials with excellent thermoelectric properties, for further development of TE thin films and devices.Nonetheless, the following challenges/issues should still be addressed before practical application: (1) Simple and reproducible preparation method to achieve high-quality TE thin film TE should be developed. (3) Flexible TETF device with appropriate architecture in order to address separately different issues (the preparation techniques of various types of thin films, electrode connection method, integration of the units and so on) for achieving ultimately high efficiency with environmental stability should be designed/developed. Through careful investigation of the state of the art, we believe that an intrinsic thermoelectric thin film with excellent film quality and high thermoelectric performance can be obtained by developing appropriate thin film preparation method. Optimized Te self-doping and doping using other elements can lead to high PF values based on p-type and n-type Bi-Sb-Te thin films for the realization of flexible devices. The purpose of this work is to develop innovative thinfilm preparation methods to prepare high-quality and high-performance flexible thermoelectric thin films and devices.
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 11 Fig. 1.1 Energy distribution of the burning fuel and the waste heat recovery.

Fig. 1 . 2 Fig. 1 . 3

 1213 Fig. 1.2 Applications of the thermoelectric conversion technology.
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 1 4 (a)[14][21]. This formed the basis of all modern thermoelectric theory and accelerated research effort focused on developing materials with high ZT. Timeline of the maximum ZT values for several representative families of TE materials is presented in Fig.1.4 (b), It can be found that the maximum ZT was about 1.0 before 1990. Some new concepts and new materials have pushed ZT to over 2.5 very recently. In addition to the race for getting high ZT > 2.0, the new trend is to use low-cost and earth-abundant materials[22].
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 14 Fig. 1.4 (a) The relationship between the ZT value of the TE material and the efficiency of the TE generator and (b) timeline of the maximum ZT values for several representative families of TE materials.

Fig. 1 . 5 Fig. 1 .

 151 Fig. 1.5 (a)The Seebeck effect-a thermoelectric circuit composed of materials of different Seebeck coefficients (b) Schematic diagram of thermoelectric generation device based on Seebeck effect.

Fig. 1 . 6

 16 Fig. 1.6 (a) The Peltier effect-Two metals (b) Schematic diagram of thermoelectric generation device based on Peltier effect.

Fig. 1 . 7

 17 Fig. 1.7 Representation of the variation of the S, σ, PF (S 2 σ), κe, and κl as a function of n, for a material.
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 18141411411 Fig. 1.8 Power generating efficiency (𝜂p) of thermoelectric devices as a function of average figure of merit ZTave of materials.

Fig. 1 . 9

 19 Fig. 1.9 Crystal structure of several new TE materials. (a) Crystal structure of the cubicchalcocite α phase of Cu2-δX. Blue spheres represent X atoms. The liquid-like copper ions travel freely throughout the sulfide sublattice. (b) Crystal structure of SnSe, gray atoms present Sn, red atoms present Se. (c) Crystal structure of Skutterudites MX3 (M=Co, Rh, Ir; X=P, As, Sb) (d) Crystal structure of cubic rock salt I-V-VI2 semiconductors, yellow atoms represent Ag/Sb,

Fig. 1 .

 1 Fig. 1.10 (a) Schematic illustration of the mechanisms of phonon scattering and electronic transport of cold and hot electrons inside the TE materials. (b) Significant variations in the electronic DOS with the reductions of dimensionality of the materials for 3D crystalline semiconductor, 2D quantum well, 1D nanowire/nanotube, and 0D quantum dot. The nanostructured materials have enhanced electronic DOS near the Fermi level, that may be useful for enhancing the performance of TE materials. (c) Theoretical calculation of the relationship between ZT value and material dimension [104].

Fig. 1 . 1 . 4 . 2 . Te-based thermoelectric materials 1 . 4 . 2 . 1 .

 11421421 Fig.1.10 (b) illustrates the electronic band structure behavior of various low dimensional materials as compared with traditional three-dimensional (3D) bulk materials. Compared with 3D materials, all low dimensional materials have a very sharp feature in the density of states, especially for one-dimensional (1D) and zero-dimensional (0D) materials. In these structures, electrons are confined to a physical space with lower dimension, and the resulting density of states exhibits sharp transitions with respect to energy, which is desirable for a high Seebeck coefficient. Moreover, these structures give the opportunities to increase the boundary

Fig. 1 .

 1 Fig. 1.11 Collections of high peaks ZT (>1) in Bi-Sb-Te based materials [117].

Fig. 1 .

 1 Fig. 1.12 (a) Side view of Bi2Te3 crystal structure, with the quintuple layer highlighted containing five monatomic layers stacking along c-axis in the sequence of -Te(1)-Bi-Te(2)-Bi-Te(1)-. (b) Typical electronic band structure of Bi2Te3 [125].

  thermoelectric properties. Guo Feng Wang et al. have calculated the electronic energy band structure in the first Brillouin zone of Sb2Te3, as shown in Fig. 1.13 (b) [127]. The results indicate that the compound Sb2Te3 has multiple energy valleys, with relatively narrow forbidden band width and an indirect band gap.

Fig. 1 .

 1 Fig. 1.13 (a) Sb2Te3 crystal structure. (b) Typical electronic band structure of Sb2Te3.

Fig. 1 .

 1 14 displays some of the TE materials developed in recent years, leading to enhanced TE properties with the reduction of dimension of the materials from 3D to 2D to 1D to 0D[START_REF] Lv | A comprehensive review of strategies and approaches for enhancing the performance of thermoelectric module[END_REF][START_REF] Hung | Confinement effect in thermoelectric properties of two-dimensional materials[END_REF].

Fig. 1 .

 1 Fig. 1.14 Recent developments of TE performance with the reducing the dimension of TE materials since 1940 [132].

Fig. 1 . 15 illustrates

 115 some flexible TETF devices[9][166][START_REF] Jin | Flexible layer-structured Bi2Te3 thermoelectric on a carbon nanotube scaffold[END_REF]. As an emission-free power source, thermoelectric materials can meet the above requirements by stably and directly converting body heat into electricity through the Seebeck effect[44][START_REF] Chen | Nanostructured thermoelectric materials: Current research and future challenge[END_REF], and acting as solid-state power sources without any vibration[START_REF] Bahk | Flexible thermoelectric materials and device optimization for wearable energy harvesting[END_REF][168][START_REF] Vladimir | Thermoelectric energy harvesting of human body heat for wearable sensor[END_REF]. Especially, Bi2Te3-based thermoelectric materials have been widely reported to present outstanding thermoelectric performances in the low-temperature range[START_REF] Hong | Arrays of Planar Vacancies in Superior Thermoelectric Ge1-x-yCdxBiyTe with Band Convergence[END_REF]-[START_REF] Yang | Room-temperature synthesized copper iodide thin film as degenerate p-type transparent conductor with a boosted figure of merit[END_REF]. Therefore, developing high-performance Bi-Sb-Te based TETF materials is of vital significance.

Fig. 1 .

 1 Fig. 1.15 Several flexible thermoelectric devices.

Chapter

  II is the previous exploration of researches in the early stage of doctoral work, including exploration of Bi2Te3/Sb2Te3 target and thin films. Chapter III is focalized on the development of innovative preparation methods of the p-type Sb2Te3 based TETF. Chapter IV is related to the n-type Bi2Te3 based thin films. Chapter V will report the fabrication and characterization of Bi-Sb-Te based flexible TFTE devices with the different structures. Chapter VI is an attempt to improve the TE properties of Sb-Te based TE material in the early stage of the doctoral work, which is preparation and exploration of thermoelectric properties of TE inorganic-organic composite Sb2Te3/CH3NH3I/Sb2Te3 thin films. Chapter II: Bi 2 Te 3 and Sb 2 Te 3 thin films prepared by magnetron sputtering 2.1. Introduction P-type Antimony telluride (Sb2Te3) and n-type Bismuth telluride (Bi2Te3) are well-known thermoelectric compounds with similar valence band structure and crystal structure [1]-[3]. Sb2Te3 and Bi2Te3 based chalcogenide thermoelectric (TE) materials have intrinsic excellent TE performance around room temperature [4][5] and they have been widely employed for

Fig. 2 . 1

 21 Fig. 2.1 Experimental procedure flow chart for thin film preparation.

Fig. 2 . 2

 22 Fig. 2.2 (a) Equipment picture of SPS (b) Illustration of Spark Plasma Sintering process [14].

Fig. 2 . 3

 23 Fig. 2.3 Thermal treatment applied during sintering of the Bi2Te3 or Sb2Te3 targets.

Fig. 2 .

 2 Fig.2.5 shows the XRD patterns of the powder (which obtained by ball milling for 4 h) before the sintering and target of Bi2Te3. The X-ray diffraction (XRD) was realized using the D/max2500, Ultima IV equipment from Rigaku Corporation, (Fig.2.4) with the 2θ angle range of 10°-80°, using Cu Kα radiation (λ = 0.15406 nm) which operated at 40 kV and 40 mA. Fig.2.5 illustrates prominent peaks of the powder in agreement with the standard card of the phase of Bi and Te. This indicates that the starting elements are simply grounded during the ball milling and there was not significant reaction between them.

Fig. 2 . 4

 24 Fig. 2.4The schematic diagram of XRD and its working principle[15]-[18].

Fig. 2 . 5

 25 Fig. 2.5 Powder and target X-ray diffraction patterns of Bi2Te3 (Inset: the front side of the sintered target and the side view of the bonded copper base plate).

Fig. 2 . 6

 26 Fig. 2.6 Scanning electron microscope and the work principle.

Fig. 2 . 7

 27 Fig. 2.7 (a) SEM surface topography of the cross section of the Bi2Te3 target (b)-(d) Mapping image of surface composition of the sintered target.

Fig. 2 .

 2 Fig. 2.8 shows the XRD patterns of the sintered Sb2Te3 target and Sb2Te3 powder which obtained by ball milling for 10 h. All the diffraction peaks can be indexed to the standard peaks of Sb2Te3 (PDF#15-0874). No impurity peak is observable, indicating that a quite pure Sb2Te3 target was successfully produced. It can be seen from the inset that the surface of the Sb2Te3 target is smooth with however several quite large pores, which did not affect significantly the thin film deposition. The side view of the Sb2Te3 target shows an excellent contact with the copper base plate, which helps greatly to dissipate the heat generated during the sputtering and minimizing the risk of target cracking.

Fig. 2 .

 2 Fig. 2.8 X-ray diffraction patterns of Sb2Te3 powder and target (Inset: the front side of the prepared target and the side view of the bonded copper base plate).

Fig. 2 . 9

 29 Fig. 2.9 (a) Magnetron sputtering facility (b) The schematic working principle.

Fig. 2 .

 2 Fig. 2.10 The schematic diagram of preparing process of thin film.

Fig. 2 .

 2 Fig. 2.11 X-ray diffraction patterns of Bi2Te3 thin film with and without annealing.

  86: 59.14 (at. %), which can be considered as the nominal composition Bi : Te = 2 : 3. The atomic ratio of Bi/Te for the unannealed-Bi2Te3 thin film is also close to 2:3. For the annealed Bi2Te3 thin film, the content of Te had a slight decrease, probably due to the partial volatilization of Te during hightemperature annealing. The thickness of unannealed-Bi2Te3 and annealed-Bi2Te3 thin film thin films is 630.2 and 629.0 nm respectively, as shown in Table2.1, measured by using BRUKER Surface Profiler (Dektak 150, Fig.2.12). As expected, the thickness of the thin film sample after annealing treatment dit not change significantly.

Fig. 2 .

 2 Fig. 2.12 BRUKER Probe Surface Profiler Test System

Fig. 2 .

 2 Fig. 2.13 (a), (b) displays the microstructure for all the samples. Fig. 2.13 (a) is the SEM image of the pristine unannealed Bi2Te3 thin film and Fig. 2.13 (b) is for the annealed Bi2Te3 thin film.

Fig. 2 .

 2 Fig. 2.13 SEM patterns of Bi2Te3 thin films (a) unannealed (b)after annealing.

Fig. 2 .

 2 Fig. 2.14 (a) The facility and (b-c) the measurement principle of the simultaneous determination of Seebeck coefficient, (d) A diagram of voltage and temperature gradient, and (e) measurement principle of electrical resistivity.

Fig. 2 .

 2 Fig. 2.15 displays the thin films temperature dependence of electrical conductivity (σ), seebeck coefficient (S) and power factor (PF). The test temperature was in the range from 300 K to 550 K. For the unannealed Bi2Te3 thin films, the electrical conductivity σ and absolute value of Seebeck coefficient S of the unannealed samples show an increasing trend with the increasing test temperature. The maximum values, in the measurement range, of conductivity and the absolute values of Seebeck coefficient are 14.63×10 4 Sm -1 , and 69.76 μVK -1 , respectively,

  annealed Bi2Te3 thin films show the same trend, as the unannealed sample concerning the evolution of the electrical conductivity σ and absolute value of seebeck coefficient S as function of temperature. The Seebeck coefficient is basically the same for both samples, but the conductivity is significantly lower for the annealed sample. The maximum values of σ and the absolute values of S, for the annealed thin film, are 13.89×10 4 Sm -1 , and 69.61 μVK -1 , respectively, leading to a PF of 0.67 mWm -1 K -2 (543K). Based on the above analysis of SEM and EDS, the lower electrical conductivity of the annealed film may be due to the lack of Te.

Fig. 2 .

 2 Fig. 2.15 Temperature dependence of electrical conductivity σ, seebeck coefficient S and power factor PF for the unannealed and annealing Bi2Te3 thin films.

  Sb2Te3 thin films case of annealing at 300 °C. The exploration of different annealing temperatures will be carried out in the follow-up research work.The composition of Sb2Te3 target and unannealed Sb2Te3 thin film was shown in the Table2.2, the Sb : Te atomic ratio is 40.59: 59.41 (at. %), which can be considered as the nominal composition of 2 : 3. This ratio for the unannealed Sb2Te3 thin film is significantly lower than 2:3, indicating that the as-deposited unannealed Sb2Te3 thin film sample has deficiency of Te, likely due to the relatively higher volatility of Te than Sb. The thickness of the Sb2Te3 thin film is 340.3 nm. The XRD spectra of thin films are shown in Fig.2.16 (a). All the diffractions peaks are broad, indicating that the film was not well crystalized. These peaks can be assigned to Sb2Te3 (PDF#15-0874), without visible impurity peak. Fig.2.16(b) displays the microstructure for the Sb2Te3 thin film samples. The surface morphology of the thin film appears smooth and flat, containing many nano-crystallites, in agreement with the XRD.

Fig. 2 .

 2 Fig. 2.16 (a) XRD and (b) SEM patterns of Sb2Te3 thin film prepared by the homemade target

Fig. 2 .

 2 Fig. 2.17 Temperature dependence of electrical conductivity σ, seebeck coefficient S and power factor PF of the Sb2Te3 thin film.

Fig. 3 .

 3 Fig. 3.1 shows the schematic illustration of the preparation process. Flexible polyimide with low thermal conductivity of 0.12 WK -1 m -1 was chosen as the substrate. The substrates were used and cleaned in an ultrasonic bath for 10 minutes in absolute ethyl alcohol and 10 min in deionized water. The Sb and Te thin films were deposited on this substrate by direct current magnetron sputtering for Sb and radio frequency magnetron sputtering for Te, respectively. The sputtering parameters are as follows: the sputtering power of 20 W for both Sb and Te films, the sputtering time of 23 min for Sb film and 42 min for Te film. The sputtering rates was ~ 10 nm/min for Sb and ~14 nm/min for Te, respectively. The residual pressure before deposition was below 8.0 × 10 -4 Pa and the deposition pressure was 0.7 Pa with an argon flow of 40 sccm. After deposition, Sb and Te thin films were face to face bound together and then directionally heated from the side of Te thin film under a vacuum of 9.0 × 10 -4 Pa and an external pressure of 5 N mm -2 . Finally, Sb2Te3 compound was formed on the substrate containing Sb, while the substrate initially containing Te became blank. The thin film growth mechanism will be discussed below.

Fig. 3 . 1

 31 Fig. 3.1 Schematic illustration of the preparation process for the Sb-Te thin films.

Fig. 3 . 2

 32 Fig. 3.2 Schematic diagram illustrating the importance of the heat flow direction for efficient Te diffusion into the Sb film.

Fig. 3 . 3 3 . 3 .

 3333 Fig. 3.3 The formation mechanism for the Sb-Te thin films.

Fig. 3 .

 3 Fig. 3.4 (a)-(d) shows the surface morphology and (e)-(h) the cross-sectional SEM images of Sb-Te thin films prepared by different heat treatment temperature of 300, 325, 350 and 375 °C.Those thin films were uniform with a dense surface and a strong adhesion to the substrate. With increasing heat treatment temperature, the grains became bigger, which should be favorable for enhanced thermoelectric properties. From the cross-section images of Fig.3.4 (e)~(h), the small and randomly oriented grains of the 300 °C Sb2Te3 can be observed, which was attributed to the slow Te diffusion rate and grain growth rate at relatively low reaction/diffusion temperature. For the 325 °C Sb2Te3 sample, similar situation was observed. When the temperature was increased to 350 °C, large columnar-shaped Sb2Te3 grains were obtained with perpendicular orientation to the substrate as shown in Fig. 3.4 (g). The EDS mapping of surface in Fig. 3.4 (i) show a uniform distribution of Sb and Te from Fig. (c).

Fig. 3 . 4

 34 Fig. 3.4 SEM images of Sb-Te thin films. (a)-(d) Surface morphology and (e)-(h) Crosssectional morphology of samples prepared by different heat treatments. (i) Elemental mapping of the thin film of 350°C.

Fig. 3 . 5

 35 Fig. 3.5 (a) The cross-section images of the Sb-Te thin film with 350 °C heat treatment. (b)The EDS Te and Sb contents along the line A-B of (a).

Fig. 3 . 6

 36 Fig. 3.6 Raman spectrometer (RENISHAW) and its working principle

Fig. 3 . 7

 37 Fig. 3.7 (a) XRD and (b) Raman patterns of Sb-Te thin films prepared by different heat treatment temperatures.

Fig. 3 . 8

 38 Fig. 3.8 Schematic diagram of Hall test equipment and Hall effect.

Fig. 3 . 9

 39 Fig. 3.9 (a) Carrier concentration and mobility, (b) Seebeck coefficient, electrical conductivity and power factor as function of heat treatment temperature.

3. 11

 11 shows the relative resistance change under different bending cycles (200, 400, 800, 1200, 1600 and 2000 times) with the different bending radius of 6.5, 8, 9.5, and 11 mm of the Sb2Te3

Fig. 3 .

 3 Fig. 3.11 The bending test results for Sb2Te3 thin film by monitoring the relative resistance (R'/R0) as functions of the bending cycles with a bending radius of 6.5, 8, 9.5, and 11 mm.

Fig. 3 .

 3 Fig. 3.12 shows the bending test results for Sb2Te3 based thin film by monitoring the relative

Fig. 3 .

 3 Fig. 3.12 The bending test results for Sb2Te3 based thin film by monitoring the relative resistance (R'/R0) as functions of the bending radius with the bending cycles of 800, 1200, 1600, and 2000.

Fig. 3 .

 3 Fig.3.13 (a)-(f) shows the surface morphology and cross-sectional SEM images of the Sb2Tex thin films, with x = 2.5, 3, 3.5, 4, 4.5 and 5. All these thin films were prepared by using the optimized heat treatment temperature at 350 °C. The corresponding thickness of the thin films were 690, 630, 650, 680 and 700 nm respectively. The surface morphology SEM images reveal that all the thin films are dense and the surface becomes less and less smooth with increasing Te content. One can see that some crystalline islands appear especially on the surface of the Te-

Fig. 3 .

 3 Fig. 3.13 (a) -(f) Surface morphology SEM images of Sb-Te thin films with different atomic ratio of Sb2Tex (x is 2.5, 3, 3.5, 4, 4.5 and 5 respectively), insets are the cross section of the Sb-Te thin film.

Fig. 3 .

 3 Fig. 3.14 (a) Magnified part of Fig. 3.13 (d), (b) Elemental point of the thin film in (a).

Fig. 3 .

 3 Fig. 3.15 XRD spectra of Sb2Tex thin films with different Te content x.

Fig. 3 .

 3 16 (b) shows the lattice structure of Sb2Te3 and the three main Raman-active modes in Te and Sb2Te3 respectively[19]. In summary, Raman spectra confirm the existence of Sb2Te3 and Te in those samples, in total agreement with the XRD data and the EDS analysis.

Fig. 3 .

 3 Fig. 3.16 (a) Raman spectra of Sb2Tex thin films with different Te content x, and (b) the lattice structure of Sb2Te3 and the three main Raman-active modes in Te and Sb2Te3.

Fig. 3 .

 3 Fig. 3.17 (a)-(c) XPS patterns of Sb2Tex thin films with Te content x of 4.

Fig. 3 .Fig. 3 .

 33 Fig. 3.18 High-resolution transmission electron microscopy and schematic diagram

Fig. 3 .

 3 Fig. 3.20 (a) shows the low-magnification TEM image from the cross section of the Sb2Te3 thin film with Te enrichment (Te content of x = 4), prepared by Focused Ion Beam (FIB). Fig. 3.20

Fig. 3 .Fig. 3 .

 33 Fig. 3.20 (a) Low-magnification TEM image of the cross section of the Sb2Te3 thin film with Te enrichment (Te content of x = 4). (b) and (c)-(f) is element mapping from regions 1 and 2 in (a), respectively.

Fig. 3 .

 3 Fig. 3.21 (a) Atomically resolved scanning transmission electron microscopy image. (b) (HAADF)-STEM image of Sb2Te3 thin film. (c) The atomic model of Sb2Te3 from region B in (b).

Fig. 3 .

 3 Fig. 3.22 (a) and (b) depict the corresponding atomic arrangement for Sb and Te. The intensity line profiles of (Sb/Te) (yellow solid line CD in Fig. 3.21 (a)), Te-Sb atoms (yellow solid line EF in Fig. 3.21 (b)), are shown in Fig. 3.22 (c) and Fig. 3.22 (d), respectively. Therefore, it can be concluded that Te was homogenously distributed in the Sb2Te3 thin film.

Fig. 3 . 3 . 4 . 2 .

 3342 Fig. 3.22 (a)-(d) The bottom intensity profiles along yellow solid CD line and yellow solid EF line (corresponding to Sb2Te3 phase) in Fig. 3.21, respectively.

Fig. 3 .

 3 Fig. 3.23 The carrier concentration and mobility of Sb2Tex thin films, prepared with the 350 °C heat treatment temperature.

Fig. 3 .

 3 Fig. 3.24 (a)-(c) TE properties as a function of measurement temperature for Sb2Tex thin films, prepared by heating at 350 °C.

Fig. 3 .

 3 Fig. 3.25 Comparison of the room temperature power factor and electrical conductivity obtained in this work with published results on flexible Sb-Te films.

Fig. 3 .

 3 Fig. 3.26 compares the calculated room-temperature effective mass m* and deformation potential Edef of Sb2Tex thin films, which calculated by Density-functional-theory (DFT) calculations. Edef is extracted from the classic single parabolic band model as shown in Equations from Ref [26], the effective mass (m*) of those thin films are also come from above Equations. The calculation was performed with the cooperation of Weidi LIU (School of Mechanical and Mining Engineering, The University of Queensland, St Lucia, Brisbane, Queensland, 4072, Australia). The change of σ is dominantly influenced by the change of μ, which also can be further explained by the deformation potential (Edef). The m* decreases with the increase of x, and reaches to a low value of 0.65m0 while the Edef is increased to the maximum value of 6.29 eV with the x = 4, explaining the boosting of μ and the enhancement of σ. Thus, an appropriate pair of S and σ has been realized, leading to an optimized PF.

Fig. 3 .

 3 Fig. 3.26 Calculated effective m* and deformation energy Edef of Sb2Tex thin films.

Fig. 3 .

 3 Fig. 3.27 shows the schematic diagrams of the band alignment of Te and Sb2Te3, and the lattice structure matching Te and Sb2Te3 after the formation of TE heterostructure. All calculations were performed using the Density Functional Theory (DFT) (in cooperation with Jingyi DUAN (Centre for Quantum Physics, Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurement (MOE), College of Physics, Beijing Institute of Technology, Beijing, 100081, China)) as implemented in the Vienna ab initio Simulation Package (VASP) [27]. The projector augmented wave (PAW) scheme with the Perdew-Burke-Ernzerhof (PBE)

Fig. 3 .

 3 Fig. 3.27 Schematic diagrams of the band alignment of Te and Sb2Te3, and lattice structure between the Te and Sb2Te3 after the formation of TE heterostructure.

Fig. 3 .

 3 Fig. 3.28 (a)-(c) presents the band structure and density of state (DOS) of the Sb2Te3, Te and Te/Sb2Te3 vdWH. The Te/Sb2Te3 vdWH show metallic character with a band gap of almost zero at the interface. Te and Sb2Te3 shows narrow band characteristics before forming vdWH junction. The precipitated Te metal particles observed here is similar to what observed duringthe synthesis of semiconductor nanocomposites including metallic precipitation grains. These metal Te particles/clusters show a high electrical conductivity, 14.72×10 4 Sm -1 and some of those clusters present at grain boundaries can act as electrical connectors between different grains[33].

Fig. 3 .

 3 Fig. 3.28 Band structure and DOS of (a) Sb2Te3, (b) Te, and (c) Te/Sb2Te3 vdWH.

Fig. 3 .

 3 Fig. 3.29 shows the relative resistance change of the Sb2Te3 thin film deposited on the PI substrate under different bending conditions: as function of bending cycles with the bending radius of 6.5 mm or at different bending radius (6.5, 8, 9.5 and 11 mm) with a bending cycle of 2000. For all the Sb2Te3 films, the relative resistance is almost less than 1.08 (108%), when the

Fig. 3 .

 3 Fig. 3.29 The bending test results for Sb2Te3 based thin film by monitoring the relative resistance (R'/R0) as functions of the bending cycles (R=6.5) and bending radius (Cycles=2000).

Fig. 3 .

 3 Fig. 3.30 Comparison of the relative electrical resistance (R'/R0) obtained in this work with published results after similar bending tests.

)

  For the single element doping, Sb and the doping element, Bi or Ag or In were co-sputtered onto the substrate. When using Bi, the RF sputtering power of Sb was 20 W with the sputtering time of 23 min, the Bi co-deposition time is 1, 2, 4, 6 and 8 minutes, with the sputtering power of 15W (DC), leading to different thin film samples noted as B1, B2, B3, B4 and B5. When Ag is used, the sputtering conditions were the same for Sb, and the Ag co-deposition time was 1, 3 and 7 minutes with the sputtering power of 5W (RF), noted respectively as samples A1, A2 and A3. As for In doing, the In co-deposition time was 1, 3, 5, 7 and 9 minutes with the sputtering power of 10W (RF), giving the samples I1, I2, I3, I4, and I5.(3) After separate deposition, Sb-Bi (or Ag or In) and Te thin films were face to face bonded and then directionally heated from the side of Te thin film under a vacuum of 9.0 × 10 -4 Pa with an external pressure of 5 N mm -2 . Finally, doped-Sb2Te3 compound was formed on the substrate containing initially Sb-Bi (or Ag or In), while the substrate initially containing Te became blank.

Fig. 3 .

 3 Fig. 3.31 displays the SEM surface morphology for the sample B0~B5. The results reveal that all the thin films exhibit a dense and more or less smooth surface. As the content of Bi doping increases, the crystalline particles on the film gradually become larger and denser. The crosssectional morphology of the samples (inset figure) show that Bi doping tends to increase the crystallinity of the films, except for the B4 sample.

Fig. 3 .

 3 Fig. 3.32 displays the EDS mapping for the thin films, represented by the sample B3. It is indicated that all the elements are homogenously distributed in the thin films.

Fig. 3 .

 3 Fig. 3.31 Surface morphology SEM images of the un-doped and Bi doped Sb2Te3 thin films (inset: cross-sectional morphology).

Fig. 3 .

 3 Fig. 3.32 The elemental mappings of Bi doped Sb2Te3 thin film (B3).

Fig. 3 .

 3 Fig. 3.33 The XRD patterns of un-doped and single Bi doped thin films.

Fig. 3 .

 3 Fig. 3.34 Thermoelectric properties of the Bi doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Fig. 3 .

 3 36displays the EDS elemental mapping for the thin film of A1 and A3. It indicates that all the elements are homogenously distributed in the thin films for the Ag doped samples. Although there are many void defects on the surface of A3 film, the elements are still evenly distributed.

Fig. 3 .

 3 Fig. 3.35 Surface morphology SEM images of the un-doped and Ag doped Sb2Te3 thin films (inset: cross-sectional morphology).

Fig. 3 .

 3 Fig. 3.36 The elemental mappings for Ag doped Sb2Te3 thin film of (a) A1 and (b) A3.

Fig. 3 .Fig. 3 .

 33 Fig. 3.37 shows the XRD patterns of Ag doped Sb2Te3 thin films, including the un-doped Sb2Te3 thin films. The diffraction peaks for the undoped A0 sample can be indexed to Sb2Te3 (PDF #15-0874). It is interesting to note that the Ag doping can greatly affect the preferential

Fig. 3 .

 3 Fig. 3.38 Thermoelectric properties of the Ag doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Fig. 3 .

 3 Fig. 3.39 displays the SEM surface morphology for the sample I0~I5. The change trend is similar to that of the Bi-doped samples B0~B5, but different from the Ag-doped samples A0~A5. The doped samples show clearly quite rough and porous surface. The cross-sectional images tend to indicate that the In doping can significantly increase the grain size. The EDS mapping of these samples, represented by the I1 sample and shown in Fig. 3.40 demonstrates the homogenous distribution of all the constituting elements.

Fig. 3 .

 3 Fig. 3.39 Surface morphology SEM images of the un-doped and In doped Sb2Te3 thin films (inset: cross-sectional morphology).

Fig. 3 .

 3 Fig. 3.40 The elemental mappings of In doped Sb2Te3 thin film (I1).

Fig. 3 .

 3 Fig. 3.41 shows the XRD patterns of the samples I0~I5, which can be essentially indexed to the standard peaks of Sb2Te3 (PDF #15-0874). Otherwise, the (101) peak of Te can be suspected in the undoped sample I0, but is not really visible in all the doped samples. Therefore, the In doping seems to prevent the Te precipitation in the Sb2Te3 thin film.

Fig. 3 .

 3 Fig. 3.41 The XRD patterns of un-doped and single In doped thin films.

Fig. 3 .

 3 Fig. 3.42 Thermoelectric properties of the In doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Fig. 3 .

 3 Fig.3.43 (a) and(b) displays the surface morphology for G0~G5 and S0~S5, respectively. The change trend of the surface morphology of the two groups of films is basically the same. The results reveal that all the thin films exhibit a dense surface and that the doping increases the roughness of the surface, the growth due to a better crystallinity and the generation of some clusters. This is confirmed by the cross-sectional view of the films, showing significantly bigger crystal grains in doped samples. Furthermore, it can be seen from the surface morphology that the shape of the crystals is very different with different doping. The In/Bi co-doped samples show long needle-like crystals, while the Ag/Bi doped samples give crystals with more symmetry. The difference in microstructure will directly affect the electric transport characteristics and thermoelectric performance. Fig.3.44 displays the EDS mapping for two representative thin films, confirming that all the elements are homogenously distributed in the thin films for the co-doped samples.

Fig. 3 .

 3 Fig. 3.43 Surface morphology SEM images of (a) Bi/Ag and (b) Bi/In doped Sb2Te3 thin film (inset: cross-sectional morphology).

Fig. 3 .

 3 Fig. 3.44 The elemental mappings of (a) Bi/Ag and (b) Bi/In doped Sb2Te3 thin film.

Fig. 3 .

 3 Fig. 3.45 (a) shows the XRD patterns of Bi/Ag co-doped Sb2Te3 thin films, including the undoped Sb2Te3 thin films. Fig. 3.45 (b) is related to the XRD patterns of Bi/In doped Sb2Te3 thin films, including the un-doped Sb2Te3 thin films. The major diffraction peaks located at ~28.2 º , ~38.3 º , ~42.4 º and ~51.7 º are observed from all the patterns and they are indexed as the diffraction peaks from the (015), (1010) (110) and (205) planes of Sb2Te3 (PDF #15-0874). No other impurity phase can be observed within the detection limit of the XRD diffractometer. Due to the low doping level of Ag and In, no phase separation was observed. Other weaker peaks from the XRD patterns can also be indexed to the Sb2Te3. As shown in the Fig. 3.45, different XRD peaks both for Bi/Ag and Bi/In co-doped samples, are progressively shifted to smaller angle, suggesting a crystal cell expansion due to the doping elements entered into the lattice.Besides, the angle shift increases with increasing content of doping element, indicating that the doping content affects the microstructure of the thin film.

Fig. 3 .

 3 Fig. 3.45 The XRD patterns of (a) Bi/Ag (G0~G5) and (b) Bi/In (S0~S5) doped Sb2Te3 thin films.

Fig. 3 .

 3 Fig. 3.46 Thermoelectric properties of the Bi/Ag doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Fig. 3 .

 3 Fig. 3.47 Thermoelectric properties of the Bi/In doped thin films as a function of measurement temperature (a) Seebeck coefficient, (b) Electrical conductivity, and (c) Power factor.

Fig. 3 .

 3 Fig. 3.48 (a) The schematic for the TET (transient electrothermal technique) [45]. (b) Photo of testing sample, (d) The normalized V-t curves of the sample.

Fig. 3 .

 3 Fig. 3.49 The room-temperature thermal conductivity and ZT value of the samples (Sb2Te3 (Sb:Te=2:3), Te-Sb2Te3 (Sb2Tex, X=4), Bi doped Sb2Te3 (B3), In doped Sb2Te3 (I1)) , and Bi/In co-doped Sb2Te3 (S1).

Fig. 4 .

 4 Fig. 4.1 illustrates the preparation process of the n-type Bi2Te3 thin films on a flexible polyimide (PI) substrate using a thermally induced close diffusion reaction method, as already used and described in Chapter III. At first, the Bi and Te precursor thin films were deposited separately on PI substrates by using radiofrequency magnetron sputtering technology. The residual pressure was 7.0 × 10 -4 Pa and the working pressure was 1.0 Pa with an argon flow of 40 Sccm during the thin film deposition. The sputtering parameters were as follows: the sputtering power was 25 W and 27 W respectively for Bi and Te, the sputtering time was respectively 20 min and 27 min, leading to the sputtering rate of 12.5 ± 1 nm/min and 13.3 ± 1 nm/min, respectively. Then, the Te and Bi thin films were put in close contact under an external pressure of 5 N mm - 2 in a vacuum chamber. Subsequently, a heating process was used under a residual pressure of 2×10 -3 Pa. The reaction/diffusion temperature was tested from 250 to 375 °C with steps of 25 °C for 30 min and the samples were cooled down to room temperature under vacuum.
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 4143431 Fig. 4.1 Schematic illustration of the Bi2Te3 film preparation process.

Fig. 4 . 2

 42 Fig. 4.2 (a-b) the SEM morphology of Bi and Te films, (c) XRD of Bi and Te. (d) Bi-Te thin films prepared at 275 °C and 300 °C.

Fig. 4 . 3

 43 Fig. 4.3 Schematic illustration of Bi2Te3 thin films growth process.

  and the cross-section image of the Bi2Te3 thin films prepared at the temperature of 300 °C -375 °C are shown in Fig. 4.4 (a-h). From Fig. 4.4 (a-d), the average grain size of the Bi2Te3 films prepared at 300 °C, 325 °C, 350 °C and 375 °C, are ~210 nm, ~240 nm, ~285 nm and ~310 nm, respectively (Based on the Debye-Sheerer equation using same parameters of XRD). The detailed size distribution is shown in Fig. 4.4 (a-d). The grain size and density tend to increase with the increase of reaction temperature. Such grain growth can also be observed in the cross-section images, as shown in Fig. 4.4 (e-h). Due to the faster grain growth rate and element diffusion rate at high temperatures, larger grains and more dense thin films can be obtained above 350 °C . Temperature was the key parameter affecting the diffusion of the Te element. As shown in Fig. 4.4 (e-f), Te diffusion was insufficient and enriched in the top layer at low temperature (Ta ≤ 300°C), as it will be confirmed later by EDS measurement. Meanwhile, the uniformly diffused Te is obtained as the reaction temperature reached 350 °C . Fig. 4.4 (i) shows the elemental distribution of Bi and Te on the surface of the 350 °C -Bi2Te3 thin films. As it can be seen, Bi and Te are uniformly distributed, and no large Te or Bi cluster can be observed. Fig. 4.5 (j-k) present EDS line scanning of the cross section of the thin films prepared at (e) 300 °C and (f) 350 °C . When reacting at 300°C, the distribution of elemental components in the obtained thin film sample is not uniform. However, the uniformly diffused Te is obtained as the reaction temperature reached 350 °C, which shows a uniform distribution of Bi and Te.

Fig. 4 . 4

 44 Fig. 4.4 SEM images of the Bi2Te3 films at different reaction temperatures of 300 °C (a -e), 325 °C (b -f), 350 °C (c -g) and 375 °C (d -h). EDS mapping for (i) total elements and Bi/Te element of the 350 °C -Bi2Te3 thin film surface. EDS line scanning of the cross section of the thin films prepared at (j) 300 °C and (k) 350 °C .

Fig. 4 .

 4 Fig. 4.5 shows the grain size distribution using image analysis software of ImageJ corresponding to (a) Fig. 4.4 (a), (b) Fig. 4.4 (b), (c) Fig. 4.4 (c), and (d) Fig. 4.4 (d). The grain size tends to increase with the increase of reaction temperature. It confirms that uniformly diffused Te was obtained as the reaction temperature reached 350 °C .

Fig. 4 . 5

 45 Fig. 4.5 Grain size corresponding to (a) Fig. 4.4 (a), (b) Fig. 4.4 (b), (c) Fig. 4.4 (c), and (d) Fig. 4.4 (d).

Fig. 4 . 6

 46 Fig. 4.6 XRD patterns of the flexible Bi2Te3 thin films at different diffusion temperature.

Fig. 4 . 7

 47 Fig. 4.7 (a) Raman spectra of the Bi2Te3 films as a function of the diffusion temperature. And schematics diagrams of the phonon mode of (b) Bi2Te3 and (c) Te.

Fig. 4 .

 4 Fig. 4.8 (b) presented the 3d core-level of Te with the observed peaks at 583.18 eV and 572.88eV, which are related with the binding energy of Te 3d3/2 and Te 3d5/2 in Bi2Te3[19]. In the XPS spectra of Bi element in Fig.4.8 (c), the binding energy at 162.48 eV and 157.08 eV correspond to the Bi 4f5/2 and Bi 4f7/2[20]. The XPS spectra of Bi and Te were deconvoluted into unbound (Bi 0 ) / bound (Bi 3+ ) and unbound (Te 0 ) / bound (Te 2-), respectively. Moreover, according to the calculation, the formation energy of Bi -Te (-5.3803 eV) is the lowest energy among that for the Bi -Bi (-4.7799 eV) and Te -Te (-4.2912 eV), suggesting that Bi and Te

Fig. 4 . 8

 48 Fig. 4.8 (a) XPS full spectra survey, (b) the Te 3d spectra and (c) the Bi 4f spectra of the 350 °C -Bi2Te3.

4. 9

 9 (a). It shows the elemental distribution of Bi and Te on the surface of the thin films. As it can be seen, the films are dense without delamination. Bi and Te are uniformly distributed, and no large Te or Bi cluster can be observed. The EDS mapping of the cross-section surface in Fig.4.9 (a) show a uniform distribution of Bi and Te (Fig.4.9 (b)). Such a uniform composition can also be confirmed by the EDS line scan in Fig.4.9 (c).

Fig. 4 . 9

 49 Fig. 4.9 (a) TEM image of the cross-section surface of the 350 °C -Bi2Te3 thin film, (b) the corresponding element maps of (a). (c) the line scan EDS of the cross-section surface.

Fig. 4 .

 4 Fig. 4.10 TEM analysis of 350 °C -Bi2Te3 thin films. (a) TEM image, (b) high resolution TEM (HRTEM) image of the selected area (a*) in (a), (c) HRTEM image, (d)-(e) inverse fast Fourier transform (IFFT) images of regions marked by white dotted frames [1] and [2] in (c)), (f)

Fig. 4 .

 4 Fig. 4.11 Strain mapping corresponding to HREM images for 350 °C -Bi2Te3 thin film. Here GPA strain maps (d), (e), and (f) correspond respectively to (a), (b), and (c); the colour scale

Fig. 4 . 2 )

 42 Fig. 4.12 (a) Carrier concentration and mobility of the flexible 350 °C -Bi2Te3 thin films. Temperature dependence of TE properties: (b) σ, (c) S, (d) PF for the 250 °C -350 °C Bi2Te3 films.

Fig. 4 .

 4 Fig. 4.13 The calculated effective mass m*, scattering parameter λ and energy barrier Eb.

  expresses the Fermi integral with order k, 𝜉 𝐹 represents reduced Fermi level Ef/kBT and h Plank constant.As shown in Fig.4.12 (a), n of all Bi2Te3 film changes in a small range from -1.58 × 10 19 cm -3 to -3.60 × 10 19 cm -3 . For Te-embedded Bi2Te3, the Te nanoparticles/inclusions could induce the effective energy filtering effect (EFE), which would affect the carried transport. Fig. 4.14 (a) presents the band structure and partial density of state (PDOS) of the Te and Bi2Te3 van der Waals heterojunction (vdWH). The Conduction band minimum (CBM) and Valence band maximum (VBM) are mainly contributed by Te and Bi2Te3, respectively. Since the CBM of Bi2Te3 (green) is located above the CBM of Te (red) with the Fermi level located between them (the Fermi level of Bi2Te3 and the Fermi level of Te), the Te/Bi2Te3 vdWH presents the type -II band alignment. Fig. 4.14 (b) shows the energy diagram and the band alignments of the Te, Bi2Te3 and Te/Bi2Te3 vdWH. And the work function of Te and Bi2Te3 are 4.90 eV and 5.20 eV, respectively. For the Te/Bi2Te3 vdWH, the band edges move down for Te and up for Bi2Te3, and the △ EC and △ Ev are equal to 0.41 eV and 0.01 eV, respectively. The increase of energy difference could cause the bands to bend from the hetero-interfaces between Bi2Te3 and Te due to charge diffusion. As a result, an energy barrier Eb is generated in the Te/Bi2Te3 vdWH, which will filter the low energy electrons and transmit the high energy electrons, forming the EFE. In this work, the controlled Te nanophase generation is therefore an effective approach to improve the S due to the EFE, which is likely the responsible for the maximum |S| of the 325 °C -Bi2Te3 with 64.33% Te.

Fig. 4 .

 4 Fig. 4.14 (a) Band structure and PDOS of Te/Bi2Te3 vdWH. The size of black and red scattering dots is applied to distinguish the contribution of Te and Bi2Te3. (b) Schematic diagrams of the band alignment between the Te and Bi2Te3 before and after the formation of the heterostructure. Ec and Ev are respectively the energy difference of CBM and VBM between Te and Bi2Te3.
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 36 Mechanical property of the flexible thin filmThe stability of the mechanical and electronic properties of the flexible Bi2Te3 thin films were investigated using a homemade film automatic bending instrument and a Keithley 2400. The bending and recovery test facility is shown in Fig.4.15. The relative resistance change (△R/R0 = (R′ -R0)/ R0) was used to evaluate the mechanical stability, where R0, R′ and △R are the initial resistance, the resistance after bending and the difference between R′ and R0. Fig.4.16 (a) presents the △R/R0 changes of all the flexible Bi2Te3 thin films on PI substrate with the bending cycles (200, 400, 800, 1200, 1600, 2000) at bending radius of 8 mm. The △R/R0 increased with the bending cycle. Fig.4.16(b) displays the △R/R0 changes with different bending radius (6.5 mm, 8 mm, 9.5 mm and 11 mm) for 800 bending cycles. As expected, the △R/R0 decreased with the increase of bending radius. The high △R/R0 of the 300°C -Bi2Te3 and 325°C -Bi2Te3 films was mainly attributed to the poor quality of these two films with many pores on the surface, facilitating the generation of micro-cracks, which will in turn lead to electronic properties degradation. Lower porosity and higher crystallinity resulted in smaller △R/R0 for the Bi2Te3 films prepared at 350 °C and 375 °C. For the 350 °C -Bi2Te3 films with excellent thermoelectric properties, the △R/R0 values were less than 10% even after 2000 bending cycles or/and with a small bending radius (< 8 mm) as shown in Fig.4.16 (a-b).

Fig. 4 .

 4 Fig. 4.15 The bending and recovery test.

Fig. 4 .

 4 Fig. 4.16 (a) The relative resistance changes with bending cycles at a radius of 8 mm, (b) the relative resistance changes with bending radius after 800 bending cycles.

( 1 )( 2 )

 12 The p-Sb2Te3 TE thin film. At first, the Sb and Te precursor thin films were deposited separately on PI substrate. The sputtering power of Sb or Te thin films was 20 W, leading to a sputtering rate of 9.6 ± 1 and 14.3 ± 1 nm/min, respectively. All those thin films were deposited under a working pressure of 0.7 Pa with an argon flow of 40 sccm. The Sb and Te thin films were face-to-face bond under an external pressure of 3 N mm -2 in the self-made sample holder, and then directionally heated from the side of Te thin film under a vacuum of 9.0 × 10 -4 Pa at 350 °C for 30 min. As discussed in previous chapter, Sb2Te3 compound was eventually formed on the substrate, via the innovative thermally induced diffusion reaction method. The n-Bi2Te3 TE thin film. The same process as described above was used. At first, the Bi and Te precursor thin films were deposited separately on PI substrates by using radiofrequency magnetron sputtering technology. The deposition parameters are summarized as follow: The initial residual pressure was 7.0 × 10 -4 Pa and the working pressure was 1.0 Pa with an argon flow of 40 Sccm during the thin film deposition. The sputtering parameters were as follows: the sputtering power was 25 and 27 W, respectively for Bi and Te with the sputtering time of 20 min and 27 min, leading to a sputtering rate of 12.5 ± 1 nm/min and 13.3 ± 1 nm/min. Then, the Te and Bi thin films were put in close contact under an external pressure of 5 N mm -2 in a vacuum chamber. Subsequently, a heating process was used under a residual pressure of 9.0 × 10 -4 Pa. The temperature was 350 °C for 30 min and finally, the samples were cooled down to room temperature under vacuum.

Fig. 5 .

 5 Fig.5.1 shows the schematic illustration of the preparation process for the Sb2Te3 flexible TETF device. Flexible polyimide with the shape of rectangle was chosen as the substrate of the TETF device. The thin film deposition was realized using the previously optimized parameters. At first, the Sb2Te3 thin films were deposited on PI substrate, via this novel thermally induced diffusion reaction method. Then, Ag was used as the electrode to connect the single TE legs of Sb2Te3 thin film.

Fig. 5 . 1

 51 Fig. 5.1 Preparation process of single-leg structure flexible thermoelectric thin film device.

Figure 10

 10 Figure 10 presents the flexible TETF device with 5 strips of single leg thin film on PI substrate, with each strip dimension of 20 mm × 3.5 mm. The thickness is 800 nm for the Sb2Te3 film.
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 5253 Fig. 5.2 (a) Output voltage and output power versus current at the different temperature difference. (b) The power density as a function of △T.

Fig. 5 .

 5 Fig. 5.4 presents the output voltage and the output power of the flexible TE device as a function of current under various temperature difference ∆T. The output voltage (U) increases monotonically as ∆T increases from 10 °C to 58 °C, where it reaches the maximum U of 81.3 mV. The maximum output power Pmax of 393.3 nW is obtained at △T = 58 °C. As expected, this device is much more efficient in comparison with the single-leg device.

Fig. 5 . 4

 54 Fig. 5.4 Output voltage and output power versus current at the temperature difference of 10 °C -58 °C.

Fig. 5 . 5

 55 Fig. 5.5 The voltage difference induced by the temperature difference between a human body and the ambient temperature.

Fig. 5 .

 5 Fig. 5.6 (a) shows the power density PD, calculated by the Eq. (5.4), of this TE device in different ∆T. The PD is 13.60 Wm -2 at ΔT = 58 °C. Fig. 5.6 (b) compares the power density of

Fig. 5 . 6

 56 Fig. 5.6 (a) The power density as a function of ∆T. (b) Comparison of the power density of our TE device with the reported flexible TE devices.

Fig. 5 . 7

 57 Fig. 5.7 Schematic illustration of preparation process of the flexible TETF device in a shape of cycle π.

Fig. 5 .

 5 Fig. 5.8 (a) shows the output voltage and output power of the flexible TE device as a function of current under various temperature difference (ΔT). As always, the output voltage (U) increases monotonically as ΔT increases from 3 °C to 20 °C, and the maximum U reaches 46.7 mV. The output power (P) curve, calculated using the Eq. (5.3), is also displayed in Fig. 5.8 (a). The maximum Pmax is 9.7 nW, 10.6 nW, 26.1 nW, 37.5 nW, 93.4 nW and 161.4 nW, when the ΔT is 3 °C, 5 °C, 7 °C, 9 °C, 15 °C and 20 °C, respectively. The power density (PD) is calculated

Fig. 5 .

 5 Fig. 5.8 (a) Output voltage and output power of the TE device at various temperature difference ΔT. (b) The power density as a function of ΔT.

Fig. 5 .

 5 Fig. 5.9 (a) shows a set-up to create a temperature difference by lighting the hot side of the TE device. The illumination results in a change of output voltage after the certain illumination time (~4 minutes), as shown in Fig. 5.9 (b). A maximum temperature difference (ΔT) of about ~5 °C under a solar intensity of 85 mW/cm 2 is obtained with the illumination time of 4 minutes. Its output voltage U and output power P, are about 16 mV and 4.3 nW respectively, demonstrating clearly the possibility of direct conversion of solar energy into electricity. This provides new ideas for the joint development of solar cells and thermoelectric devices.

Fig. 5 . 9

 59 Fig. 5.9 (a) Illumination test set-up (b) Output voltage and output power of the TE device under lighting (inset) with the Illumination test apparatus.

Fig. 5 .

 5 Fig. 5.10 (a) Photo of a finger touching the TETF sensor and the calculated temperature distribution. (b) The output current for testing the sensor sensitivity.

  [37]. The work function of the electrode material must match to the TE material (The work function of Sb, Sb2Te3, Bi, Bi2Te3 and Mo are 4.55 eV, 4.45 eV, 4.40 eV, 5.20 eV, and 4.6 eV respectively), and the inter-diffusion of the materials must be avoided. Based on the above conditions, we have selected Mo as the electrode material for this study. The p-type and n-type thin films are connected by the metal layer as shown in Fig. 5.11. The Mo electrodes was deposited by direct current magnetron sputtering. The electrode film of about 300 nm was deposited on the cross section of the film on one side to connect the TE materials. The electrode film was also used as the output electrode.

Fig. 5 .

 5 Fig. 5.11 The preparation process of device with Mo electrodes.

Fig. 5 .

 5 Fig. 5.12 (a) Output voltage and output power versus current at the different temperature difference. (b) The power density as a function of △T.

  It might also have great potential as organic component for preparing high-performance hybrid Sb2Te3 based thin film for the following reasons. (1) Crystalline CH3NH3I-based materials show excellent electrical transport characteristic thanks to the high carrier mobility [14][15]. (2) It can provide considerable iodine ions to promote the crystallization and growth of the inorganic crystals, and it has been demonstrated that the iodine can effectively enhance the TE properties of Sb based bulk materials by acting as nucleating agent during the crystallization process [16][17]. (3) The nano-size organic component diffused around the grain boundary can create more and effective
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 62632 Fig. 6.2 The SEM images of the single and multilayer thin films.

Fig. 6 . 3

 63 Fig. 6.3 The XRD pattens of all the thin films.
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 64633 Fig. 6.4 Raman measurements performed on Sb2Te3 and Sb2Te3/CH3NH3I composite thin film.

Fig. 6 .

 6 Fig. 6.5 (e)indicates that Sb and Te are also abundant near point 2, with however higher content of other elements especially carbon and iodine. It demonstrated that iodide was indeed dispersed/diffused into the Sb2Te3 layers. The high content of C (Carbon) at point 2 confirms that most organic component remained in the middle layer of the composite film.

Fig. 6 . 5

 65 Fig. 6.5 (a) TEM images observed from the cross section of Sb2Te3/CH3NH3I composite thin film sample. (b) enlarged yellow circle region in (a). (c) HRTEM image of Sb2Te3/CH3NH3I composite thin film. (d), (e) Full scale counts patterns of points 1 and 2 from (b).

Fig. 6 .Fig. 6 . 6

 666 Fig.6.6 shows the HRTEM images of the Sb2Te3/CH3NH3I composite thin film, of the area marked by yellow circle in Fig.6.5. Some amorphous regions can be observed, indicated in the orange circles. The distinct grain boundaries can also be observed, evidenced by the yellow dotted lines. Crystal interplanar spacing of different lattice regions d1, d2, and d3 are 0.304 nm, 0.215 nm, and 0.241 nm, respectively. The fast Fourier transform (FFT) patterns are obtained using d1, d2 and d3 taken from the red regions in Fig.6.6. The diffraction dots can be indexed to rhombohedral Sb2Te3, but along different axis. The Fourier transform patterns can be indexed to the (0 1 5), (1 1 0) and (1 0 10) plans of Sb2Te3. Based on the analysis and observation, it can be concluded that the organic component was diffused inside the composited structure, by diffusion.

Fig. 6 . 7

 67 Fig. 6.7 EDS maps of carbon (C), antimony (Sb), tellurium (Te) and iodine (I).

Fig. 6 .

 6 Fig. 6.8 (a) is a schematic illustration showing the phonon scattering mechanism by different defects such as lattice defects, (point defects), grain boundaries or phase boundaries. Here the point defect is vacancy, which scatter high-frequency phonons. The randomly orientated grain boundaries scatter more efficiently medium-frequency to low-frequency phonons. It has been demonstrated elsewhere that the inorganic/organic Sb2Te3/CH3NH3I interfaces and defects, with different crystal lattice configurations and associated local interfacial relaxation mechanisms, are the main reason for the phonon scattering [24][25]. Therefore, thermal conductivity of the composite thin films was significantly reduced. It is indicated that such inorganic/organic Sb2Te3/CH3NH3I interfaces and defects will have significant influence on phonon scattering, which contributes to the high ZT.

Fig. 6 . 8

 68 Fig. 6.8 (a) Various phonon scattering mechanisms for pure Sb2Te3 and Sb2Te3/CH3NH3I composite thin films. (b) The schematic illustration of the energy-filtering effect at the interface of inorganic/organic Sb2Te3/CH3NH3I composite thin film.

Fig. 6 . 9

 69 Fig. 6.9 Electrical transport properties as a function of temperature for all the films; (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) ZT values of Sb2Te3 and Sb2Te3/CH3NH3I composite thin films.

Fig. 6 . 10

 610 Fig. 6.10 The thin film thermal conductivity measurement system.

  TE device structure was designed and realized, consisting of 18 pairs of p-n TE legs. An open circuit voltage of 46.7 mV and an ultrahigh power density of 2.86 W m -2 (output power of 161.4 nW) have been obtained under a moderate temperature difference of 20 °C. In addition, this device has demonstrated a high responsivity to temperature change, produced by illumination

  dispositifs thermoé lectriques performants à base de tellure Mots clés : Maté riaux thermoé lectriques, Couches minces à base de Te, Mé thode de thermo-diffusion, Dopage, Dispositif flexible, composite inorganique-organique.Résumé: Cette thè se portait sur le dé veloppement de mé thodes innovantes de pré paration de couches minces et sur l'optimisation de couches minces à base de Bi-Sb-Te de type p et de type n pour la pré paration de dispositifs thermoé lectriques flexibles de haute performance.Premiè rement, des couches minces de Sb2Te3 et Bi2Te3 ont é té dé posé es par pulvé risation magné tron en utilisant des cibles pré paré es au laboratoire et elles ont é té caracté risé es pour des applications thermoé lectriques. Deuxiè mement, une approche innovante pour la fabrication de couches minces thermoé lectriques a é té testé e avec succè s, en utilisant la diffusion/ré action thermique. Des couches de Sb2Te3 d'excellente qualité ont été obtenues. Il a été démontré qu'un é cart de composition peut avoir une influence importante sur les proprié té s thermoé lectriques de ces couches minces. Un excè s de Te, avec par exemple la composition Sb2Te4 a permis d'obtenir une couche mince affichant un facteur de puissance é levé de 2,12 mWm -1 K -2 à tempé rature ambiante, qui est la valeur la plus é levé e pour les couches de Sb2Te3 non dopé . Diffé rentes straté gies de dopage pour amé liorer les performances thermoé lectriques de cette couche de type p ont é té appliqué es. Le dopage avec un é lé ment ou deux é lé ments a é té particuliè rement é tudié . Le meilleur é lé ment dopant é tait le Bi, permettant d'obtenir un facteur de puissance de 2,29 mWm -1 K -2 à 30 °C, avec une teneur en Bi de 7,81 at.%. Les maté riaux co-dopé s n'ont pas donné de meilleure ré sultat.Troisiè mement, la nouvelle mé thode de diffusion/ré action thermique a é té aussi utilisé e pour la pré paration de couches minces de Bi2Te3 de type n avec un excellent facteur de puissance de 1,46 mW m - 1 K -2 .Il a é té dé montré que tous ces couches minces avaient une excellente ré sistance mé canique à la flexion, compatible avec les applications portables. Des dispositifs thermoé lectriques flexibles à couches minces à base de Bi-Sb-Te avec diffé rentes structures/ configurations ont é té conç us et fabriqué s. Une tension en circuit ouvert de 46,7 mV et une densité de puissance trè s é levé e de 2,86 Wm -2 ont é té obtenues sous une diffé rence de tempé rature modé ré e de 20°C pour un dispositif à 18 jonctions p-n. Ce travail a proposé une nouvelle straté gie facile à implanter pour fabriquer des dispositifs thermoé lectriques flexibles et performants, particuliè rement prometteurs pour alimenter des dispositifs é lectroniques portables. Des travaux complé mentaires et plus exploratoires ont é galement é té ré alisé s pour amé liorer les performances thermoé lectriques de couches minces en utilisant des concepts innovants. Des couches minces composites Sb2Te3/CH3NH3I de qualité ont é té pré paré es par é vaporation thermique afin de tester le concept de couches minces hybrides organiques/inorganiques. Il est inté ressant de noter que les interfaces et les joints de grains dans les couches composites sont trè s efficaces pour la diffusion de phonons, conduisant à une conductivité thermique significativement plus faible pour les couches minces hybrides. De plus, l'effet de filtrage é nergé tique est é galement favorable à l'amé lioration du coefficient de Seebeck. Une valeur ZT prometteuse de 0,77 à 423 K a é té obtenue avec cette couche hybride, le double de la valeur pour la couche de Sb2Te3 pur. Title : High-performance Te-based thermoelectric thin films and devices Keywords : Thermoelectric materials, Te-based thin films, Thermal diffusion method, Doping, Flexible device, Inorganic-organic composite.

  

.3. Influence du dopage par In Le

  Tableau 2. Composition, mobilité µ et concentration n des porteurs de charge des couches

				Sb2Te3 dopées à l'Ag		
		Sb	Te	Ag	Thickness	µ	n
	Sample	(at. %)	(at. %)	(at. %)	(nm)	(cm 2 V -1 s -1 )	(×10 19 cm -3 )
	A0	38.88	61.12	0	680	199	3.7
	A1	35.91	63.97	0.12	685	138	8.4
	A2	36.55	63.24	0.21	680	67	13.4
	A3	39.10	60.56	0.34	690	16	67.3
	3.4Sb2Te3 dopées à l'In		
		Sb	Te	In	Thickness	µ	n
	Sample	(at. %)	(at. %)	(at. %)	(nm)	(cm 2 V -1 s -1 )	(×10 19 cm -3 )
	I0	38.88	61.12	0	680	199	3.7
	I1	41.43	58.07	0.50	680	173	5.1
	I2	41.63	57.39	0.98	700	12.5	4.8
	I3	40.77	57.56	1.67	760	71.5	8.5
	I4	39.42	58.06	2.52	780	82.8	6.1
	I5	41.61	55.11	3.28	768	115	6.0

Tableau 3 montre les compositions et les propriétés électronique des couches dopées à l'In et l'influence de ce dopage sur les propriétés thermoélectriques est résumée sur la Figure 6. Ce dopage amé liore trè s fortement le coefficient de Seebeck et un dopage approprié avec une concentration In de 1.67 at.% (I3), permet d'augmenter en mê me temps la conductivité é lectrique, donnant ainsi un facteur de puissance trè s inté ressant de 2,08 mWm -1 K -2 à la tempé rature ambiante. Tableau 3. Composition, mobilité µ et concentration n des porteurs de charge des couches

. Performance parameters of thermoelectric materials and devices 1.3.1. Seebeck coefficient

  

	by using the measured Seebeck coefficient. It is clear that, the Thomson effect is a spontaneous
	phenomenon as the Seebeck coefficient changes along a temperature gradient inside a
	conductor. Obviously, all the thermoelectric effects take place throughout the whole material
	caused by temperature gradients and/or electric current, though the Seebeck and Peltier effects
	are observed macroscopically at the junctions [43].
	𝐴𝐵 = 𝑆 𝐴𝐵 𝑇 𝛽 𝐴 -𝛽 𝐵 = 𝑇 ⅆ𝑆 𝐴𝐵 ⅆ𝑇 These equations are called the Kelvin relations. The exact derivation of the Kelvin relations ( 1 . 6 ) ( 1 . 7 ) 1.3Seebeck coefficient S is basically the voltage developed per unit temperature difference applied
	should rely on irreversible thermodynamics [40]. These two equations are verified by the across a material. It is expressed in V/K [26]. Metals have very low Seebeck coefficient values
	experimental investigations on numerous metals and semiconductors. For a single conductor, (μV/K or less), hence are not suitable candidates for thermoelectric applications.
	Eq. (1.7) can be rewritten as Semiconductors possess Seebeck coefficient values of about 100 μV/K or greater. Seebeck
	coefficient has positive values for p-type and negative values for n-type semiconducting
	𝛽 = 𝑇 materials. An ideal thermoelectric material must have a high S, generally of the order of 150-ⅆ𝑆 ⅆ𝑇 ( 1 . 8 )
	250 μV/K or greater. The Mott relation for S is given by [44][45]:
	The thermoelectric coefficients in Eqs. (1.6) and (1.7) are the differential values of two
	conductors. As demonstrated in Eqs. (1.2) and (1.6), the absolute Seebeck (or Peltier)
	coefficient becomes equal to the differential Seebeck (or Peltier) coefficient if the second
	material in the circuit is regarded as having zero Seebeck (or Peltier) coefficient. This can be
	realized in practice by using a superconductor as the second material, because both the Seebeck
	and Peltier coefficients are zero at the super-conducting state. Generally, the absolute Seebeck
	coefficient of lead is calibrated by measuring the differential Seebeck coefficient in the circuit
	composed of lead and a superconductor. If the absolute Seebeck coefficient of a material at low
	temperature is determined by connecting a circuit using a superconductor as the reference
	material, by using the Eq. (1.8), one can find the values at higher temperatures above the critical
	superconducting temperature after measuring the Thomson coefficient [41][42]. Absolute
	Seebeck coefficients of other materials can be calibrated by measuring the differential Seebeck
	coefficient in the circuit composed of lead and the target materials. The Peltier coefficient is
	difficult to measure in the experiment, and therefore it is often calculated via the Kelvin relation

Table 2 .

 2 

	Sample	Bi (at.%)	Te (at.%)	Thickness (nm)
	Target	40.86	59.14	--
	Unannealed-Bi2Te3	40.51	59.49	630.2
	Annealed-Bi2Te3	42.98	57.02	629.0

1 Actual contents and thickness of Bi2Te3 thin films.

Table 2 .

 2 2 Actual contents and thickness of Sb2Te3 thin films.

	Sample	Sb (at.%)	Te (at.%)	Thickness (nm)
	Target	40.59	59.41	--
	Unannealed-Sb2Te3 45.30	54.70	340.3

  Compared with the Bi2Te3 and Sb2Te3 thin films prepared by different methods in our laboratory, shown in Table2.3[21][22]. The TE performance of Bi2Te3 thin films is better than before, which is not the case for Sb2Te3 thin films. Optimization is still necessary, especially for the Sb2Te3 thin film.

			Table 2.3 Comparison of TE performance		
			σ	PF			σ	PF
	Bi2Te3	S			Sb2Te3	S		
			(×10 4	(mWm -			(×10 4	(mWm -
	(thin film)	(μVK -1 )			(thin film)	(μVK -1 )		
			Sm -1 )	1 K -2 )			Sm -1 )	1 K -2 )
	Bi2Te3				Sb2Te3			
	(DC/RF	-50.5	0.927	1.59	(DC/RF	215	0.0815	8.75×
	magnetron			×10 -2	magnetron			10 -2
	sputtering)				sputtering)			
	Bi2Te3				Sb2Te3			
	(Ion beam	-90	7.2	0.58	(Ion beam	190	1.1	0.397
	sputtering)				sputtering)			
	This work				This work			
		-69.76	14.63	0.71		87.21	2.45	0.19
	(Bi2Te3)				(Sb2Te3)			

Table 3 .

 3 1 EDS results of Sb-Te thin films at various heat treatment temperatures

	Temperature (°C) Sb (at. %)	Te (at. %)	Sb : Te
	300	39.63	60.37	2:3.05
	325	40.28	59.72	2:2.97
	350	38.88	61.12	2:3.14
	375	39.55	60.45	2:3.06

Table 3 .

 3 2 EDS results, thickness, carrier mobility and carrier concentration of Bi doped

				Sb2Te3 thin films		
		Sb	Te	Bi	Thickness	µ	n
	Sample	(at. %)	(at. %)	(at. %)	(nm)	(cm 2 V -1 s -1 )	(×10 19 cm -3 )
	B0	38.88	61.12	0	680	199	3.7
	B1	33.91	63.32	2.77	700	142	2.9
	B2	30.93	64.49	4.58	730	159	2.2
	B3	31.33	60.86	7.81	743	176	1.8
	B4	28.48	55.79	15.73	756	110	1.5
	B5	24.48	53.48	22.04	759	64.6	6.1

Table 3 .

 3 3 EDS results, thickness, carrier mobility and carrier concentration of Ag doped

				Sb2Te3 thin films		
		Sb	Te	Ag	Thickness	µ	n
	Sample	(at. %)	(at. %)	(at. %)	(nm)	(cm 2 V -1 s -1 )	(×10 19 cm -3 )
	A0	38.88	61.12	0	680	199	3.7
	A1	35.91	63.97	0.12	685	138	8.4
	A2	36.55	63.24	0.21	680	67	13.4
	A3	39.10	60.56	0.34	690	16	67.3

Table 3 .

 3 4 EDS results, thickness, carrier mobility and carrier concentration of In doped

				Sb2Te3 thin films		
		Sb	Te	In	Thickness	µ	n
	Sample	(at. %)	(at. %)	(at. %)	(nm)	(cm 2 V -1 s -1 )	(×10 19 cm -3 )
	I0	38.88	61.12	0	680	199	3.7
	I1	41.43	58.07	0.50	680	173	5.1
	I2	41.63	57.39	0.98	700	12.5	4.8
	I3	40.77	57.56	1.67	760	71.5	8.5
	I4	39.42	58.06	2.52	780	82.8	6.1
	I5	41.61	55.11	3.28	768	115	6.0

Table 3 .

 3 5 shows the EDS composition analysis results for the Sb2Te3 thin films with Bi/Ag and Bi/In co-doping, with constant Bi doping of ~7.81 at.%. Undoped samples are marked as G0 and S0. The Ag content increases with the increasing sputtering time of Ag target and is about 0, 0.13, 0.22, 0.31, 0.42 and 0.57 at.% respectively. The thickness of all the thin films (G0~ G5) is quite constant and is about 700 nm. Table3.5 also shows that the Bi/In co-doped samples

	(S0~S5) have a In co-doping content of about 0, 0.48, 0.63, 0.97, 1.51 and 1.88 at.%
	respectively, with more important change of thickness form 680 to 770 nm. The ratio of Sb to
	Te in all samples is approximately about 2:3(±0.4).

Table 3 .

 3 5 EDS results, thickness, carrier mobility and carrier concentration of Bi/Ag and

			Bi/In doped Sb2Te3 thin films	
		Ag	In	Thickness	µ	n
	Sample	(at. %)	(at. %)	(nm)	(cm 2 V -1 s -1 )	(×10 19 cm -3 )
	G0	0	-	680	199	3.7
	G1	0.13	-	700	59.4	21.1
	G2	0.22	-	710	49.2	17.0
	G3	0.31	-	683	51.4	14.7
	G4	0.42	-	689	43.1	21.4
	G5	0.57	-	680	45.2	16.3
	S0	-	0	680	199	3.7
	S1	-	0.48	690	71.1	18.7
	S2	-	0.63	700	82.5	15.5
	S3	-	0.97	745	70.6	15.3
	S4	-	1.51	750	50.1	25.2
	S5	-	1.88	770	61.4	17.7

Table 4 .

 4 1 Composition results of Bi2Te3 thin films at various diffusion temperatures

	Temperature (°C)	250	275	300	325	350	375
	Bi (At %)	44.97	33.70	36.40	35.67	38.09	39.90
	Te (At %)	55.03	63.30	63.60	64.33	61.91	60.10
	Bi : Te	2:2.45	2:3.45	2:3.49	2:3.61	2:3.	

Table 4 . 2

 42 Comparison of bending resistance of different flexible TE films.

	Materials	Bending cycle	Bending radius	Electronic property changes	Reference
	PC-Cu1Ag4Se3	1600	4 mm	△σ/σ reduced ~16%	Ref. [25]
	Ag0.005Bi0.5Sb1.5Te3	1000	5 mm	△R/R0 increased ~20%	Ref. [26]
	Bi2Te3	2000	7 mm	△R/R0 increased ~30%	Ref. [27]
	BiTe	10	4 mm and 60 mm	△R/R0 increased ~21%	Ref. [28]
	Bi2Te3/SWCNT	600	4 mm	△R/R0 increased ~4%	Ref. [29]

Table 5 . 1

 51 Thermoelectric properties of the thin films at 22°C

		 (×10 4 Sm -1 )	S (μVK -1 )	PF (mWm -1 K -2 )
	p-type Sb2Te3	14.72	120.1	2.12
	n-type Bi2Te3	5.32	-165.59	1.46

  device consisting of 5 strips of p-type Sb2Te3 thin films has been assembled, which produced an open circuit-voltage of 56.1 mV and a high power density of 6.20 Wm -2 at a temperature difference of 95 °C, demonstrating the high quality of the thin film. Secondly, A flexible power generator consisting of 8 pairs of p-n TE legs has been assembled, which produced an open circuit-voltage of 81.3 mV and an ultrahigh power density of 13.60 Wm -2 (output power of 393.3 nW) at a temperature difference of 58 °C. The overall performance of TE devices studied in this work is comparable or higher than most reported flexible organic and inorganic thin films TE devices. More importantly, a novel TE device structure was designed, consisting of 18 pairs of p-n TE legs. An open circuit voltage of 46.7 mV and an ultrahigh power density of 2.86 Wm -2 (output power of 161.4 nW) have been obtained with a temperature difference of 20 °C. In addition, this device has demonstrated a high responsivity to temperature change, produced by illumination or finger touch. This highly flexible generator with high overall performance

  1 K -2 has been obtained. Hyun Ju et al.[5] and Wang et al.[6] developed inorganic/poly (3,4ethylenedioxythiophene): poly (styrene sulfonate) nanocomposites thin films with ultrahigh PF value due to the great enhancement of Seebeck coefficient by energy filtering effect. Kim et al.

[7] 

also reported the ternary TE composites of a PEDOT: PSS/rGO/Te nanowire, including two heterojunctions PEDOT:PSS/rGO and PEDOT:PSS/Te nanowires, to induce double carrier

Table 6 .

 6 1 Actual contents and thickness of thin films

	Sb	Te	I	Thickness
	Sample			
	(at.%)	(at.%)	(at.%)	(nm)
	Sb2Te3			
	40.07	59.93	0	312.6
	(10 min-120 A)			
	Sb2Te3/CH3NH3I/ Sb2Te3			
	42.18	57.29	0.53	329.4
	(10min-120A/10min-80A/10min-120A)			

Table 6 .

 6 2 Carrier mobility and carrier concentration for the thin films at room temperature.

	Sample	µ(cm 2 V -1 s -1 )	n (cm -3 )
	Sb2Te3	85.7	1.52×10 19
	Sb2Te3/CH3NH3I	124	1.01×10 19

K -2 à 550K.

Chapter VI: Sb 2 Te 3 -CH 3 NH 3 I organic-inorganic composite thin films

properties. It is interesting to notice that the different boundaries in the composite films are very efficient for phonon scattering, leading to significantly lower thermal conductivity of the hybrid thin film. In addition, the energy filtering effect is also favorable for improving the Seebeck coefficient. A promising ZT value of 0.77 at 423 K has been obtained with the hybrid film, which is doubled in comparison with the pure Sb2Te3 thin film.