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This work was focused on the preparation of low-cost and high performance CoSb 3 thin films by magnetron sputtering deposition, and on the preparation of efficient flexible thin film devices based on CoSb 3 thin films for thermoelectric application.
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1). Nous nous sommes d'abord concentrés sur le développement d'une technique simple pour la préparation de couches minces à base de CoSb 3 . La pulvérisation cathodique magnétron ou la co-pulvérisation ont été étudiées. L'importance du traitement thermique sur la microstructure et les propriétés TE des couches a été démontrée.

2). Ensuite, Ag ou Ti a été utilisé pour doper les couches minces de CoSb 3 afin d'améliorer leurs performances en optimisant le procédé de préparation et le dopage.

3). La troisième partie a été consacrée au développement de couches minces de CoSb 3 codopées Ag/(Sn ou Ti ou In). L'influence de la teneur du codopage Sn ou Ti ou In sur les propriétés TE de ces couches minces a été étudiée avec une teneur en Ag fixée.

4). La dernière partie de ce travail est consacrée à la fabrication d'un dispositif TE flexible à haute performance en optimisant les couches minces à base de CoSb 3 ainsi que les électrodes de contact. Des dépôts de couches minces ont également été réalisés sur des substrats chauffés et l'influence de la température sur les performances de ces couches minces a été étudiée. La Des couches minces, composées d'une phase pure de CoSb 3 ont également été obtenues en utilisant une cible unique avec un rapport Co:Sb de 1:3,5. Les deux paramètres de dépôt les plus importants, la composition de la cible et la température du substrat, ont été optimisés. Les meilleurs résultats ont été obtenus avec la cible stoechiométrique CoSb 3 , conduisant à des couches contenant une seule structure de skutterudite CoSb3 bien cristallisée lorsque la température du substrat est bien optimisée. Le meilleur facteur de puissance obtenu est de VIII 1,47.10 -4 Wm -1 K -2 . Une amélioration de cette valeur est attendue par un dopage approprié de la couche mince et par une optimisation du procédé de préparation.

Structure et propriétés thermoélectriques de couches minces de

Couches minces de CoSb 3 dopées

Dans cette section, l'Ag et le Ti sont utilisés pour le dopage des couches minces de CoSb 3 , afin d'améliorer leurs propriétés thermoélectriques.

Couches minces de CoSb 3 dopées à l'Ag

Ag a été utilisé comme dopant et l'approche multicouche a été utilisée pour réaliser ce dopage.

Cette approche est applicable à un grand nombre d'éléments dopants. La cible avec un rapport atomique Co:Sb de 1:3,5 a été utilisée et les couches minces préparées ont été recuites à une température fixe après le dépôt. Dans un premier temps, une couche de Co-Sb a été déposée sur un substrat en verre avec une puissance de pulvérisation de 50 W et le temps de dépôt était de 7,5 minutes. Une couche d'Ag a ensuite été déposée sur cette couche de Co-Sb précédente en utilisant une puissance de pulvérisation de 1 W. Pour cette couche d'Ag, le temps de dépôt a été ajusté pour contrôler la teneur en Ag. Ensuite, une deuxième couche de Co-Sb a été déposée avec les mêmes conditions expérimentales que la couche primaire de Co-Sb. Enfin, un procédé de recuit a été utilisé pour tous les échantillons à 325 °C pendant 1 heure sous flux d'argon. La composition précise en fonction du temps de dépôt d'Ag a été analysée par EDS et résumée dans le tableau 1.

Tableau 1 Composition précise en fonction du temps de dépôt d'Ag

Ag deposition time (s) 0 2 4 6 8 10

Ag content (at %) 0 0.4 1.5 1.9 2.2 2.7

La Figure 8 (a) montre les diagrammes XRD des couches minces de CoSb 3 dopées à l'Ag. Les pics de diffraction de tous les échantillons peuvent être indexés à la structure cristalline cubique skutterudite avec le groupe spatial Im-3, indiquant la pureté de la phase CoSb 3 .

Comme indiqué dans l'encart de cette figure, les pics se décalent légèrement aux petits angles et le décalage augmente avec l'augmentation de la teneur en Ag, ce qui suggère l'expansion de la maille cristalline. Le paramètre de maille a été calculé en utilisant les données XRD et la 

Où kB est la constante de Boltzmann, e est la charge d'électrons, h est la constante de Plank, m* est la densité d'états de masse effective de porteurs. Pour l'échantillon non dopé, la concentration de porteurs est de 1,9.10 21 cm -3 et elle augmente jusqu'à 5,8.10 21 cm -3 lorsque la teneur en Ag est de 0,4% et que n est supérieur à cette valeur pour tous les échantillons dopés à l'Ag. Puisque le coefficient de Seebeck est inversement proportionnel à la concentration de porteurs de charge, on peut déduire donc que le coefficient de Seebeck des échantillons dopés augmente principalement dû à l'augmentation de la masse effective des électrons après le dopage.

Comme prévu, grâce à l'augmentation du coefficient de Seebeck et de la conductivité électrique provoquée par le dopage de l'Ag, le PF est significativement amélioré et il augmente avec l'augmentation de la teneur en Ag. L'échantillon avec une teneur en Ag de 2,2% donne la valeur maximale de 0,11 mWm -1 K -2 à 573 K, ce qui est cinq fois plus élevée que le PF de l'échantillon non dopé. 
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Les résultats d'analyse de composition en utilisant l'AES (Auger Electron Spectroscopy) sont résumés dans le tableau 2 et ils révèlent que la teneur en Ti est de 0,25%, 0,57%, 0,72%, 0,83% et 1,05% respectivement. La composition complète de la couche avec une teneur en Ti de 1,05% est détaillée sur la Figure 14 en fonction de la profondeur de la couche. On peut constater que le rapport atomique de Co:Sb s'écarte de la valeur stoechiométrique (3), avec un léger déficit en Sb. La composition est homogène dans toute l'épaisseur de la couche mince. Pour explorer la situation de Ti, l'énergie de formation a été analysée sur la base des calculs DFT de premier principe. Les résultats présentés dans le tableau 3 montre qu'il est beaucoup plus facile de substituer un atome de Sb par un atome de Ti en raison de l'énergie de formation faible (0,18 eV), en accord avec l'étude structurale. Il convient de noter que l'énergie de formation de Ti occupant un site interstitiel diminue considérablement de 2,52 eV à 0,88 eV lorsqu'un atome de Ti substitution Sb est proche. Ainsi, avec l'introduction de Ti, les sites Sb seront d'abord substitués préférentiellement. Avec une augmentation supplémentaire de la concentration de Ti, les atomes de Ti nouvellement introduits formeront des clusters et occuperont des sites interstitiels. 

Tableau 3 Energie de formation calculée

System

Couches minces de

Caractérisations des couches minces de CoSb3 co-dopées

Le tableau 4 montre la concentration des différents dopants dans les couches minces codopées toujours avec deux éléments. La teneur en Ag est constante autour de 0.2%. Dans les couches minces co-dopées Ag/Sn, la teneur en Sn varie de 1,70% à 3,15%. Dans les couches co-dopées Ag/Ti, la teneur en Ti est relativement faible (0,1% à 0,6%).

Tableau 4 Le contenu des éléments sur les films minces.

sample Ag (at.%) Sn (at.%) Ti (at.%) In (at.%) 

Ag/Sn 5s 0.2 1.7 ------- ------- Ag/Sn 10s 0.3 2.3 ------- ------- Ag/Sn 15s 0.2 3.2 ------- ------- Ag/Ti 5s 0.3 ------- 0.1 ------- Ag/Ti 10s 0.1 ------- 0.4 ------- Ag/Ti 15s 0.2 ------- 0.6 ------- Ag/In 5s 0.2 ------- ------- 3.3 Ag/In 10s 0.2 ------- ------- 4.2 Ag/In 15s 0.1 ------- ------- 6 
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GENERAL INTRODUCTION

The acceleration of global economic development and the improvement of living standards of the population increase dramatically the energy demand, which is now satisfied mainly by non-renewable fossil fuels that are oil, coal and natural gas. One of the great challenges facing humanity for sustainable development is to find renewable energy sources. But on the other hand, even modern internal combustion engines have no more than 40 % efficiency and the remaining 60 % energy is wasted, mostly as heat; through inefficient generation, transmission and final use of that energy. Thus, looking for new low-cost, environment-friendly and efficient materials and device for reusing the waste heat has become an important research topic.

Among various waste heat recovery techniques, the thermoelectric (TE) power generation is considered as one of the most promising technologies to achieve potential application due to its extensive advantages of environmentally friendly, no moving parts, silent, high reliability and autonomous operation. The TE power generator works based on the thermoelectric effect and it can create voltage directly when there is a temperature difference on its each side. At the atomic scale, an applied temperature gradient promotes charge carriers diffusion in the material from the hot side to the cold side. Thus, it offers a simple and environmentally friendly solution for direct heat-to-electricity conversion and can be applied to any size heat source from anywhere, such as sunlight, radioisotopes or even the human body. Meanwhile, electricity also can drive a TE device to work as a solid-state heat pump for distributed spotsize refrigeration. This technology is far less applied to refrigeration than the vaporcompression refrigeration. The primary advantages of a TE cooler are the absence of moving parts or circulating liquid, very long life, invulnerability to leaks, small size and flexible shape.

Therefore, TE effect can not only be used for directly transforming heat to electricity from various sources as auto-mobiles, industrial sectors, sunlight, radioisotopes or even the human body, but also can be used as cooler, when powered by electricity.

In the past few decades, researches on thin films TE materials and devices have attracted more and more attention due to many advantages of flexibility, lightweight, small volume, high integration, and enhanced compatibility. More importantly, the increasing demand calling for a few microwatts of power for the operation of small electric devices and systems in the microelectronics industry are promoting these flexible devices because the traditional 

The basic preparing parameters and growth mechanism of CoSb 3 thin films. (2) The relationship between the micro-structure and TE properties. (3) Heat-treatment and doping for further improving the TE properties of the CoSb 3 thin films. The relationship between the TE properties and crystal structure as well as the charge transport and valence state of atom state will be investigated in order to understanding the mechanism of property improvement. (4) TFTE devices based on the prepared CoSb 3 thin films, will be fabricated et characterized.

This thesis is structured into five chapters. After an overview of the current TE materials and devices, a second chapter will be dedicated to the preparation of CoSb 3 thin film by cosputtering and single target sputtering method. In Chapter III, Ag and Ti will be used as the dopants for CoSb 3 thin films and the influence of the doping content on the TE properties and micro-structure as well as the state of the doping atoms will be investigated experimentally and by calculations. In Chapter IV, the focus will be put on the co-doping by fixing the Ag doping content, while varying the doping types (Ti, Sn and In) and content. The TE properties of the co-doped thin films will be studied and analyzed. In the last Chapter, an innovative CoSb 3 based thin film device will be fabricated by using the magnetron sputtering deposition technique and the structure as well as the connecting electrode will be optimized in order to prepare high TE performance and high thermal stability TFTE device.

INTRODUCTION

The world has been keeping up with an ever increasing demand of electricity by burning more and more fossil fuels since the second industrial revolution [1]. However, fossil fuels are not renewable: the world's crucial reliance on fossil fuels and the environmental concerns of burning fossil fuels are putting both human and natural systems at stake [2]. On the other hand, even modern internal combustion engines have no more than 40 % efficiency for the energy gained from the burning fuel and the remaining 60 % energy is wasted and can be lost to the atmosphere at all stages of the process; through inefficient generation, transmission or final use of that energy as shown in Fig. 1.1(a). More than half waster energy is transferred to the environment by the exhaust system and considered as waste heat [3]. Moreover, heat can be considered renewable in that it is ubiquitous and inevitable: thermal processes generate >90% of the energy we use, whereas the energy we waste is primarily and ultimately in the form of heat, which leading the huge global waste heat recovery market and the size of this market will continue increasing as shown in Fig. 1.1(b). Thus, to pursue such an action, we are urged to save energy and to meet the increasing energy demand of the future society, the development of alternative energy recovery techniques with more efficient ways by reusing it in either the same or a different process is very necessary in order to minimize the amount of heat waste. Waste heat can be recovered either directly (without using a heat exchanger-e.g., recirculation)

or, more commonly, indirectly (via a Heat Exchanger) [4]. Direct heat recovery is often a cheaper option but its use is restricted by location and contamination considerations. In indirect heat recovery, the two fluid streams are separated by a heat transfer surface, which can be categorized as either a passive or active heat exchanger. Passive heat exchangers require no external energy input (e.g., Shell and Tube, Plate, etc.) whilst active heat exchangers do (e.g., thermal wheel, Heat Pump, etc.). But whatever the type of recovery technique, the aim is to transform the waste heat into useful energy, especially into electricity which is versatile and convenient. Therefore, developing high efficiency, low cost, and convenient-to-use waste heat recovery technique is the key in this field. Although many recovery techniques have been reported and some applications have already been demonstrated [5]- [10], most of them are still defective and unable to be applied on a large scale, hence the recovery technique need be further improved for practical application.

Fig. 1.2 Thermoelectric power generation technology [11]

Among various waste heat recovery techniques, the one based on the thermoelectric (TE) power generation technology is considered as one of the most likely to achieve potential application due to its extensive advantages of environmentally friendly, no moving parts, silent, high reliability and autonomous operation [11]. As shown in Fig. 1.2, the TE power generator works based on the thermoelectric effect and it can create voltage directly when there is a temperature difference on each side. At the atomic scale, an applied temperature gradient promotes charge carriers diffusion in the material from the hot side to the cold side.

Thus, it offers a simple and environmentally friendly solution for direct heat-to-electricity conversion and can be applied to any size heat source from anywhere, such as sunlight, radioisotopes, automobiles, or even the human body. Meanwhile, electricity also can drive a TE device to work as a solid-state heat pump for distributed spot-size refrigeration. This technology is far less commonly applied to refrigeration than vapor-compression refrigeration is. The primary advantages of a TE cooler compared to a vapor-compression refrigerator are the absence of moving parts nor circulating liquid, very long life, invulnerability to leaks, small size, and flexible shape. Therefore, TE can not only be used for application in directly transforming heat to electricity from various heat sources but also can be used as cooling device as shown in Fig. 1.3. Thermoelectricity has been investigated for about two hundred years since Seebeck effect and Peltier effect were discovered by Thomas Johann Seebeck [12] and Jean Charles Athanase

Peltier [13], 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 [14]. Since Z varies with absolute temperature T, a useful non-dimensional figure-of-merit is ZT [15]. 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 Fig. 1.4. This formed the basis of all modern thermoelectric theory and accelerated research effort focused on developing materials with high ZT [16]. However, because the discovery of TE effect was found from the junction of metals, this effect was ignored at the early stage of the discovery due to the very low efficiency of the metals. Most metals possess a generating efficiency of a fraction of 1%, which is uneconomical as a source of electrical power. Similar considerations also led to the conclusion that thermoelectric refrigeration was an uneconomic proposition [17]. Thus, a typical application of the TE effect at this time was for temperature measurement which is well-known as thermocouple [18]. Renewed interest in thermoelectricity occurred in the late 1930s due to the development of synthetic semiconductors that possess much higher TE performance than metals. A.F. Ioffe and his co-works found in 1956 that the ZT value of some semiconductors could further be enhanced if the TE material is alloyed with an isomorphous element or compound [19]. Due to these discoveries and possible military applications, a tremendous survey of TE materials was undertaken. However, the complex parameter interdependence makes the approach of tuning carrier concentration alone inefficient for enhancing ZT. Within a long period of time, the highest ZT of TE materials was lower than 1.0, and the TE devices operated at a low power conversion efficiency of only about ~2 %. No substantial progress has been found for a long time and the TE technique was inefficient and not cost-effective for most applications [20]- [23].

Until the early 1990s, the development of "phonon-glass electron-crystal" (PGEC) concept by G. Slack led to a better understanding of the TE mechanism [24]. It proposed that the phonons should be disrupted like in a glass but the electrons should have high mobility like they do in crystalline semiconductors. Based on this concept, the theoretical predictions suggested that TE efficiency could be greatly enhanced which led to a resurgence of interest on experimental efforts to develop the proof-of-principle and high-efficiency materials [25]- [30]. At the same time, complex bulk materials (such as skutterudites [31], clathrates [32],

and Zintl phases [33]) have been explored and found. All of these developments promoted the thermoelectricity to its Renaissance era. [34]- [40].

Fig. 1.5 summaries the reported ZT values per publishing years. It can be found that the maximum ZT was about 1.0, and the devices can operate at a power conversion efficiency of 4 % -5 % (approximately estimated from the maximum ZT) before 1990. And great progress has been made in thermoelectric field after 1990s, encompassing diverse strategies to enhance the power factor and to reduce thermal conductivity, especially with a separate control of the lattice thermal conductivity. For instance, the lattice thermal conductivity of the TE material can be significantly reduced by introducing nanostructure, by controlling the band structure and filling atoms, and by manipulating large-scale size-effect, as shown in the right-side in Fig. 1.5. This strategy can have less effect on other TE parameters, resulting in ZT being pushed to over 1.5, with which the power conversion efficiency can be expected to be of 11 % -15 %. Some new concepts and new technologies, still more exciting, have pushed ZT to over 2.5 [41] and even higher in the last three years; the predicted device conversion efficiency increases to approaching 20 %. The development history in thermoelectricity exhibits now a trend of using low-cost and earth-abundant materials besides the race for getting high ZTs > 2.0.

Fig. 1.5 The reported ZT values per publishing years [41]

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 [42]. Indeed, the reported high ZT were the maximum value at a certain temperature, but the average ZT values were still far away from the maximum value. Generally, any kind of TE material has its 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 in preparing highperformance TE materials, but also in fabricating high efficiency TE generator. In many cases [43]- [45], the actual prepared TE generators had significantly lower efficiency than the ideal efficiency predicted from the corresponding TE materials, even only 50 %. 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 connecting electrode materials and so on. 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 still need further exploration and improvement to meet the requirements of practical application.

THE THERMOELECTRIC EFFECT

The thermoelectric effect is a kind of direct conversion from temperature difference to electric voltage and vice versa. This effect can be used to generate electricity, measure temperature or change the temperature of objects. The term "thermoelectric effect" encompasses three separately identified effects: the Seebeck effect, Peltier effect and Thomson effect.

Seebeck effect

The Seebeck effect is the conversion of heat directly into electricity at the junction of different types of wires. Originally discovered in 1794 by Italian scientist Alessandro Volta, it is named after the Baltic German physicist Thomas Johann Seebeck, who in 1821 independently rediscovered it [12]. It was observed that a compass needle would be deflected by a closed loop formed by two different metals joined in two places, with a temperature difference between the joints. This was because the electron energy levels in each metal shifted differently and a potential difference between the junctions created an electrical current and therefore a magnetic field around the wires. Seebeck did not recognize that there was an electric current involved, so he called the phenomenon "thermomagnetic effect". Danish physicist Hans Christian Ørsted rectified the oversight and coined the term "thermoelectricity".

This phenomenon is schematised in Fig. 1.6 with two different materials A and B. Different metals (or semiconductors) have 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 interface. Therefore, as long as the temperature difference between the two materials is maintained, electron diffusion will continue by generating a stable voltage.

Fig. 1.6 A thermoelectric circuit composed of materials of different Seebeck coefficients

The Seebeck effect is a classic example of an electromotive force (emf) and leads to measurable currents or voltages in the same way as any other emf. Electromotive forces modify Ohm's law by generating currents even in the absence of voltage differences (or vice versa); the local current density is given by [START_REF] Yong | Remarkable enhancement in thermoelectric performance of BiCuSeO by Cu deficiencies[END_REF] 

J = 𝜎(-∆𝑉 + E emf ) (1.1)
where ∆V is the local voltage, and σ is the local conductivity. In general, the Seebeck effect is described locally by the creation of an electromotive field

E emf = -𝑆∆𝑇 (1.2)
Where S is the Seebeck coefficient (also known as thermopower), a property of the local material, and ∆T is the temperature gradient.

The Seebeck coefficients generally vary as function of temperature and depend strongly on the composition of the conductor. For ordinary materials at room temperature, the Seebeck coefficient may range in value from -100 μV/K to +1,000 μV/K. If the system reaches a steady state, where J= 0, then the voltage gradient is given simply by the emf: This simple relationship, which does not depend on conductivity, is used in the thermocouple to measure a temperature difference; an absolute temperature may be found by performing the voltage measurement at a known reference temperature. For practical, the voltage generated by the Seebeck effect can be expressed as [47] 

𝑉 = ∫ (𝑆 B (𝑇) -𝑆 A (𝑇))dT 𝑇2 𝑇1 (1.3) 
where 𝑆 𝐴 and 𝑆 𝐵 are Seebeck coefficients ( 𝑆 ) for the material A and B, 𝑇 1 and 𝑇 2 are temperatures at interface. If the Seebeck coefficient in the experimental temperature range can be treated as constant, the above equation can be approximated as:

𝑉 = (𝑆 B -𝑆 A )(𝑇 2 -𝑇 1 ) (1.4)
Actually, Seebeck coefficient depends largely on the temperature and the microstructure of the material. One way to define the Seebeck coefficient is to divide the voltage built up (∆𝑉) by the small temperature gradient applied to the material (∆𝑇):

𝑆 = -∆𝑉/∆𝑇 (1.5)
By analyzing the charge carrier mobility, it can be concluded that n-type semiconductors have negative Seebeck coefficient, which will be positive for p-type materials. Mixed n-type and ptype conduction in one material, if it exists, will lead to both charge carriers moving to the cold end, cancelling the induced Seebeck voltage. Based on the Seebeck effect, many applications have been explored, such as thermocouple using metallic junctions and thermoelectric generator using semiconductor junctions.

Peltier effect

The Peltier effect is the presence of heating or cooling at an electrified junction of two different conductors and is named after French physicist Jean Charles Athanase Peltier, who discovered this effect in 1834 [13]. When a current is made to flow through a junction between two conductors, A and B, heat may be generated or removed at the junction as shown in Fig. 1.7. The effect is even stronger in circuits containing dissimilar semiconductors. If the current is reversed, heat generated by current flowing in one direction will be absorbed. This effect can be explained from carrier energies.

Fig. 1.7 Peltier effect circuit

Electron conductors are analyzed as an example. For a metallic junction, the energy levels of electrons in different metals are different. In Fig. 1.7, if the electron energy level in metal A is lower than in metal B, due to the existence of electric potential in a circuit, the electrons are pulled out from metal A to metal B at the green point. At this upper junction, the kinetic energy of electron will be converted to potential energy and electrons will move more slowly.

Since the temperature is just a representation of the average speed of the random movements of the particles, the temperature at the upper junction will decrease. On the contrary, potential energy will be converted to kinetic energy at the lower junction (red point) by releasing heat.

Similar to metallic conjunction, the directional movement of charge carriers can generate thermal effects (endothermic or exothermic phenomenon) at the interface. The Peltier heat generated per unit time 𝑄 at the junction of conductor A and B (red point) is equal to [47] 

𝑄 = (Π A -Π B ) × 𝐼 (1.6)
where ∏ A (∏ B ) is Peltier coefficient of conductor A (B) and 𝐼 is electric current from A to B.

Due to Peltier effect, the TE conjunctions can be used in applications ranging from travel coolers/warmers to laboratory instruments and communications systems. By cascading or pyramiding Peltier devices, quite large temperature differences can be generated.

Thomson effect

In different materials, the Seebeck coefficient is not constant with temperature, and so a spatial gradient in temperature can result in a gradient in the Seebeck coefficient. If a current is driven through this gradient, then a continuous version of the Peltier effect will occur as shown in Fig. 1.8 This Thomson effect was predicted and subsequently observed in 1851 by Lord Kelvin (William Thomson) [47]. It describes the heating or cooling of a current-carrying conductor with a temperature gradient.

Fig. 1.8 Thomson Effect

Any current-carrying conductor (except for a superconductor) with a temperature difference between two points either absorbs or emits heat, depending on the material. If a current density 𝐽 passes through a homogeneous conductor, the heat production 𝑄 per unit volume is

𝑄 = 𝜌𝐽 2 -𝜇𝐽 𝑑 𝑇 (𝑥) d x (1.7)
where 𝜌 is material resistivity; 𝜇 is Thomson coefficient; 𝑑𝑇/𝑑𝑥 is the temperature gradient along the wire; and the first item is Joule heating. Compared with the other two thermoelectric effects, Thomson effect is directly measurable for any unique material. On the contrary, no direct method exists for determining absolute Seebeck or Peltier coefficients for one material.

Thomson relations

In 1854, Lord Kelvin found relationships between the three coefficients, implying that the The Seebeck coefficient of a material is a measure of the magnitude of an induced thermoelectric voltage in response to a temperature difference across that material, as induced by the Seebeck effect. One way to define the Seebeck coefficient is the voltage built up when a small temperature gradient is applied to a material, and when the material has come to a steady state where the current density is zero everywhere. If the temperature difference ΔT between the two ends of a material is small, then the Seebeck coefficient of a material is defined as the equation (1.5). The unit of the Seebeck coefficient is volts per kelvin (VK -1 ), although it is more often given in microvolts per kelvin (μVK -1 ). The use of materials with a high Seebeck coefficient is one of many important factors for an efficient behaviour of thermoelectric generators and thermoelectric coolers. In thermocouples, the Seebeck effect is used to measure temperatures, and for increasing accuracy it is desirable to use materials with a Seebeck coefficient that is stable over time. Physically, the magnitude and sign of the Seebeck coefficient can be approximately understood as being given by the entropy per unit charge carried by electrical currents in the material [START_REF] Sootsman | New and old concepts in thermoelectric materials[END_REF]. It may be positive or negative. In conductors that can be understood in terms of independently moving, nearly-free charge carriers, the Seebeck coefficient is negative for negatively charged carriers (such as electrons), and positive for positively charged carriers (such as electron holes). However, when the charge carriers exhibit both hole-like and electron-like behavior, the sign of S usually depends on the predominat carrier.

In practice, the absolute Seebeck coefficient is difficult to measure directly, since the voltage output of a thermoelectric circuit, as measured by a voltmeter, only depends on differences of Seebeck coefficients. This is because electrodes attached to a voltmeter must be placed onto the material in order to measure the thermoelectric voltage. The temperature gradient then also typically induces a thermoelectric voltage across one leg of the measurement electrodes.

Therefore, the measured Seebeck coefficient is a contribution from the Seebeck coefficient of the material of interest and the material of the measurement electrodes. This arrangement of two materials is usually called a thermocouple. The measured Seebeck coefficient is then a contribution from both and can be written as [START_REF] Boor | Data analysis for Seebeck coefficient measurements[END_REF] 𝑆 

𝑆(𝑇) = ∫ 𝜇(𝑇 ′ ) 𝑇 ′ 𝑑𝑇 ′ 𝑇 0 (1.11)
provided that µ is measured down to absolute zero. The reason is that S(T) is expected to decrease to zero as the temperature is brought to zero-a consequence of Nernst's theorem.

Such a measurement based on the integration of µ/T was published in 1932, though it relied on the interpolation of the Thomson coefficient in certain regions of temperature.

A material's temperature, crystal structure, and impurities influence the value of thermoelectric coefficients. The Seebeck effect can be attributed to two things: charge-carrier diffusion and phonon drag [START_REF] Sun | Large Seebeck effect by charge-mobility engineering[END_REF].

Charge carrier diffusion On a fundamental level, an applied voltage difference refers to a

difference in the thermodynamic chemical potential of charge carriers, and the direction of the current under a voltage difference is determined by the universal thermodynamic process in which (given equal temperatures) particles flow from high chemical potential to low chemical potential. In other words, the direction of the current in Ohm's law is determined via the thermodynamic arrow of time (the difference in chemical potential could be exploited to produce work, but is instead dissipated as heat which increases entropy). On the other hand, for the Seebeck effect, not even the sign of the current can be predicted from thermodynamics.

In order to understand the origin of the Seebeck coefficient, it is necessary to understand the microscopic physics.

Charge carriers (such as thermally excited electrons) constantly diffuse around inside a conductive material. Due to thermal fluctuations, some of these charge carriers travel with a higher energy than average, and some with a lower energy. When no voltage difference or temperature difference is applied, the carrier diffusion perfectly balances out and so on average one sees no current: J= 0. A net current can be generated by applying a voltage difference (Ohm's law), or by applying a temperature difference (Seebeck effect). To understand the microscopic origin of the thermoelectric effect, it is useful to first describe the microscopic mechanism of the normal Ohm's law as determined by equation (1.1).

Microscopically, what is happening in Ohm's law is that higher energy levels have a higher concentration of carriers per state, on the side with higher chemical potential. For each interval of energy, the carriers tend to diffuse and spread into the area of device where there are less carriers per state of that energy. As they move, however, they occasionally scatter dissipatedly, which re-randomizes their energy according to the local temperature and chemical potential. This dissipation empties out the carriers from these higher energy states, allowing more to diffuse in. The combination of diffusion and dissipation favours an overall drift of the charge carriers towards the side of the material where they have a lower chemical potential.

For the thermoelectric effect, now, consider the case of uniform voltage (uniform chemical potential) with a temperature gradient. In this case, at the hotter side of the material there is more variation in the energies of the charge carriers, compared to the colder side. This means that high energy levels have a higher carrier occupation per state on the hotter side, but also the hotter side has a lower occupation per state at lower energy levels. As before, the highenergy carriers diffuse away from the hot end, and produce entropy by drifting towards the cold end of the device. However, there is a competing process: at the same time, low-energy carriers are drawn back towards the hot end of the device. Though these processes both generate entropy, they work against each other in terms of charge current, and so a net current occurs only if one of these drifts is stronger than the other. The net current is given by J=-σS∆T, depending literally on how conductive high-energy carriers are, compared to lowenergy carriers. The distinction may be due to a difference in rate of scattering, a difference in speeds, a difference in density of states, or a combination of these effects.

Phonon drag Phonons are not always in local thermal equilibrium; they move against the thermal gradient. They lose momentum by interacting with electrons (or other carriers) and imperfections in the crystal. If the phonon-electron interaction is predominant, the phonons will tend to push the electrons to one end of the material, hence losing momentum and contributing to the thermoelectric field. This contribution is more important in the temperature region where phonon-electron scattering is predominant. This happens for T≈1/5θ D , where θ D is the Debye temperature. At lower temperatures, there are fewer phonons available for drag, and at higher temperatures they tend to lose momentum in phonon-phonon scattering instead of phonon-electron scattering. This region of the thermopower-versus-temperature function is highly variable under a magnetic field.

Electrical resistivity and conductivity

Electrical resistivity is a fundamental property that quantifies how strongly a given material opposes the flow of electric current. A low resistivity indicates a material that readily allows the flow of electric current. Resistivity is commonly represented by the Greek letter ρ (rho).

The unit of electrical resistivity is the ohm-metre (Ω⋅m). As an example, if a 1 m × 1 m × 1 m solid cube of material has sheet contacts on two opposite faces, and the resistance between these contacts is 1 Ω, then the resistivity of the material is 1 Ω⋅m [START_REF] Lowrie | Fundamentals of Geophysics[END_REF].

Many resistors and conductors have a uniform cross section with a uniform flow of electric current, and are made of one material. The electrical resistivity ρ is defined as [START_REF] Kumar | Comprehensive Physics XII[END_REF] 

𝜌 = 𝑅 𝐴 𝑙 (1.12)
Where R is the electrical resistance of a uniform specimen of the material, A is the crosssectional area of the specimen and l is the length of the piece of material.

Electrical conductivity or specific conductance is the reciprocal of electrical resistivity, and measures a material's ability to conduct an electric current. It is commonly represented by the Greek letter σ (sigma). Its unit is siemens per metre (S/m) and unit is reciprocal second (s -1 ), and is defined as the inverse of resistivity: σ=1/ρ.

Thermal conductivity

Thermal conductivity λ (also denoted κ) is the property of a material to conduct heat. It is evaluated primarily in terms of the Fourier's Law for heat conduction [START_REF] Goldsmid | Introduction to Thermoelectricity[END_REF]. In general, thermal conductivity is a tensor property, expressing the anisotropy of the property. Heat transfer occurs at a lower rate in materials of low thermal conductivity than in materials of high thermal conductivity. Correspondingly, materials of high thermal conductivity are widely used in heat sink applications and materials of low thermal conductivity are used as thermal insulation. In the International System of Units (SI), thermal conductivity is measured in watts per meter-kelvin (W/mK). Thermal conductivity often depends on temperature. The effect of temperature on thermal conductivity is different for metals and nonmetals. In metals, heat conductivity is primarily due to free electrons. Following the Wiedemann-Franz law, thermal conductivity of metals is approximately proportional to the absolute temperature (in kelvins) times electrical conductivity. In pure metals, the electrical conductivity decreases with increasing temperature and thus the product of the two, the thermal conductivity, stays approximately constant. However, as temperatures approach absolute zero, the thermal conductivity decreases sharply.

On the other hand, heat conductivity in non-metals is mainly due to lattice vibrations (phonons). Except for high quality crystals at low temperatures, the phonon mean free path is not reduced significantly at higher temperatures. Thus, the thermal conductivity of nonmetals is approximately constant at high temperatures. At low temperatures well below the Debye temperature, thermal conductivity decreases, as does the heat capacity, due to carrier scattering from defects at very low temperatures.

In general thermoelectricity, the thermal conductivity of a semiconductor has two main components: the lattice (phonon) component (λ L ), and the electronic (or hole) component (λ e ).

Based on the Wiedemann-Franz law, the electronic thermal conductivity is written as [START_REF] Ren | Advanced thermoelectrics[END_REF] λ 𝑒 = 𝐿𝜎𝑇

(1.13)

The value L=L 0 = 2.44×10 -8 WΩK -2 results from the fact that at low temperatures (T → 0 K), the heat and charge currents are carried by the same quasi-particles: electrons or holes. At finite temperatures, two mechanisms produce a deviation from the theoretical Lorenz value L 0 :

(i) other thermal carriers such as phonon or magnons, (ii) Inelastic scattering. As the temperature tends to 0 K, inelastic scattering becomes weak and promotes large q scattering values. For each electron transported, a thermal excitation is also associated and the Lorenz number tends to L(T) = L 0 . At finite temperature, small q scattering values are possible and electron can be transported without the transport of a thermal excitation. In this case, L(T) < L 0 . At higher temperatures, the contribution of phonon to thermal transport in a system becomes important. This can lead to L(T) > L 0 . Above the Debye temperature, the phonon contribution to thermal transport is constant and the ratio L(T) is again found constant.

Using the relaxation time approximation for the Boltzmann equation and assuming steadystate conditions, the phonon thermal conductivity λ L can be determined. The temperature dependence for λ L originates from the variety of processes, whose significance for λ L depends on the temperature range of interest. Mean free path is one factor that determines the temperature dependence for λ L , as stated in the following equation [START_REF] Ren | Advanced thermoelectrics[END_REF] λ

𝐿 = 1 3V ∑ 𝑣(𝑞, 𝑗)𝛬(𝑞, 𝑗) 𝜕 𝜕𝑇 𝜖(𝜔(𝑞, 𝑗), 𝑇) 𝑞,𝑗 (1.14) 
where V is the energy transport velocity of phonons, Λ is the mean free path for phonon, and ∂ϵ/∂T denotes the heat capacity. Generally considered that phonons in the acoustical branch dominate the phonon heat conduction as they have greater energy dispersion and therefore a greater distribution of phonon velocities. Additional optical modes could also be caused by the presence of internal structure (i.e., charge or mass) at a lattice point; it is implied that the group velocity of these modes is low and therefore their contribution to the lattice thermal conductivity λ L is small.

Power factor

S is not the only coefficient that determines the usefulness of a material in a thermoelectric converter. Under a given temperature difference, the ability of one thermoelectric material producing useful electrical power is evaluated by its power factor PF [START_REF] Kamarudin | Review on the fabrication of polymer-based thermoelectric materials and fabrication mMethods[END_REF] 𝑃𝐹 = 𝑆 2 𝜎 (1.15)

One can see from this equation that S and σ of TE material should be as high as possible in order to obtain a high electrical power. However, as we mentioned above that both S and σ are significantly associated to the charge carriers, and many researches showed that they are not independent and have opposite relationship to each other with the carrier concentration. where κ total is total thermal conductivity caused by phonon κ L (λ L ) and electron κ e (λ e ), as

κ total = κ 𝐿 + κ 𝑒 (1.17)
Since the three parameters, Seebeck coefficient, electrical conductivity, and thermal conductivity, that determine Z are all related to temperature, a dimensionless figure of merit containing the absolute temperature T is more widely used and given by [59]

𝑍𝑇 = 𝑆 2 𝜎𝑇 κ 𝑡𝑜𝑡𝑎𝑙 (1.18)
A potential material usable for applications in the field of thermoelectric must have as high ZT value as possible. It is clear that a material with interesting thermoelectric properties must have together high Seebeck coefficient, electrical conductivity, and low thermal conductivity.

As electrons which participate in electrical conduction also take part in the transfer of heat as shown in Fig. 1.10, it is understandable that the exploration of new TE material is a process of compromise and optimization [START_REF] Chen | Nanostructured thermoelectric materials: Current research and future challenge[END_REF].

Fig. 1.10 The relations of the carrier concentration with thermoelectric properties [60]

For a given pair of materials, the highest value of ZT is reached when the product RK (R is the electrical resistance and K is the thermal conductance) is minimized. Of course, R rises and K falls as the ratio of length to cross section area (L/A) increases and, indeed, a thermocouple can be designed for a given cooling power and electric current by altering the ratio in both arms. What is important, however, is to maintain a preferred relationship between L/A for the two arms. It is, in fact, a trivial exercise to show that RK is minimized when [19] 𝐿 𝑛 𝐴 𝑝 𝐿 𝑝 𝐴 𝑛 = (

𝜌 𝑝 κ 𝑛 𝜌 𝑛 κ 𝑝 ) 1/2 (1.19)
When this equation is satisfied, it is indeed possible to talk about the figure-of-merit of a pair of materials, giving it the value [19] 𝑍𝑇

= (𝑆 𝑝 -𝑆 𝑛 ) 2 [(κ 𝑝 𝜌 𝑝 ) 1/2 +(κ 𝑛 𝜌 𝑛 ) 1/2 ] 2 (1.20)
where the S p , κ p , ρ p and S n , κ n , ρ n are the TE properties of p-type and n-type materials, respectively.

Efficiency of thermoelectric device

The thermoelectric device efficiency for electricity generation, η p , is defined as the ratio of energy provided to the load and the heat energy absorbed at hot junction. In an actual thermoelectric module using both p-type and n-type thermoelectric materials, the maximum efficiency η p is defined as [START_REF] Zhang | Thermoelectric materials: Energy conversion between heat and electricity[END_REF] 𝜂

p = 𝑇 𝐻 -𝑇 𝐶 𝑇 𝐻 �1+𝑍𝑇 ave -1 �1+𝑍𝑇 ave + 𝑇 𝐶 𝑇 𝐻 (1.21)
where ZT ave is the average value of both n-type and p-type for the two legs, the ZT ave per leg is averaged over the temperature dependent ZT curve between T H and T C , T H and T C are the hot and cold ends temperature, respectively. (T H -T C )/ T H is known as the Carnot efficiency and ZT ave can be given by [START_REF] Zhang | Thermoelectric materials: Energy conversion between heat and electricity[END_REF] 𝑍𝑇 ave =

1 𝑇 h -𝑇 c ∫ 𝑍𝑇 𝑇 h 𝑇 c d𝑇 (1.22)
Opposite to the Seebeck effect, the Peltier effect is the presence of heating or cooling at an electrified junction of two different conductors and the thermoelectric cooling efficiency hc can be given by [61]

𝜂 p = 𝑇 𝐻 𝑇 𝐻 -𝑇 𝐶 �1+𝑍𝑇 ave - 𝑇 𝐻 𝑇 𝐶 �1+𝑍𝑇 ave +1
(1.23) Fig. 1.11 shows the calculated maximum thermoelectric efficiency. From both Eq. (1.21) and Fig. 1.11 [START_REF] Zhang | Thermoelectric materials: Energy conversion between heat and electricity[END_REF], we can see that η max depends on the ZT. As an example, if ZT ave = 3.0 and ∆T= 400 K, the power generation efficiency hp can reach 25%, comparable to that of traditional heat engines. Thus a remarkable high value of efficiency could be obtained if the value of ZT is enhanced. When ZT approaches infinity, the η max approaches the Carnot limit.

However, up to now, no known TE materials have a ZT larger than 3. Therefore, how to improve thermoelectric efficiency becomes the key issue in this research field.

Fig. 1.11 Power generation efficiency and cooling efficiency as a function of average

ZT ave [START_REF] Zhang | Thermoelectric materials: Energy conversion between heat and electricity[END_REF].

STATE OF THE ART OF THERMOELECTRIC MATERIALS

Overview of thermoelectric materials

To obtain a high ZT value, both Seebeck coefficient S and electrical conductivity σ must be large, while thermal conductivity κ must be minimized; however, the laws of physics conspire against satisfying this requirement. The WiedemanneFranz law requires the electronic part of thermal conductivity κ to be proportional to electrical conductivity σ, and the Pisarenko relation limits the simultaneous enlargement of S and σ. The complex relationships of these thermoelectric parameters can be summarized as [START_REF] Zhang | Thermoelectric materials: Energy conversion between heat and electricity[END_REF]- [START_REF] Yan | Optimum electronic structures for high thermoelectric figure of merit within several isotropic elastic scattering models[END_REF] 𝑆 =

8𝜋 2 𝑘 B 2 3𝑒ℎ 2 𝑚 * 𝑇 � 𝜋 3𝑛 � 2 3 � (1.24) σ = 𝑛𝑒𝜇 = 𝑛𝑒 2 𝜏 𝑚 *
(1.25)

κ total = κ 𝐿 + κ 𝑒 = κ 𝐿 + 𝐿𝜎𝑇 (1.26)
where k B is the Boltzmann constant, m* is the density of states effective mass, h is the Planck constant, n is the carrier concentration, e is per electron charge, µ is the carrier mobility, τ is the relaxation time. According to Eq. (1.24) to (1.26), all these three parameters are related to the carrier concentration and the relationships are shown in Fig. 1.10. In general, the maximum ZT value can be typically found in semimetals or heavily doped semiconductors with a carrier concentration around 10 19 per cm 3 . However, the complex parameter relationship makes the approach of tuning carrier concentration alone difficult to enhance ZT.

Thus, many innovative transport mechanisms have been proposed in order to obtain high ZT TE materials. Such as potentially paradigm-shifting mechanisms enabled by defects, size effects, critical phenomena, anharmonicity and the spin degree of freedom. These mechanisms embody the latest state of understanding and manipulating the interplay among charge, lattice, orbital and spin degrees of freedom in TE materials. Based on these mechanisms, great progress has been made over the past few decades in thermoelectric field.

As shown in Fig. 1.12, the highest ZT values in many materials have been improved to over 2.0 [16]. Generally, there are three main strategies for enhancing the ZT of TE materials:

Band structure engineering, all-scale hierarchical architectures and new thermoelectric materials. Explicitly, the power factor of the TE materials can be enhanced if one can manipulate the electronic density of states (DOS). This can be achieved by either band convergence as commonly accepted, or introducing new physical phenomena which alter the electronic structure. In TE materials with complex structure, the electrical transport properties can be safely tuned if one can identify the conductive network as well as the out-of-network atoms of the materials, by electronic structure calculations. Combined with the Boltzmann transport theory, the band structure can also be used as the screening tools for predicting new TE materials with high power factors [START_REF] Pei | Convergence of electronic bands for high performance bulk thermoelectrics[END_REF].

In Eq. without changing much of can effectively solve the paradox between the DOS effective mass and carrier mobility, and has been treated as an efficient strategy to improve TE performance [START_REF] Liu | Convergence of conduction bands as a means of enhancing thermoelectric performance of n-Type Mg 2 Si 1-x Sn x solid solutions[END_REF]. Some excellent TE performance has been obtained by the band structure engineering.

For instances, through a distortion of the electronic DOS by doping Tl in PbTe, a doubling of ZT above 1.5 was obtained by Heremans et al. in 2008 [66]. By solid solutions, band convergence was realized in Mg 2 Si 0.35 Sn 0.65 , and a 65% improvement of power factor was obtained by W. Liu et al. [START_REF] Liu | Low electron scattering potentials in high performance Mg 2 Si 0.45 Sn 0.55 based thermoelectric solid solutions with band convergence[END_REF]. Zhang et al. demonstrated a new strategy to achieve large band degeneracy that can predict and design high-performance non-cubic diamond-like TE materials, and the method can be used in layered compounds, such as Zintl compounds [START_REF] Zhang | High-performance pseudocubic thermoelectric materials from non-cubic chalcopyrite compounds[END_REF].

Besides that, the Rashba spin splitting effect that can lead to lower-dimensional DOS and increase the S, has been reported [START_REF] Winkler | Spin-orbit coupling effects in two-dimensional electronand hole systems[END_REF], which offers a new direction for electrical transport optimization.

All-scale hierarchical architectures

The complex parameter relationships make the approach of tuning carrier concentration alone difficult to enhance ZT. Among the TE parameters, the lattice thermal conductivity κ L is the only parameter that is independent on carrier concentration [START_REF] Lan | Enhancement of thermoelectricfigure ofmerit by a bulk nanostructuring approach[END_REF]. Therefore, reducing lattice thermal conductivity is an effective method to enhance thermoelectric performance. The lattice thermal conductivity can be simplified as κ L =1/3C v vl, where C v is the heat capacity and v is the phonon velocity which are constant, so the lattice thermal conductivity is governed by the phonon mean free path (MFP) l [START_REF] Minnich | Bulk nanostructured thermoelectric materials: current research and future prospects[END_REF]. When the dimension of inclusions/defects is comparable to the MFP, the phonons will be effectively scattered. Acoustic phonons carry most of the heat in a material, and they have a spectrum of wavelengths and mean free paths distribution, including short, medium and long wavelength phonons, synergetically contributes to the total thermal conductivity. Therefore, all length-scale structures (solidsolution point defects, nano-scale precipitates and grain boundary) corresponding to the broad spectrum of heat carrying phonons should be the main design principle for future thermoelectric materials [START_REF] Biswas | High-performance bulk thermoelectrics with all-scale hierarchical architectures[END_REF], as shown in Fig. 1.13. Point defect Point defects can be formed by doping or alloying [START_REF] Pei | High thermoelectricperformance of oxyselenides: intrinsically low thermal conductivity of Ca-doped BiCuSeO[END_REF]. Their role of reducing the lattice thermal conductivity is generally understood in the Callaway model via the mass difference (mass fluctuations) and the size and the interatomic coupling force differences (strain field fluctuations) between the impurity atom and the host lattice. Nano-inclusions can be obtained by several approaches, including embedded nano-inclusions, dispersing in situ partially oxidized nanoparticles in matrix and the endotaxial nano-precipitates [74][75]. A general approach for introducing endotaxial nanostructures in a parent matrix is through nucleation and growth of a second phase, which is required to have a low solubility in the solid state, but complete solubility in the liquid state. To get polycrystallites, the spark plasma sintering (SPS) is a suitable and effective technology to fabricate highly dense and finegrained thermoelectric materials [START_REF] Noguchi | Powder processing of thermoelectric materials -focusing on SiGe with new sintering technique[END_REF]. For instances, the lattice thermal conductivity of PbTe was reduced by ~25% through Na doping, and further reduced by 55% through introduction of nanostructured SrTe [START_REF] Biswas | High-performance bulk thermoelectrics with all-scale hierarchical architectures[END_REF]. Grain boundaries contribute to a further significant reduction at high temperatures. The overall thermal conductivity reached as low as ~0.5 Wm -1 K -1 at 915 K.

In term of figure of merit ZT, optimal Na doping in p-type PbTe leaded to a ZT of ~1. nanostructuring and all-scale hierarchical architecturing to reduce the lattice thermal conductivity; band energy alignment between nano-precipitate/matrix to maintain hole mobility. Most of these approaches aim to maintain a high power factor and/or to reduce the lattice thermal conductivities. Alternatively, one can seek high performance in thermoelectric 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, have been summarized below:

(1) Liquid-like ionic conductor TE materials

The mechanism for improving ZT by using liquid-like ions was discussed in 'Reduction of κ L by liquid-like ions' section as an extension of the concept of 'phonon-glass electron-crystal' to that of 'phonon-liquid electron-crystal' [79] [START_REF] Yu | Thermoelectric properties of copper selenide with ordered selenium layer and disordered copper layer[END_REF]. Shortly after Cu 2-x Se (Fig. have stimulated keen interest in the past few years as prospective TE materials with high ZTs

[79]- [START_REF] Hwang | Effects of doping on transport properties in Cu-Bi-Se-based thermoelectric materials[END_REF]. The most important and interesting feature of these ionic conductors is their intrinsically extremely low κ L . and the Cu 2-δ S compounds with the ZT up to 1.9 at 970 K [START_REF] Zhao | High thermoelectric and mechanical performance in highly dense Cu 2-x S bulks prepared by a meltsolidification technique[END_REF]. Especially, a very high ZT value of 2.1 has been achieved with Cu 2 S 0.52 Te 0.48 at 1000 K [START_REF] Liu | Copper ion liquid-like thermoelectrics[END_REF].

Ag-containing ionic conductors have also been studied recently. For instance, the ZT value of CuAgSe is initially low at 300 K but reaches a high value of 0.95 at 623 K [START_REF] Hong | Anomalous transport and thermoelectric performances of CuAgSe compounds[END_REF]. By forming a solid solution with Cu 2 S, the electronic transport and the TE performance of Cu 5 FeS 4 are

(a) (b) (c)

easily tuned to achieve the maximum ZT of 1.2 at 900 K [START_REF] Qiu | Sulfide bornite thermoelectric material: a natural mineral with ultralow thermal conductivity[END_REF]. But compared to the Cucontaining ionic conductors, the ZT values of Ag-containing ionic conductors are still lower.

(2) SnSe single crystals SnSe adopts a layered orthorhombic crystal structure at room temperature [START_REF] Zhao | Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals[END_REF], which can be derived from a three dimensional distortion of the NaCl rock-salt structure, as shown in Fig. The basic family of binary semiconducting compounds forming the skutterudite structure consists generally of CoP 3 , CoAs 3 , CoSb 3 , RhP 3 , RhAs 3 , RhSb 3 , IrP 3 , IrAs 3 and IrSb 3 [START_REF] Sales | Filled SkutteruditeAntimonides: a new class of thermoelectric materials[END_REF].

The skutterudite structure (indicated by MX 3 where M represents a metal atom and X a pnictide atom) belongs to the body-centered-cubic space group Im3 as shown in Fig. 1. 17.

The crystallographic unit cell consists of eight MX 3 units, with the eight M atoms occupying the c sites and the 24 X atoms situated on the g sites. The structure can be uniquely specified from the lattice constant and the two positional parameters y and z specifying the g site. A key characteristic of the skutterudite structure is the nearly square four-membered rings of X atoms.

Fig. 1. 17 Schematic illustrating the unit cell of the skutterudite crystal structure [19]

Another prominent feature proven desirable for thermoelectric applications is the existence of two relatively large voids at the a positions of the unit cell that can be filled with additional atoms. Filled skutterudites have been formed, with lanthanide, actinide, and alkaline-earth ions interstitially occupying these voids. The interstitial ion in this structure is six-fold coordinated by the X-atom planar groups and is thereby enclosed in an irregular dodecahedral (12-fold) cage of X atoms. Large X-ray thermal parameters have been reported for these ions, indicating that these ions may rattle or participate in a soft phonon mode in the voids of this crystal structure. Indeed, the thermal parameters of these ions increase with decreasing ionic size. As firstly pointed out by Slack, the ions are caged in the voids of this structure and, if smaller than the void in which they are caged, they may rattle and thus interact randomly with the lattice phonons, which results in substantial phonon scattering. This "ball in a cage" configuration of filled skutterudites is one of the most conspicuous aspects of the structure and directly determines some of the most important physical properties, as noted below.

These compounds display an exceedingly rich spectrum of physical behavior, including semiconducting behavior, superconductivity, heavy fermion-like characteristics, and lowthermal conductivity, all of which are a direct result of the nature of the structure and bonding in these materials. Thus, based on the filled stratagem, the ZT value higher than 1.0 was reported in both p-type and n-type skutterudites TE materials [START_REF] Rogl | n-Type skutterudites (R,Ba,Yb) y Co 4 Sb 12[END_REF]-[104] as shown in Fig. 1.18 due to an extremely low level of thermal conductivity after the voids were occupied by loosely bounded atoms known as "rattlers". 

Void

THERMOELECTRIC THIN FILM MATERIALS AND DEVICES

Recently there have been several applications calling for a few microwatts of power at relatively high-voltage for the operation of small electric devices and systems in the microelectronic industry. Even though these electric devices and systems need only a very small amount of power, this has usually been supplied by batteries or external power sources.

Under this circumstance, TE generator may be an ideal onboard power source. It can directly produce a small electrical power from thermal energy [113]. However, traditional TE device manufacturing technique cannot meet the requirements of these miniaturized devices, such as the micro-size, light weight and high energy density, especially flexible and wearable devices [114]. 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 the micro-TE device is attracting more and more attention. Increase the thermoelectric efficiency. 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. (b) The last challenge is to reduce the preparation cost. Actually, the high cost of preparing thin film TE device is not only because of the unaffordable or toxic element of the materials (such as TE materials containing Te, Pb, Se, PEDOP and electrode materials of Au, Ag), but also due to its slow and complicated preparation process. Indeed, for the targeted applications with low power consumption, providing a low-cost TE device with an acceptable performance is even more important than preparing a high-performance device with a high production cost. Therefore, more works must be done to obtain high-performance thin film TE materials and high-efficiency devices, which should be low-cost, micro-size, flexible and wearable.

State-of-the-art of thin film thermoelectric materials

As we mentioned above, to overcome the ZT = 1 limit of homogeneous TE materials, many These predictions were soon experimentally confirmed as shown in Fig. 

Fig. 1.23 ZT value of various low-dimension materials

Thus, it is intriguing to evaluate thermoelectricity in low-dimensional semiconductors that might have excellent thermoelectric performance, Both in theoretically and experimentally. In early studies, it can be seen that thin film is used as the basic element for creating two- thin films, but also on the manufacture of low-cost, simple for diversified applications of TE thin films.

Thin film thermoelectric devices

The increasing demand of micro-scale energy harvesting systems for power supply or Therefore, it is more suitable for using as a high-output generator at low-temperature and as micro-semiconductor cooler. On the other hand, the temperature gradient of the planar module is parallel to the TFTE elements which can be controlled by changing the length of

(a) (b) 
the TE elements, that is much earlier to set up a big temperature difference, leading to achieve high output voltage. However, the large resistance of the TE legs limits its output power, so this type module is suitable for low output power source and sensor applications. In view of the characteristics and advantages of these two structures, the fabrication and application of It is therefore still a challenge to generate sufficient energy from the heat source to widen the application domain. But more importantly, while improving ZT is critical for performance enhancement, other aspects of TFTE device design must also be considered to ensure low cost and high performance systems. In many cases, a low-cost device with an acceptable performance is even more important than a high-performance device with a high production cost. Therefore, some of the existing challenges are remaining and need further studies in order to obtain low-cost and high efficiency TFTE devices. This thesis is structured into five chapters. After an overview of the current TE materials and device, a second chapter will be dedicated to the preparation of CoSb 3 thin films by cosputtering and single target sputtering method. In Chapter III, Ag and Ti will be used as the dopants for CoSb 3 thin films and the influence of the doping content on the TE properties and the micro-structure as well as the state of the doping atoms will be investigated experimentally and by calculations. In Chapter IV, the focus will be put on the co-doping by fixing the Ag doping content, while varying the doping types (Ti, Sn and In) and content. The TE properties of the co-doped thin films will be studied and analyzed. In the last Chapter, an innovative CoSb 3 based thin film device will be fabricated by using the single low-cost magnetron sputtering deposition technique and the structure as well as the connecting electrode will be optimized in order to prepare TFTE devices with high performance and high thermal stability.

CONCLUSIONS

Solid

INTRODUCTION

Thin films with nano-scale grains have been demonstrated as one of the promising lowdimensional systems that can enhance the material's thermoelectric performance, comparable to the nano-structuring in bulk materials [1] the maximum power factor of 0.68 mWm -1 K -1 was obtained at 660 K when the film was deposited on the glass substrate [13].

Among the published reports, the physical vapor deposition technology is the most widely used method for deposition CoSb 3 thin films. Especially the magnetron sputtering deposition technique 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. The driving force behind this development has been the increasing demand for high-quality functional films in diverse market sectors. and eject atoms from the target. These atoms will be ejected in a typical line-of-sight cosine distribution from the face of the target and will condense on surfaces that are 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. The targets are fabricated from materials to be deposited and placed in front of the electrode.

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 [16][17].

Magnetron sputtering generally allows higher deposition rates 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 and can offer the same possibility such as thick films.

Consequently, this deposition technique finds wide applications such as metallization on semi-conductor material, 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. The 1020 K heat treatment was adopted for thin film post annealing for obtaining a high degree of crystallinity as well as for avoiding reverse heating effect and a maximum ZT of 0.48 was achieved at 700K for a 130 nm thick sample [20].

Although some reports confirmed that high performance thin films can be prepared by magnetron sputtering deposition [21]- [24], most of the results showed however that the thermoelectric properties of the obtained CoSb 3 thin films were still far from that of the bulk materials [25]- [28]. Thus, further improvement in thermoelectric properties is vital for its large-scale application. Recently, we prepared CoSb 3 thin films by physical vapor deposition technology [29][30] and found that most of the films contained excessive impurity phase. By carefully analyzing the results, we find that there are two key points for preparing highperformance CoSb 3 thin films: (a) the Controlling of the film composition content. The composition content is different after being sputtered from the target to the substrate. This difference is related to many factors, such as the deposition power, working pressure or the heat-treatment condition. The composition deviation affects dramatically the crystallinity, electrical transport, and thermoelectric prosperities of the films. Thus, the relationship between the deposition parameters and thin film composition must be obtained, in order to control the composition content of the films and to obtain better thermoelectric performance;

(b) The crystalline structure and crystallinity. Generally, CoSb 3 alloy thin film is amorphous with poor thermoelectric performance when it is deposited at room-temperature. Heattreatment must be adopted to improve the thin film crystallinity, leading to increased thermoelectric transport. However, inappropriate heat-treatment temperature will lead to excessive element evaporation and induce additional structural defects in the films. Thus, the heat-treatment temperature should be carefully selected for controlling the crystalline structure and crystallinity, with the objective to achieve higher thermoelectric properties.

Therefore, in this work, we will focus on the preparation of high performance CoSb 3 thin films based on magnetron sputtering deposition technique by two methods: co-sputtering and single target sputtering.

(

1) Co-sputtering

The CoSb 3 thin films were fabricated by DC magnetron co-sputtering using Co and Sb single elemental target. The composition content of the thin films was controlled by regulating the deposition power of both Co and Sb target. Then the as-deposited sample with the best performance was chosen to process the post-annealing. The influence of the composition content and the post-annealing temperature on the micro-structure and the thermoelectric properties of the films have been investigated.

(

2) Single target sputtering

The films were prepared by RF magnetron sputtering deposition with a single target. The logic for the optimization process is the following: Firstly, the influence of the sputtering power on the composition content and the micro-structure was studied to confirm the basic sputtering parameter. Secondly, targets with various element contents were used for sputtering and the effect of the annealing temperature on the thermoelectric properties of the thin films was investigated. Thirdly, thin films were grown directly on the heated substrate and the growth mechanism was studied. The micro-structure and the thermoelectric properties of the films were also measured.

PREPARATION AND CHARACTERIZATION OF COSB 3 THIN FILMS

FABRICATED BY CO-SPUTTERING

Thin film preparation

The samples were synthesized via the magnetron co-sputtering technique. The deposition system and the preparing process are shown in Fig. Generally, the Sb content was slightly reduced after the annealing process due to its relatively high partial pressure. It is also noticed that a high deposition power was favorable for thin film growth. Therefore, the thin film with slight Sb-excess (Sb content of 76.5 at %) was chosen for additional annealing process in order to improve its thermoelectric properties. Fig. and θ is the angle [31]. The most intense peak (013) was used to calculate the crystallite size and the results are 24 nm, 26 nm, 25 nm and 25 nm, respectively. It can be claimed that the crystallite size is almost invariable. Therefore, the XRD results suggest that the samples exhibit primary skutterudite CoSb 3 , even single CoSb 3 structure, with stable nano-sized crystallite, indicating that the thin films have stable micro-structure and are well-crystallized.

Fig. 2.4 XRD patterns of the annealed CoSb 3 thin films

To further confirm the micro-structure of the samples, room-temperature Raman scattering measurements were performed by using the Lab Ram Xplora (Horiba Jobin Yvon, shown in Fig. 2.5) in the range of 80 cm -1 to 300 cm -1 shift from the 514.5 nm laser excitation for C3 and C5, where the C3 had the single CoSb 3 phase and C5 had a impurity phase from the XRD analysis.

Fig. 2.5 Raman spectrometer (RENISHAW) and its working principle

The measured results are shown in Fig. 2.6. According to the theoretical calculation [32],

there are eight Raman sensitive phonon vibration modes in CoSb 3 , identified as 2A g + 2E g + 4F g . The A g modes are Raman active in parallel polarizations, while the E g modes are Raman active with polarizability tensor components and the F g is "orthogonal" to E g . As seen in Fig.

2.6, the sample C3 has peaks located at 107 cm -1 , 129 cm -1 , 144 cm -1 , 173 cm -1 , 181 cm -1 and 185 cm -1 , which can be assigned to the theoretically predicted modes of F g2 , E g1 , A g1 , F g3 , A g2 /F g4 and Eg 2 , respectively. F g2 and F g3 are mainly in-plane shear of the short side of the Sb rectangle. E g1 and E g2 are elongation of all sides of one rectangle, shortening of all sides of the other. A g1 and A g2 are the vibration of the two elongated and the two shorten sides of the rectangle [33]. Similarly, the C5 sample shows the same modes to the C3 and both of them had insignificant extra peaks, indicating that the samples have a pure CoSb 3 structure.

However, the peaks of C5 has slight shift in comparison with the C3 and that might be due to the oxidation defects, induced by higher annealing temperature, leading to lattice distortion.

Moreover, the line-width (FWHM) of the samples is about 10 cm -1 and is significantly larger than the value of the CoSb 3 bulk material which is about 2 cm -1 . The wider FWHM reveals that the atoms of the thin film have weaker functional group energy which will weaken the atomic vibration, causing the attenuation of phonon energy transmission. This phenomenon could significantly increase the Seebeck coefficient and decrease the thermal conductivity.

Fig. 2.6 Raman scattering spectra of the C3 and C5 samples

Morphology characterization

The micro-structure was characterized by scanning electron microscopy (SEM, Zeiss supra 55)

while the component analysis was performed by energy dispersive spectroscopy (EDS). Highresolution transmission electron microscopy (HRTEM, JEM3200FS) was also used for analyzing the films as shown in Fig. 2.7.

Fig. 2.7 High-resolution transmission electron microscopy and its working principle

The SEM image and HRTEM image of C3 are displayed in Fig. The temperature dependence of the Seebeck coefficient S and the electrical conductivity σ were simultaneously measured by using an appropriate system (SBA458, Nezsch). The facility and the measurement principle are shown in Fig. 2.10. The sample is placed with both ends onto the sample support. In the sample support, there are two micro heaters which can generate a temperature gradient in both sample directions. On the bottom, there are two thermocouples and current pins for the measurement of the Seebeck coefficient and the electrical conductivity. The furnace can be evacuated or filled with inert gas of choice or continuously purged with inert gas (in this work, Helium was used). The entire measurement procedure is fully automatic. The furnace starts to heat and follows a predefined thermal program. When a temperature step is reached, the measurement of the electrical conductivity takes place, using the current pins. After that, the two micro heaters generate a temperature gradient within the sample and the measurement of the Seebeck coefficient takes place. Both measurement procedures are repeated at every predefined temperature step. Finally, the furnace cools down and the sample can be removed.

Fig. 2.10 The facility and the measurement principle of the simultaneous determination of Seebeck coefficient and electrical conductivity system

As soon as the sample has reached the programmed temperature, the two heaters generate a temperature gradient in both sample directions. During this cyclic heating process, the measured Seebeck voltages (UA, UB) are plotted vs. the corresponding temperature difference. This results in a large number of measurement points. With linear regression on these measured values of the thermal voltages vs. the temperature difference, the Seebeck coefficient (S) can be determined from the slope of the straight lines (aA, aB) with knowledge of the Seebeck coefficient of the used thermocouple wires (SA, SB).

𝑆 = 1 2 ( a A +a B a B -a A × S AB + S A + S B ) (2.
3)

The sheet resistivity of a sample is determined in the so called "linear four terminal arrangement". 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 (2.4)
In the SBA 458 sample carrier system, the distances are S 1 =S 3 =1.625 mm and S 2 =8.25 mm. This leads to a simplified formula:

𝜌 = ∆𝑉 𝐼 𝜋 � 1 𝑆 1 - 1 𝑆 1 +𝑆 2 � (2.5)
The electrical conductivity should be measured based on the method of van-der Pauw. Thus, the electrical conductivity σ is calculated by σ=1/ρ. Fig. 2.11(a) shows the temperature dependence of the electrical conductivity σ which is about 2.4×10 4 Sm -1 at room temperature for C1, C2 and C4 samples. C3 has the maximum value of 3.9 ×10 4 Sm -1 , whereas C5 has the minimum value of 1.1×10 4 Sm -1 . The σ of all specimens shows a decreasing trend with the increasing temperature, indicating the characteristic metallic conduction behavior. As a comparison with the bulk samples, the maximum σ of our thin film samples is lower. This is likely due to the fact that the grain size of our samples is much smaller, leading to enhanced interface scattering of electrons, resulting in smaller σ. The value of S increases gradually, ranging from 30.7 µVK -1 to 44.3 µVK -1 at room temperature as the annealing temperature rises from 473 K to 573 K. 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 [34].

The Seebeck coefficient for C1, C2 and C3 increases almost linearly with the increasing temperature. The highest S is ∼80 μVK -1 for the sample C3 at 503 K. The S for C4 and C5 increases linearly when the temperature is below ~ 450 K and begins decreasing when the temperature is higher than 450 K. This unexpected result might be due to the intensification of oxidation defects at high temperature that favorites the electron hole recombination, causing the reduction of the Seebeck coefficient. The power factor (PF= S 2 σ) calculated from the measured electrical resistivity and Seebeck coefficient is plotted in Fig. 2.11(c). Due to the competition between the decreased carrier concentration and the increased mobility originating from the thermally effect, the power factor increases somewhat with increasing annealing temperature at room temperature. The C3 has a maximum value of 0.45×10 -4 Wm -1 K -2 due to the enhancement of both Seebeck coefficient and electric conductivity, indicating that the thermal annealing can attenuate the conflict of the S and σ, leading the improvement of its thermoelectric properties. The PF of C1, C4 and C5 decreases as the measurement temperature increases. Additionally, the sample C2 has the trend that the PF increases with the increasing temperature, after reaches a maximum value, a rapid steep decrease follows. The C3 shows the maximum PF of 1.47×10 -4

Wm -1 K -2 at the temperature of 453 K.

Therefore, based on the thermoelectric properties and micro-structure analysis results mentioned above, it can be found that the CoSb 3 thin film with slight Sb-excess show a single CoSb 3 phase when the annealing temperature is lower than 523 K. All the annealed CoSb 3 thin films have nano-sized crystallites with an almost unchanged size of about 25 nm. The highest electrical conductivity of 3.9 ×10 4 Sm -1 together with the largest Seebeck coefficient has been obtained at room temperature when the annealing temperature of the thin film is 523 K. In addition, this sample also has the maximum PF of 1.47×10 -4 Wm -1 K -2 at 453 K. All the thermoelectric measurements indicate that the nanostructured thin films allow greatly attenuating the conflict between the Seebeck coefficient and electric conductivity.

FABRICATING COSB 3 THIN FILMS BY RADIO MAGNETRON SPUTTERING USING COMPOUND TARGET

It has been demonstrated earlier that the composition of the co-sputtered thin films depends strongly on the applied power on the individual elemental targets. The composition has critical influence on the thermoelectric properties. In this paragraph, thin films will be deposited by using an alloy target with fixed composition. Based on the previous results, a Co-Sb target with an excess of Sb will be used.

Deposition process

CoSb 3 skutterudite thin films were always prepared by RF sputtering deposition technique.

The Co-Sb alloy target (99.9%) was used with Co:Sb atomic ratio of 1:3.5. The BK7 glass was chosen as the substrates which were cleaned in ultrasonic acetone bath for 20 minutes, then 10 minutes in absolute ethyl alcohol and 10 minutes in deionized water, respectively. The deposition chamber was firstly pumped down to 6.0×10 -4 Pa and the working pressure was kept at 0.4 Pa with Ar flow of 40.0 sccm. The sputtering time was set to be 15 minutes at room temperature and different sputtering power from 45 W to 55 W was used. The atomic ratio and the square resistance of the prepared films are shown in Table 2.1. The results show that the film prepared under 50 W has lower square resistance with the closest content to the target. XRD patterns of all the films prepared by different sputtering power are shown in Fig. 2.12.

All the films, even the one prepared at relatively high sputtering power, are amorphous. When the sputtering power raises to 55 W, cracks on the target surface has been observed (as seen in Fig. 2.13). Thus, the deposition power of 50 W has been selected for the following experiments. 

Influence of annealing temperature on CoSb 3 thin film

Experimental procedure

The alloy targets (99.9%) were used with different Co:Sb atomic ratio of 1:3, 1:3.5, and 1:4, which were marked as TA1, TA2 and TA3, respectively. All the samples were deposited with the same sputtering power of 50 W and the sputtering time was set to be 15 minutes at room temperature, then the post-annealing was realized. Different annealed temperatures have been used, while other conditions were fixed: annealing duration of 1 hour under Ar atmosphere with the pressure of 420 Pa. Thin films prepared with TA1 target were annealed at 300 °C and 325 °C, that they are named as T1-1 and T1-2. Similarly, samples prepared with the TA2 and TA3 targets are named as T2-1/T2-2 and T3-1/T3-2 that. For detailed studies, thin films have been prepared by using the TA2 target with the right Sb excess and then annealed with the temperature ranging from 250 °C to 350 °C with an interval of 25 °C. The samples are nominated as A1, A2, A3, A4 and A5, respectively. Fig. 2.15

shows the X-ray diffraction results and it can be seen that all the thin films have three major diffraction peaks which are indexed as the reflection peaks from the (013), ( 123) and ( 211) planes of the CoSb 3 phase. There is no impurity peak for A1~A4 thin films, indicating that these samples have single CoSb 3 phase. Whereas, the A5 sample has an impurity peak related to (012) plane of the Sb structure when the annealing temperature exceeds 350 °C. Table 2.2

shows the atomic ratio of the CoSb 3 thin films. The composition of all the samples is deviated from the stoichiometric ratio of 1:3 and exhibits the Sb excess. The Sb excess can even be higher in the thin film compared to the target, suggesting loss of Co during the deposition.

The increasing annealing temperature obviously induces loss of Sb, except for the A5 sample obtained with the highest annealing temperature of 350 °C. There is for the moment no rational explanation for this exception. 

Electrical transports and thermoelectric properties at room-temperature

Fig. 2.16 shows the room-temperature properties of the thin films as function of annealing temperature. The electrical conductivity tends to decrease and reaches the minimum value of 0.8×10 4 Sm -1 at the annealing temperature of 325°C before a slight increase (Fig. 2.16(a)). A1

has the highest conductivity of 1.7×10 4 Sm -1 , which is still much lower than the value of the bulk CoSb 3 . It is well known that the conductivity is determined by the carrier mobility and carrier concentration, which were measured at room-temperature by Hall measurement system and the results are shown in Fig. 2.16(b) and (c). All thin films have high carrier concentration with an absolute value higher than 1.5×10 21 cm -3 , which is much higher than the value for bulk CoSb 3 inthe range of 10 18 ~10 19 cm -3 . This indicates the probable existence of impurities in the thin films. The negative value for A1~A4 samples is associated with the n-type conductivity of these samples, while the A5 shows a p-type conductivity. The mobility of all the samples is however very low and the A2 has the maximum value of 0.58 cm 2 V -1 S -1 . This phenomenon is probably in relationship with the excess-Sb which will increase the intrinsic electron scattering effect and blocking the transmission. In addition, the excess Sb will create abundant electrons, thus leading to the n-type conductivity. 

Fig. 2.16

The room-temperature properties of the thin films annealed at different temperatures.

Influence of deposition temperature on CoSb 3 thin film

It has been demonstrated that the post-annealing has a critical influence on different properties of CoSb 3 thin film. Therefore, we have decided to study the influence of the substrate temperature during the deposition, on the thermoelectric properties of these thin films.

Thin film preparation and characterization

CoSb 3 alloy targets with Co:Sb atomic ratios of 1:3 and 1:3.5 have been used in the magnetron sputtering ultrahigh vacuum system. BK7 glass measuring 20 mm × 20 mm × 2 mm was used as substrate and cleanly as described earlier. A 5 minutes pre-sputtering process was carried out to remove contaminants on the target surface. The chamber was pumped down to 6.0×10 -4 Pa, and the working pressure was 0.4 Pa with a argon flow of 40.0 sccm.

Before deposition, the substrate was heated to a setting temperature which was kept stable during the deposition. The temperature was set from 225 °C to 325 °C at 25 °C interval. Then, thin films were grown on the heated substrate by RF magnetron sputtering with a deposition power of 50 W. The thin films prepared with the 1:3 target were labeled as T-series (T1 to T5), and samples prepared with the 1:3.5 target were labeled as S-series (S1 to S5). The asdeposited thin films prepared by the 1:3 target and the 1:3.5 target were labeled as T0 and S0, respectively.

Chemical composition and micro-structure invstigation

Fig. 2.17 shows the composition of thin films as function of substrate temperature. It can be seen that the samples prepared with Co:Sb = 1:3.5 target, in excess of Sb, approached the 75% stoichiometric ratio of Sb. The thin film prepared with the stoichiometric Co:Sb = 1:3 target shows insignificant loss of Sb when the substrate is at room temperature. However, Sb content decreases remarkably when the substrate temperature increases. The Sb content tends to increase again with both targets, when the substrate is at relatively high temperature. This phenomenon is presumably related to the balance between the volatilization of Sb and the increased partial pressure of Sb at high temperatures. As shown in Fig. 2.18(b), the strongest diffraction peak of sample S1 is located at ~31°, which is related to the (310) plane of the CoSb 3 phase to which most peaks can be assigned, indicating that this sample has a primary CoSb 3 phase. A few peaks of impurity can be observed in the patterns, and are related to the hexagonal Sb structure as the secondary phase.

With increasing the substrate temperature, similar results can be obtained, with CoSb 3 as the primary phase and Sb as the secondary phase, as indicated in XRD patterns of S2-S5.

However, the intensity of the impurity peaks increases with increasing substrate temperature, and the intensity of the peak located at 29° become the strongest when the substrate temperature reaches 325 °C. This result indicates that the Sb phase become, in this case, the primary phase of the sample S5. Crystallite size D has been calculated from XRD data using the Debye-Sherrer Equation mentioned before. Fig. 2.18(c) shows the calculation results using the peak related to the (013) plane. It can be seen that the crystallite size of all thin films increases with increasing substrate temperature. Such an increase suggests that the thermal effect can efficiently promote thin film growth. The grain size of samples prepared with the 1:3.5 target is larger than that of thin films prepared with the 1:3 target. In general, thin films with a large grain size show better electrical conductivity due to lower interface scattering. (c) calculated crystallite size. The film surface become increasingly dense and narrow grain boundaries are clearly formed.

Morphology and growth mechanism analysis

These findings signify that dense thin films with minimized crystal imperfections can be obtained. Although T5 features a dense structure, but a porous surface can be observed (marked as red region) probably due to a partial evaporation of the compound preferentially at the grain boundary region. These characteristics indicate that thin films exhibit a number of defects that would adversely affect electron transport when the deposition temperature is too high. Conversely, hexagonal Sb grains could more easily be clustered and crystallized during the deposition process when the substrate is heated at appropriate temperature, thus the impurity Sb phase can be obtained at lower temperature than the temperature of the annealing method. The power factor, PF, one of the important thermoelectric parameters, determines the thermoelectric energy conversion and is defined as S 2 σ. The temperature dependence of PF is shown in Fig. 2.24(e) and (f). Even the PF of S1-S5 shows an increasing trend, but the values are extremely low and decrease with increasing deposition temperature. Different from that of the S-series samples, the PF of the T-series samples is much higher and sharply increases when the temperature is higher than 450 K due to the high Seebeck coefficient shown in Fig. 2.24(f). T2 and T3 respectively give an maximum PF value of 9.8 × 10 -4 Wm -1 K -2 and 9.1 × 10 -4 Wm -1 K -2 , which are almost 20 times higher than those of the S-series samples. It is clear that the films having better crystallinity and dense structures will have enhanced thermoelectric properties. These structures are obtained by using the ideal stoichiometric target and appropriate substrate temperature.

CONCLUSION

In this work, detailed studies on magnetron co-sputtering and single target sputtering methods for preparing CoSb 3 thin films have been performed. The importance of the heat-treatment temperature on the properties of CoSb 3 thin films has been demonstrated. The results show that the relatively high annealing temperature is efficient to optimize the performance of the CoSb 3 films prepared by co-sputtering and the key point is to obtain pure CoSb 3 phase, high crystallinity in order to obtain improved thermoelectric properties.

Similarly, CoSb 3 thin films prepared by using single alloy target can also contain pure CoSb 3 phase when the target has the Co and Sb atomic ratio of 1:3.5. However, these films have poor thermoelectric properties. Two important deposition parameters, the target composition and the substrate temperature have been carefully optimized. As stated before, thin films prepared with target having non stoichiometric composition will have impurity secondary phase and poor thermoelectric properties. The best results have been obtained with the stoichiometric CoSb 3 target, leading to films containing a single skutterudite CoSb 3 structure and a dense as well as well-crystallized structure when the substrate is heated at optimized temperature. The growth mechanism of thin films has also been studied in order to understand the influence of the composition, the morphology and the crystallinity of the thin film on the thermoelectric properties. As expected, thin films with improved thermoelectric performance have been obtained after appropriate heat-treatment and the power factor values of 1.47×10 -4

Wm -1 K -2 and 0.98×10 -4 Wm -1 K -2 have been obtained with two deposition techniques. Further improvement of the thin film performance is expected by appropriate doping and as well as by optimizing the prepared process. Although it is a narrow band gap semiconductor, owning larger carrier mobility, high Seebeck coefficient and complex crystal structure, the thermoelectric properties still need be further improved for thermoelectric application because of its high thermal conductivity [1]. Fortunately, the CoSb 3 crystallizes in a body-centered cubic structure with space group Im3 and a unit cell consists of 32 atoms, in which Co atoms form eight sub-cubes with pnicogen rings occupying six of them, leaving the final two voids or cages empty [2].

Thus, if the doped-element can fill into these voids, the Seebeck coefficient would be enhanced and the thermal conductivity reduced, resulting in dramatically increase of ZT value due to the "rattling" effect of filling which can effectively scatter wider-range amplified In chapter II, we have already prepared CoSb 3 thin film with single CoSb 3 structure and improved its thermoelectric properties via process optimization. However, the thermoelectric performance of the thin film still needs further improvement. Ag has been proved as an efficient dopant (filling-element) for CoSb 3 based bulk materials [11][12]. Furthermore, Ti is a typical metal with high melting point and has been reported to be an efficient doping element for improving the properties of materials, such as electrical conductivity and thermostability [13]. Thus, in this section, the Ag and Ti will be used for doping, aiming to enhance the thermoelectric properties of the CoSb 3 thin films. The general consideration is the following:

(1) As we mentioned in the previous chapter (Fig. (2) Generally, CoSb 3 can be filled up with special kinds of elements such as lanthanide elements and hafnium. However, some reports showed that bilayer reaction approach employing the formation of metastable skutterudite compounds was achieved through controlling the crystallization of amorphous reaction intermediates. It was formed by low-temperature inter-diffusion of modulated elemental reactants, which was very efficient so that the empty cages of the CoSb 3 might be filled up by any kind of elements [14][15]. Thus, Ti layer with nano thickness was prefabricated on an insulated substrate and CoSb 3 thin film was deposited onto this Ti layer. Then the sample was annealed for growing Ti-doped thin film.

Such process can form a metastable compound by inter-diffusion at room-temperature and grow a nano-structured thin film which acts as a catalyst, like during the metal organic chemical vapor deposition process for fabricating nano-structure [16]. The ultimate objective here is to synthesize CoSb 3 thin films with Ti filling and special nano-architecture for improving the carrier mobility and enhancing scattering of phonons with mid-to longwavelength, thus leading to the improvement of power factor with low lattice thermal conductivity.

POWER FACTOR ENHANCEMENT VIA MULTILAYER GROWTH OF AG-DOPED COSB 3 THIN FILMS

Ag was used as the dopant and the multilayer growing method was employed which is an efficient way to prepare doped CoSb3 films with a large choice of elements. The alloy target with Co/Sb atomic ratio of 1:3.5 were used and the prepared thin films were annealed at a fixed temperature. Then, the influence of Ag doping content on the micro-structure and the thermoelectric properties has been investigated.

Thin film preparation

Ag target (99.99 %) and Co-Sb (99.95%) alloy target with Co/Sb atomic ratio of 1:3.5 were fixed in the magnetron sputtering facility, equipped with a three-position rotatable target system. The sputtering angle was 45 ° and the target-substrate distance was 10 cm. 2 cm×2 cm×1.5 mm glass substrates were used and cleaned in a ultrasonic bath for 10 minutes in acetone, 10 min in absolute ethyl alcohol and 10 min in deionized water. The vacuum chamber was firstly pumped down to 8.0×10 -4 Pa and the working pressure was kept at 0.4 Pa with argon flow of 40 sccm. At first, a Co-Sb layer was deposited onto the glass substrate with a sputtering power of 50 W and the deposition time was 7.5 min. A Ag layer was then deposited onto the previous Co-Sb layer by using a sputtering power of 1 W. For this layer, the deposition time was adjusted for controlling the Ag content. Then, a 2 nd Co-Sb layer was deposited again with the same experimental conditions as the primary Co-Sb layer. Lastly, an annealing process was used for all the samples at 325 °C for 1 hour under a constant flow of argon. The precise composition as function of Ag deposition time was analyzed by EDS and summarized in Table 3.1.

Table 3.1 Ag content of the thin films as function of Ag deposition time

Ag deposition time (s) 0 2 4 6 8 10

Ag content (at %) 0 0.4 1.5 1.9 2.2 2.7

Micro-structure characterization

The crystalline phases were determined by X-ray diffraction (XRD) (D/max2500, Rigaku Corporation) with the 2θ angle range of 15 °-70 °, using Cu Kα radiation (λ = 0.15406 nm). Room temperature Raman scattering measurements were performed by using a spectra system Lab Ram Xplora (Horiba Jobin Yvon). The laser excitation used in this work was the 514.5

nm line of an Ar + ion laser. Fig. 3.3 shows the results in the range of 70 cm -1 to 220 cm -1 shift for all the samples. Four modes are observed in the patterns of all the samples at the positions of 106 cm -1 , 131 cm -1 , 146 cm -1 and 178 cm -1 , corresponding respectively to the F g2 , E g1 , A g1 and A g2 Raman sensitive phonon vibration modes in CoSb 3 predicted by theoretical simulation [19]. No extra peak can be observed, confirming that the films have single cubic structure which is consist with the XRD result. It is notable that the vibration modes are unchanged and have almost the same peak intensity and full width at half maximum before and after Ag doping. This phenomenon reveals that the cubic structure has stable bonding state. However, the peaks shift to lower value and the results are similar as already observed from the XRD results, confirming the lattice expansion. Thus by combining the stable bonding state which indicates the un-changed atoms rings of the crystal framework, it can be confirmed that this dynamic lattice expansion is produced by the insertion of Ag atoms into the lattice. 

Density functional theory analysis

In order to determine whether Ag dopant is energetically favorable, first principles calculations are carried out with the context of density functional theory (DFT) with planewave basis sets, as implemented in the Vienna ab initio Simulation Package (VASP) [20]- [22].

All the calculations were performed with the PBE exchange-correlation functional, and the projected augmented wave (PAW) approach with plane wave cutoff of 400 eV. The calculations of all the doped systems were done with a 5×5×5 k grid. The convergence criteria are set to be 10 -4 eV in energy and 0.02 eV⋅Å -1 in force.

We estimated the cohesive energy E coh of the Ag-doped CoSb 3 supercell according to the following formula [23]: were rising with increasing Ag-content. Thus, it can be concluded that the Ag atoms will preferentially occupy the lattice voids, rather than substitute the Sb or Co rings.

E coh =(E Ag-CoSb3 -

XPS and morphology measurements

In order to investigate the valence states of the films, X-ray photoelectron spectroscopy (XPS) analysis was conducted . As shown in Fig. 3.5, the XPS is typically accomplished by exciting a samples surface with mono-energetic Al K a X-rays causing photoelectrons to be emitted from the sample surface. An electron energy analyzer is used to measure the energy of the emitted photoelectrons. From the binding energy and intensity of a photoelectron peak, the elemental identity, chemical state and quantity of a detected element can be determined.

Physical Electronics XPS instrument is in a manner analogous to SEM/EDS instruments that use a finely focused electron beam to create SEM images for sample viewing and point spectra or images for compositional analysis. With the XPS instrument, a finely focused x-ray beam is scanned to create secondary electron images for sample viewing and point spectra or images for compositional analysis. The size of the x-ray beam can be increased to perform analysis on larger samples. In contrast to SEM/EDS which has a typical analysis depth of 1-3 µm, XPS is a surface analysis technique (analysis depth<5 nm) and is therefore better suited for the compositional analysis of ultra-thin layers and thin micro-scale sample. 

Thermoelectric properties

The temperature dependence of Seebeck coefficient S and electrical conductivity σ were measured at the temperature range from 298 K to 573 K by the simultaneous determination of Seebeck coefficient and electrical conductivity system (SBA458, Nezsch). Fig.

(c) show respectively the electrical conductivity σ, the Seebeck coefficient S and the power factor PF as function of temperature. In Fig. 3.8(a), σ of the un-doped sample is 0.83×10 4 Sm - 1 at 298 K which is a relatively low value compared to bulk materials. It distinctly increases with increasing temperature, suggesting the semiconductor characteristics. The electrical conductivity σ obviously increases after Ag-doping and keeps the same changing trend with the increasing temperature as the un-doped sample. Comparatively, the sample with Ag content of 2.2 % shows the highest electrical conductivity at 298 K, but the sample doped with 1.5 % Ag has the highest value of 1.82×10 4 Sm -1 at 523 K. However, the electrical conductivity of all samples decreases dramatically when the temperature is over 523 K and drops to extremely low values when the temperature is higher than 573 K. This result can be attributed to the oxidation and partial decomposition of the compound at high temperature.

The Seebeck coefficient S for the films are shown in 

doped films have much higher absolute S values than that of un-doped sample. Thus, it can be concluded that Ag is an effective dopant for enhancing the Seebeck coefficient of the CoSb 3 thin film. The maximum absolute S value is 86 μV/K at 573 K for Ag-doped thin film, which is two times higher than the value of the un-doped sample.

It is worth noting that both of the Seebeck coefficient S and electrical conductivity σ are increasing at appropriate Ag doping, demonstrating that Ag doping can resolve the conflict between S and σ. It is well known that the electrical conductivity is determined by the expression of σ = nμe, where n is the carrier concentration, μ is the carrier mobility and e is the unit charge, respectively. And the Seebeck coefficient is also related with the carrier concentration and the density of states effective mass of carriers, according to the Pisarenko relations [25]:

𝑆 = 8𝜋 2 𝑘 B 2 3𝑒ℎ 2 𝑚 * 𝑇 � 𝜋 3𝑛 � 2 3 � (3.2) 
Where k B is the Boltzmann constant, e is the electron charge, h is the Plank constant, m* is the density of states effective mass of carriers. It can be found that the S and σ are both dependent on the carrier concentration n. Therefore, the Hall carrier concentration n of all the samples at room temperature has been measured. For the undoped sample, the carrier concentration is 1.9×10 21 cm -3 and it increases to 5.8 ×10 21 cm -3 when Ag content is 0.4 % and the n of all the Ag doped samples is higher than this value. Since the Seebeck coefficient is inversely proportional to the carrier concentration. Thus we deduce that the reason of the increased Seebeck coefficient of our doped samples is mainly due to the increased electron effective mass, as already observed with other doped CoSb 3 materials, having an effective masse between 2 and 3 m 0 (the free electron mass) after doping [26].

The power factor PF calculated from the measured σ and S is plotted in Fig. 3.8(c). Due to the increase of both Seebeck coefficient and electrical conductivity originated by Ag doping, the PF is obviously enhanced and increases with increasing Ag content. The PF value of all Ag-shows the maximum value of 0.11 mWm -1 K -2 at 573 K, which is five times higher than the PF value of the un-doped sample. It has been demonstrated above that the Ag doping can strongly enhance the thermoelectric performance of the CoSb 3 thin film. Additionally, based on the previous results described in chapter II, thin films prepared by using Co-Sb target with stoichiometric ratio of Co/Sb = 1:3, even with impurity CoSb 2 phase, have better thermoelectric properties than thin films prepared using the target with excess Sb. Thus, in this paragraph, thin films will be deposited by using an alloy target with stoichiometric ratio and the influence of the Ag doping content on the thermoelectric properties will be studied.

Thin film preparation

Ag target (99.99 %) and CoSb 3 (99.95%) alloy target with Co/Sb atomic ratio of 1:3 were fixed in a magnetron sputtering facility. The based pressure was less than 8.0×10 -4 Pa and the working pressure was kept at 0.4 Pa with argon flow of 40 sccm as the working gas. The deposition power of CoSb 3 thin film was 50 W and the sputtering time was 15 min. At the middle of this process, Ag was sputtered by using a sputtering power of 1 W and the deposition time was varied from 2 s to 12 s with the interval of 2 s. Finally, all the prepared thin films were annealed in the vacuum chamber at 250 °C for 1 hours. 

Chemical content and micro-structure analysis

The atomic ratio of elements of the thin films obtained for different Ag sputtering times was analyzed by EDS and the results are presented in Table 3.2. It is found that the ratio of Co/ Sb for all the films is deviated from 1:3 and shows Co-excess. The Ag content is 1.7 %, 2.2 %, 3.0 %, 4.3 %, 4.9 % and 5.2 % , respectively.

The crystalline phases were determined by X-ray diffraction (XRD) with the 2θ angle range of 10 °-80 °, using Cu Kα radiation (λ = 0.15406 nm) and the results are shown in Fig. 3.9.

The pattern of un-filled sample displays three major diffraction peaks, which can be related to the (013), ( 123) and (420) plane of CoSb 3 . Similarly, there is few change for the films after Ag filling, indicating that all the films have primary body-centered cubic skutterudite phase with space group Im-3. No Ag related phase can be observed from the patterns. Although a secondary phase corresponding to CoSb 2 , centered at ~ 33 ° is observed from all the patterns and it is ascribed to the lack of Sb, confirmed by the EDS analysis. The estimated volume

The temperature-dependent of Seebeck coefficient is shown in Fig. 3.10(b). It can be seen that the Seebeck coefficients of all samples are negative, indicating that the samples are n-type conductors with electron as the dominate carrier. As mentioned above, the ratio of Sb and Co for all the films is deviated from the stoichiometric ration of 1:3 and the films exhibit Sbdeficiency, thus leading to the n-type conductive mechanism. The room-temperature absolute Seebeck coefficient value slightly increases after the Ag filling and displays on increasing dependence on Ag content. Moreover, the absolute Seebeck coefficient value for all the films increases with increasing temperature. But the samples with the Ag content < 3.0 % show a weak dependence on measurement temperature, and their absolute Seebeck coefficient is lower than the pristine sample at high temperature. However, an obviously increasing trend can be observed from the films which have the Ag-filled contents > 3.0 %, and an maximum absolute S value over 150 μV/K is obtained at 623 K, which is 50 % higher than that of the un-filled sample.

As discussed earlier in this chapter, the electrical conductivity and the Seebeck coefficient are both determined by the carrier concentration. The carrier concentration n of all the samples was measured. The carrier concentration increases from 4.0 ×10 20 cm -3 for the un-filled film to 9.2 ×10 20 , 9.6 ×10 20 and 4.0 ×10 21 cm -3 corresponding to the samples with Ag content of 1.7 %, 2.2 % and 3.0 %, respectively. The increased n is attributed to the redundant electron carrier created by Ag + filled into the lattice, leading to the increase of electrical conductivity.

However, the carrier concentration decreases to 2.7×10 21 , 7.9×10 20 and 2.44×10 19 cm -3 when the Ag content is over 3.0 %. This is mainly because of the strong carrier scattering associated with the Ag filling. Although the Seebeck coefficient is inversely proportional to the carrier concentration, the absolute Seebeck coefficient value for the Ag-filled samples slightly increases. This might be due to the fact that the Ag fills into the lattice void and produces more scattering potential which preferentially scatters low energy charge carriers and then resulting in the enhancement of the effective density of states leading to increasing S.

The temperature dependence of the power factor PF is shown in Fig. 3.10(c). Although the room-temperature PF value has no obvious change after Ag filling, it significantly increases when the temperature is over 500 K. Due to the obvious improvement of Seebeck coefficient as mentioned above, the power factor of Ag filled samples with Ag content of 4.2 %, 4.9 % and 5.2 % has larger value than the pristine sample. Due to the relatively large Seebeck coefficient and moderate electrical conductivity, a maximum power factor of 0.24 mWm -1 K -2 is achieved at 623 K for the film with Ag content of 4.9 %, which is almost three times higher than that of un-filled sample. 

AG-DOPED COSB 3 THIN FILMS GROWING DIRECTLY ON THE HEATED

SUBSTRATE

It has been demonstrated earlier that the un-doped CoSb 3 thin films had the best thermoelectric performance when grown directly on appropriately heated substrate. In this paragraph, Ag-doped thin films will be deposited directly onto the heat substrate at a fixed temperature by using the stoichiometric alloy target.

Thin film preparation

Ag target (99.99 %) and Co-Sb (99.95%) alloy target with Co/Sb atomic ratio of 1:3 were fixed in the magnetron sputtering facility. The vacuum chamber was firstly pumped down to 8.0×10 -4 Pa and the working pressure was kept at 0.4 Pa with argon flow of 40 sccm. Before the deposition process, the glass substrate was heated to be 250 °C, then the Co-Sb layer was deposited onto the substrate with a sputtering power of 50 W and the deposition time is 30 min. During the middle of the Co-Sb layer deposition process, the Ag was co-deposited by using a sputtering power of 1 W. For this co-sputtering layer, the deposition time was adjusted from 10 s to 60 s with interval of 10 s for controlling the Ag content. The precise content of Ag was analyzed by EDS and was respectively 0.3 %, 1.6 %, 2.2 %, 3.8 %, 4.6 % and 5.1 % for different co-deposition times.

Microstructure analysis

The crystalline phases were determined by X-ray diffraction (XRD) with the 2θ angle range of 10 °-80 °, using Cu Kα radiation (λ = 0.15406 nm). The crystallite size has been calculated by using the Debye-Sherrer equation D=κλ/β 2θ cosθ, where D is the crystallite size, λ is the wavelength, β 2θ is full width half maximum (FWHM) and θ is the angle [29][30]. The dislocation is an imperfection in a crystal, which can strongly affect many properties. The dislocation density has been estimated using the relation ρ=15ε/λD, where ε is micro-strain defined by ε=β 2θ cosθ/4 [29]. Fig. 3.11(b) shows the calculation results by using the peak related to (013) plane, and it can be seen that the crystallite size tends to increase with increasing Ag content, even the tendency is not very clear. At the same time, all the Ag-doped samples have lower dislocation density than that of the un-doped sample. Generally, a larger grain size and lower dislocation density will result in better mechanical property and electrical transport. As shown in Fig. 3.17, the Seebeck coefficient of all the samples is negative, exhibiting ntype conduction. S of un-doped sample yields a value of -24.1 μV•K -1 at 298 K which is an extremely low value compared to that of the CoSb 3 bulk materials. The absolute S value is obviously enhanced when the Ag doping content is ≤ 2.2 %, especially for the sample with Ag content of 0.3%. It has the absolute S value of 43.3 μV•K -1 which is two times of the undoped thin film. But the S value of Ag doped thin films is close to the value of the un-doped sample when the films have high Ag doping content of >3.8%. The absolute S values of all the samples increases with increasing temperature and the S of samples with low Ag doping content sharply increases in their absolute value with increasing temperature, which reach to 241.8 μV•K -1 and 174.9 μV•K -1 at 623 K when the Ag content is 0.3 % and 1.6 %, respectively. But samples will have close and lower S values at high measuring temperatures with increasing Ag doping content. It is worth noting that both of the Seebeck coefficient and the electrical conductivity are enhanced by appropriate Ag doping content. Generally, the S and σ are both dependent on the carrier concentration n with inverse relationship. Thus, it demonstrates that Ag is an efficient dopant that can resolve the conflict between S and σ.

Besides, the increased σ is attributed to the increased carrier concentration as analyzed above.

Thus, it can be deduced that the increased Seebeck coefficient might be due to the increased electron effective mass after the Ag-doping, or the enhanced scattering defects by Ag filled "rattling" effect. The temperature dependence of PF at the temperature range from 298 K to 623 K is shown in Fig. 3.18 and the inset shows the PF value between 298 K to 498 K. The PF value shows increasing trend as function of temperature for all the samples and the PF value of the Agdoped samples is higher than the un-doped sample when the temperature is under 498 K as shown in the inset. Although some films have slightly lower value than that of the un-doped sample at higher temperature, the Ag-doped samples generally have larger PF value on the whole as shown in Fig. 3.18. The maximum PF value of 2.97×10 -4 Wm -1 K -2 is obtained from the film with Ag content of 0.3%, which is two times of the un-doped sample's. Thus, it can be concluded that the films have better thermoelectric properties after Ag doping.

It is worth noting that the sample grown directly on heated substrate has the maximum PF value when the Ag doped content is low (0.3 %), but the film optimized via post-annealing method has better thermoelectric properties with high Ag doping content (2.2 % and 4.9 %) (as shown in Fig. 3.18 and Fig. 3.10). TEM images of the samples prepared by post-annealing and directly grown on heat substrate are shown in Fig. 3.19. It can be found that the post annealed films have many amorphous defects which are marked as the red region in the image, while the film grown directly on heated substrate has few amorphous defects. Generally, CoSb 3 materials can only accept limited doping element and the excess of doping atoms can have negative effect on the materials. Although it is hard to confirm that whether all the doping Ag atoms are filling into the lattice voids, we believe that the amorphous defects in the films are likely caused by the local composition deviation from the stoichiometric. Actually, common metal atoms can easily form clusters during the deposition process, and this phenomenon is more obvious when the film is deposited at room temperature. Although the atoms will diffuse and combine with each other to form the crystal structure during the annealing process, the defects will be hard to be eliminated due to the lack of diffusion, if the clusters are already formed before crystal growth. Comparatively, atoms are much easier to diffuse and to react with each other to crystallize due to the sufficient kinetic energy when the film grew directly on heated substrate. Furthermore, the grain crystallization occurs during the sputtering process when the substrate is heated, and various atoms are continuously supplied during this process. Therefore, even defects can be formed in the nucleation process, the continuously sputtered atoms and good atom mobility can repair most of those component defects, leading to better crystal structure. As a result, the film grown directly on heated substrate has much less amorphous defects and better crystallinity than post-annealed film.

On the other hand, the doping Ag should also be easier to diffuse and to fill into the lattice when the film is grown on heated substrate. In other words, the amount of filling Ag atoms in the film prepared on heated substrate should be higher than that of the sample prepared by post-annealing method when they have similar doped content. As the deduction, less Ag content is necessary for enhancing the thermoelectric property if the film is deposited directly on heated substrate. 

NANO-STRUCTURED TI-DOPED COSB 3 THIN FILM PREPARED THROUGH LAYER INTER-DIFFUSION

Ti is a typical metal that can be used as dopant for enhancing the properties of materials [13].

And low-temperature inter-diffusion method can be used for preparing CoSb 3 thin films doped by different elements [14][15]. Therefore, very thin Ti layer was pre-deposited on an insulated substrate and CoSb 3 thin film was deposited then onto this Ti layer, followed by annealing in order to grow the Ti-doped CoSb 3 thin films.

Experimental details

The Ti doped CoSb 3 thin films were synthesized by using magnetron sputtering. Ti target (99.99 %) and CoSb 3 (99.95%) alloy target were used in the magnetron sputtering facility.

The sputtering angle was 45 ° and the target-substrate distance was 10 cm. The BK7 glass substrate was used and cleaned by ultrasonic for 20 minutes in acetone, 10 min in absolute ethyl alcohol and 10 min in deionized water, respectively. The residual pressure was less than 

Composition characterization

The results of composition analysis by using AES, are summarized in Table 3.3. The films with Ti content of 0.25 %, 0.57 %, 0.72 %, 0.83 % and 1.05 % were named as S1, S2, S3, S4, S5 and a CoSb 3 thin film without Ti doping, named S0, was also fabricated for comparison.

Additionally, the content of elements of sample S5 as a function of film depth was measured by AES and the result is provided in Fig. 3.21. It can be found that the atomic ratio of Co: Sb deviates from the stoichiometric 1:3 with a slight deficiency of Sb, and the Co, Sb and Ti content is homogeneous throughout the thickness of the thin film layer. [32]. With further increase of Ti content, it rises significantly to ~9.0397 Å and ~9.0405 Å. In our early work [33] as well as win this work, we found that Sb is lacking in the un-doped film which contains impurity CoSb 2 phase. Therefore, some Sb vacancies exist even in un-doped CoSb 3 film, leading to smaller lattice cell than the stoichiometric CoSb 3 . After Ti diffusion, the Ti ions will preferentially occupy these empty sites, causing the lattice expansion. At a certain Ti doping level, the lattice parameter will correspond to that of the stoichiometric CoSb 3 . With further increasing Ti content, the empty site will be saturated and then the excess Ti ions might fill into the interstitial sites rather than the framework sites, leading to the non linear expansion of the unit cell [17]. Raman analysis was performed in the range of 100 cm -1 to 220 cm -1 by using a laser excitation at 514.5 nm for the specimens S0, S1, S3 and S5. The results are presented in Fig. 3.23.

According to the theoretical calculation [34], there are eight Raman sensitive phonon

(a) (b)

vibration modes in CoSb 3 , identified as 2A g + 2E g + 4F g , with seven in the wave number range from 100 cm -1 to 220 cm -1 . The A g modes are Raman active in parallel polarizations, while the E g modes are Raman active with polarizability tensor components and the F g is "orthogonal" to E g . As seen in Fig. 3.23, four of the seven modes are observed in the pristine S0 sample at the positions of 107 cm -1 , 134 cm -1 , 148 cm -1 and 182 cm -1 , corresponding respectively to the F g2 , E g1 , A g1 and A g2 theoretical predication. However the modes are incomplete since three other modes, F g3 , F g4 and E g2 , can not be observed. The E g2 mode is related to the out-of-phase motion between two Sb 4 rings while the F g3 and Fg 4 modes are associated with the rotation of an axis parallel and out-of-plane of the rectangle about Sb ring. Based on this analysis and along with the XRD data, we assume that the disappeared F g3 , Fg 4 and E g2 modes might be due to the deficiency of Sb and the subsequent point defects in the CoSb 2 . The Ti doped samples display significant changes in spectra, compared to the S0. Despite the fact that the F g2 , E g1 and A g2 are still visible, there are two "new" peaks that can be observed at ~155 cm -1 and ~ 188 cm -1 in all the Ti doped samples. The peak located at ~155 cm -1 is identified as the F g3 mode rather than the shift by the A g1 and the other "new" peak corresponds to the E g2 , while the A g1 disappears. The result is similar to that reported by Nolas et al. and they attributed this phenomenon to the insertion of foreign atoms into the Sb sites [35]. Therefore, we deduce that Ti enters into the Sb site and breaks the symmetry, leading to the new vibration modes. Moreover, the F g4 is still not observed in the Ti doped samples. Because F g is "orthogonal" to E g , in the sense that when the crystal is oriented to maximize the E g signal in parallel polarization, the F g component is zero. Therefore, we conclude that the disappeared F g4 must be of E g symmetry both in the pristine and Ti doped samples. The most notable change is that the Raman frequencies of the Ti doped samples have been increases by 2 cm -1 to 3 cm -1 and the vibration modes generate big changes with respect to S0, but the vibration modes are unchanged and virtually constant when the Ti content increases. This phenomenon indicates that the Ti will enter into the empty sites, which should originally be occupied by Sb and it will not continue the substitution of Sb when all of the Sb sites are completely occupied.

With increasing Ti content, the phonon line width increases and the peaks are slightly shifted, demonstrating that the lattice parameters have been changed. We consider that this variation is due to the dynamic disorder produced by the effect of Ti atoms filling into the interstitial positions and acting as "rattling". Whatever, the wider line width reveals that the atoms have weaker functional group energy which will weaken the atomic vibration, leading to the attenuation of phonon energy transmission. This mechanism can greatly decrease the contribution of phonons to the thermal conductivity. 

First-principles DFT calculations

To further explore the status of Ti, the formation energy was analyzed based on the firstprinciples DFT calculations. the generalized gradient approximations (GGA) is used to describe the electron exchange and correlation potential. For all calculations, we choose 400 eV as the kinetic energy cutoff. For the structures optimization, we employ a 4×4×3 grid for the Brillouin-zone sampling to relax the supercell. The structure parameters are fully relaxed to minimize the total energy of the system until a precision of 10 -5 eV and the residual forces below 0.02 eV/Å [20]- [24].

In order to determine whether Ti dopant is energetically favorable, we calculated the formation energy E f of the Ti-doped CoSb 3 supercell according to the following formula: The calculate results are shown in Table 3.4. As can be seen from the Table 3.4, it is much easier to substitute one Sb with a single Ti atom due to the calculated formation energy of only 0.18 eV, in good agreement with the above micro-structure analysis. It is worth noting that the formation energy of Ti occupying the interstitial site decreases dramatically from 2.52 eV to 0.88 eV when one Ti atom substituting Sb is nearby. Thus it can be conclude that Ti atoms are likely to form clusters with the increase of Ti atoms. The Sb sites will be substituted firstly at the low concentration of Ti. Along with further increase of Ti concentration, the newly injected Ti atoms will form clusters with the original Ti atoms and occupy interstitial sites.

SEM and HRTEM micrographs

Fig. 3.25 displays the SEM images for the samples. The surface morphology of S0 seems smooth and flat, but there is no obvious crystalline grain and some porous defects can be observed. However, significant changes in the surface morphology have appeared for the Ti doped samples. For the S1, globular like nano grains extend throughout the surface. The grains are uniform and the average grain size is about 15 nm. Meanwhile, some irregular gaps between the grains with a few tens of nanometers wide and hundred nanometers long are produced. Similar results have been obtained for all the Ti-doped samples. Moreover, the nano grain size is slightly increased with increasing of Ti layer thickness. In comparison with the pristine S0, such a difference is anticipated based on the fact that the thin film grown on the crystalline Ti nano layer is favored for grain growth compared to the thin film grown on amorphous substrate. The nano grain size and density increase significantly with the increase of the Ti layer thickness. It confirms that this growing mode can efficiently control the size of the nanostructure by adjusting the thickness of the prefabrication Ti layer. area further confirms the CoSb 3 crystalline phase. In addition, a few nano white regions embed in the matrix can be observed (white marked area). They exhibit sphere-like nano grains and the size is around 5 nm ~ 20 nm which is in good agreement with the SEM result.

Hence, the SEM micrographs and the HRTEM result prove that the concept of growing films on a precursor crystalline nano-layer is a promising method for preparing high density nano structured thin films. In fact, the surface characteristic is among the most important parameters for films having only hundreds-nanometer thickness [36]. Such dense nano particles in the films will provide more scattering centers to the propagation of phonons. For a better illustration, the AFM and SEM image of the precursor Ti layer with the thickness of 20 nm had been appended as Fig. 3.26(b). The SEM result shows that tiny grains are dispersed on the thin film surface and they form a kind of independent islands in the AFM image.

Based on a reported thin film growth model [37], the mechanism used here for growing thin film with nano-architecture is also proposed in Fig. 3.26(c). Generally, the thin film is Volmer-Weber growth (knows as island growth) at insulate and amorphous substrate. The islands will be connected to each other to form a layer at a critical layer thickness which is highly dependent on the deposition method and parameter. The critical thickness is generally around ten nanometers in many cases. Therefore, the Ti precursor layer as shown in Fig. 3.26(b) have many tiny grain islands when the thickness approaches to the critical layer thickness, as shown in the first stage (1) in Fig. 3.26(c). When the CoSb 3 is deposited onto this Ti precursor layer, it will grow with the Stranski-Krastanovs (SK) growth (layer and island growth) mode as shown in the stage (2). Due to the low diffusion energy at room temperature and without thermal annealing, it is likely that Ti atoms start to fill the vacancy rather than substitute other atoms. In addition, the inter-diffusion just arises around the interface, indicating that the metastable compounds are already formed at the interface [14][15]. During the annealing process of the stage (3), the inter-diffusion is intensified across the interface, together with the grain growth. At an early stage, the metastable compounds around the interface are in equilibrium and are incompletely crystallized. Then the grains will grow with a kind of epitaxial growth process. At this stage, the grain will grow preferentially on the nano particles existing on the surface of the precursor Ti layer. The crystal growth is probably limited by diffusion because of the existence of a high number of Ti nano-spheres acting as nucleating agent. This growth mode will lead to islands-type surface morphology with progressively decreasing gaps as the islands grow. We expect that this type of structure will slow down the phonon propagation, with the final objective to decrease significantly the thermal conductivity. The Hall measurement results indicate that the S0 is N-type semi-conductor and it changes to P-type conduction after Ti doping. This can be explained by the fact that Ti with four electrons in the outer shell is less than the Sb. Consequently, it will leave holes when it occupies the Sb position. Therefore, it acts like an acceptor and causes the change of the conduction type [38][39]. For the same reason, the carrier concentration n decreases as seen in Fig. 3.27(a). However, the excess Ti atoms will provide more holes which will lead the increasing n again when it acts as the "filler". This is why the n of S4 and S5 raises.

Undoubtedly, the mobility µ has the opposite change with respect to the carrier concentration n. All the mobility values of Ti doped samples are higher than the un-doped sample's. It is easily understandable that the mobility and the carrier concentration are conflicting with similar structure. In some reports, the authors mentioned that the carrier mean-free path (2~5nm) is much shorter than the mean-free path of phonons and the size of our samples (around 10~20 nm), leading to the µ maximum [40]- [42]. As shows in Fig. 3.27(b), the electrical conductivity σ decreases after Ti doping due to the decreased carrier concentration.

In the temperature range from 300 K to 583 K, all specimens show an increasing trend with the increasing temperature, indicating the characteristic semiconductor conduction behavior.

The un-doped sample S0 has a maximum σ of ~4.01×10 4 Sm -1 and the vale for samples S1 to S5 is respectively ~2.50×10 4 , ~2.21×10 4 , 1.97×10 4 , 1.75×10 4 and ~2.10×10 4 Sm -1 at 583 K. for S2, S3 and S4, but reduces to 75 µV K -1 at room temperature when the content of Ti is over 1.0 %. Unexpectedly, the variation trend of the S is identical with the mobility µ and the enhancement of mobility should be benefic to S, according to Mott, that can be expressed as Here N(E) and τ are the electronic density of states and relaxation time, respectively. One benefits from the first term in the above equation due to the band bending at the interface with nano-inclusion, which does produce a scattering potential that might preferentially scatter low energy charge carriers, just as was the case with Pb nanoparticles in PbTe [44]. Additionally, all the Ti-doped samples have the same trend that the S increases with increasing temperature, with a maximum S max , around 500 K ~ 550 K. This maximum S max can be estimated by the energy gap E g of the electronic density of states at the proximity of the Fermi energy, using [5] 𝑆 max ∝ 𝐸 𝑔 2𝑒𝑇 max (3.5) where e is the elementary charge and T max is the absolute temperature for S max . Actually, we found that the band gap obtained from the extrapolating the linear part of the spectrum [45]. given as [START_REF] Yong | Remarkable enhancement in thermoelectric performance of BiCuSeO by Cu deficiencies[END_REF][47]

𝐿 = ( 𝑘 B e ) 2 � (r+7/2)F r+5/2(η) (r+3/2)F r+1/2(η) -� (r+5/2)F r+3/2(η) (r+3/2)F r+1/2(η) � 2 � (3.6)
where k B is the Boltzman constant and e is the electron. For the Lorenz number calculation, the reduced Fermi energy η must be firstly obtained and it can be derived from the measured Seebeck coefficients by using the following relationship:

𝑆 = ± 𝑘 B 𝑒 � (r+5/2)F r+3/2(η) (r+3/2)F r+1/2(η) -η� (3.7) 
where F n (η) is the n-th order Fermi integral,

𝐹 𝑛 (η) = ∫ x n 1+e x-η d x ∞ 0 (3.8)
Meanwhile, acoustic phonon scattering has been assumed as the main carrier scattering mechanism, so, r = -1/2. The Lorenz number can be obtained by applying the calculated reduced Fermi energy η and scattering parameter r into Eq. (5.7). The temperature dependence of Lorenz number was calculated and the results are provided in Table 3.5. Besides, the shorter wavelength phonons can be scattered by the point defects by the "rattling" effect or the lattice distortion due to the Ti doping. Similar analysis can be found elsewhere.

For example, Sun et al. [47] reported that the thermal conduction in skutterudites is mainly achieved by waves associated with the vibrations of Sb. The distortion of the Sb ring structure by Te replacing some Sb is clearly not only the major perturbation of the lattice phonon spectrum but also an efficient source of point defect scattering. sample at 523 K and this value is comparable to the best value for thin films prepared by other methods. In fact, this ZT value is likely underestimated mainly due to the overestimated κ lat .

In general, the κ lat should have at least 50 % reduction at the testing temperature range, meaning that the real ZT value could be ~1.5. Howsoever, the ZT value of CoSb 3 thin films can demonstrate almost six times enhancement by controlling its nanostructure and morphology through appropriate Ti doping.

Flexible thermoelectric generator

The developed Ti doped CoSb 3 thin films exhibit relatively high Seebeck coefficient and it might have high thermal sensitivity due to the high carrier mobility, which is favorable for thermal detector applications. Therefore, a flexible thermal detector has been fabricated and tested as a proof of concept. To fabricate flexible thermal electric generator, the glass substrate was replaced by kapton type polyimide substrate and the preparing parameter of S3

sample has been chosen due to its highest performance. Two Cu layer contacts are deposited with the width of 0.25 cm in coplanar configuration and a separation of 2.5 cm as shown in Secondly, the filling atoms are loosely bound in the cages, leading to Einstein-like vibrational modes, which scatter more phonons and significantly reduce the thermal conductivity [7].

The vibrational frequencies of the filler species are specific to their identity and tend to be different depending on their chemical groups in the periodic table. The electronic conduction is confined to the CoSb 3 framework, electrons and phonons are scattered by the non-periodic filling [8], thus leading to enhanced ZT value.

Recently, it has been shown that higher ZT value than that of the single-filled materials can be realized when filler atoms from different chemical groups are co-doped into the skutterudite structure. This is because the electrical and thermal transports in multiple-doped skutterudites can be optimized in a relatively independent way [9]- [15]. The reasons for these high ZT values are threefold: (i) the large atomic mass of the filler atoms leads to low frequency modes, favorable for reducing the thermal conductivity, and the introduction of structural disorder enhances phonon scattering and lowers the lattice thermal conductivity. (ii) Some doped atoms substitute at the Sb-sites or the Co-sites that influence the electronic structure and introduce defects, all in favor of high electronic conductivity and low lattice thermal conductivity. For instances, X. [20]. However, both of the results showed that the performance of the co-doped films were still not as good as the bulk materials. Therefore, more works for preparing high-performance co-doped CoSb 3 thin films should be done. In chapter III, we have already proven that Ag and Ti are efficient dopants for CoSb 3 thin films, which can enhance the thin film's thermoelectric performance. Furthermore, Sn and In have also been reported as efficient dopants for increasing the thermoelectric properties of CoSb 3 based materials. [21]- [24]. Thus, in this chapter, these four elements have been chosen for co-doping. Firstly, the Ti, Sn and In will be deposited onto the insulated substrates, respectively. Then, the substrates with different layer type will be heated at a fixed temperature, followed by a deposition of Ag-doped CoSb 3 layer.. Finally, the micro-structure and the thermoelectric properties of the co-doped CoSb 3 thin films will be investigated.

THIN FILM PREPARATION

As shown in Fig. 4.1, at first, Ti target (99.99 %) was fixed in the magnetron sputtering facility. The glass substrates were used and cleaned in an ultrasonic bath for 10 minutes in acetone, 10 min in absolute ethyl alcohol and 10 min in deionized water. The vacuum chamber was firstly pumped down to 8.0×10 -4 Pa and the working pressure was kept at 0. Generally, the thin films will have larger crystal size when there is preferred growth tendency to a certain direction and this is always favorable to enhance electronic and thermoelectric transport. The elemental mappings shown in Fig. 4.8 indicate that all the elements are homogenously high temperature. A maximum σ value of 0.64×10 4 Sm -1 at 623 K is obtained for the Ag/Sn 5s film. From these two figures (figure 4.9 (a) and (b)), it seems that the Ag is more benefic for improving the S and the Sn doping is more efficient for enhancing the σ.

The power factor PF calculated from the measured σ and S is plotted in Fig. 4.9(c). Compared to the un-doped thin film, the PF value is obviously enhanced after Ag and Sn co-doping due to the simultaneous increase of both the Seebeck coefficient and the electrical conductivity.

The PF value for the co-doped thin films increases firstly with increasing Sn content, then decreases when Sn content further increases. Although the PF value of the co-doped thin films is higher than that of the single Ag-doped sample in the testing temperature range from 298 K to 478 K as shown in Fig. 4.9(d), it becomes smaller when the temperature is over 500 K. The maximum PF value for the Ag/Sn co-doped thin film is about 0.32 mWm -1 K -2 at 623 K, which is two times of the PF value for the un-doped sample. Similar to the results for the Ag/Sn co-doped thin films, the absolute Seebeck coefficient S value for the Ag/Ti and Ag/In co-doped thin films is higher than that of the un-doped sample, but is lower than that of the single Ag-doped thin film at high temperature. And σ increases after co-doping and its value is higher than that for both the un-doped and single Ag doped thin films in the whole measurement temperature range. Thus, it can also be concluded that In To further elucidate the influence of the co-doping effect on the thermoelectric transport of the films, the room-temperature thermal conductivity was measured and the results are shown in Fig. 4.12. It can be seen that the thermal conductivity decreases after single Ag-doping and further decreases with co-doping. It is known that the electronic transport contributes only slightly to the total thermal conductivity. Therefore, it can be assumed that the decrease of the thermal conductivity can be mainly attributed to the Ag atom-filled voids, which create more phonon scattering centers in the lattice. After co-doping, the additional atoms will increase the disordered defects, thus further increase the phonons scattering, resulting in the more omportant decrease of thermal conductivity. The room temperature ZT value is also calculated and added in the Fig. 4.12. The results show clearly that the co-doped thin films have higher ZT value than the un-doped thin film or the single Ag doped thin film. Therefore, the results confirm our concept that co-doping can enhance the thermoelectric performance of the CoSb 3 based thin film. Solid-state thermoelectric (TE) device is capable of converting waste heat into electricity depending on the temperature interval in which its efficiency peaks [1]. It can be widely used in the field of energy sources, semiconductor cooling and temperature sensor due to its extensive advantages such as no moving parts, no noise, high reliability and autonomous operation [2]. The efficiency η of TE device is directly related to the dimensionless thermoelectric figure of merit, ZT, according to the following equation [3]:

h c c h h 1 1 1 T T ZT T T ZT T η - + - = + + (5.1)
where ZT of the PN couple can be derived as follows:

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

Recently, the increasing demand of micro-scale energy harvesting for power supply or miniaturization sensor provides an opportunity for the investigation of multifunctional flexible TE (f-TE) devices, which have the advantages of flexibility, small volume, light weight, high integration and enhanced compatibility [4]. For instance, Kim et al. [5] 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. [6] reported a low cost flexible thermoelectric generator based on organic materials as a low-power source. However, there are still several challenges remaining for f-TE application; (a) Increase the thermoelectric efficiency at low temperature where the f-TE is generally supposed to be used.

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 [7]- [10], most of those materials still have low efficiency at a temperature below 250 °C where the majority of the waste heat reserves is located. (b) The second challenge is to conserve the thermal stability.

Generally, the performance of the materials in the f-TE, including organic or inorganic thermoelectric materials and bonding electrodes, will be altered during the operated process, typically turning worse due to the increasing thermal stress and oxidation effect after bending, temperature increasing or using in the air atmosphere; (c) The last challenge is to reduce the preparation cost. Actually, the high cost of preparing f-TE device is not only because of the unaffordable or toxic element of the materials (such as TE materials containing Te, Pb, PEDOP and electrode materials of Au, Ag), but also its slow and complicated preparation process. Indeed, for the targeted applications with low power consumption, providing a lowcost f-TE device with an acceptable performance is even more important than preparing a high-performance device with a high production cost.

Among various reports on the flexible devices, which aim at addressing these limitations [11]- [14], generators based on thin films have attracted increasing attention for f-TE application.

Previous studies indicate that the thin films with nanostructure can be used to control the phonon transport by the quantum confinement effect which can enhance the ZT value, leading to the enhancement of the conversion efficiency [15]- [18]. For instance, Venkatasubramanian et al. [15] achieved a very high ZT of ∼2.4 using Bi 2 Te 3 -Sb 2 Te 3 quantum well superlattice structure with a periodicity of 6 nm. With the same principle of concept, Chowdhury et al. [19] made a device fabricated from Bi 2 Te 3 -based superlattices for state-of-the-art electronic packages and cooling with a high (~1,300Wcm -2 ) heat flux; Tian et al. [20] prepared a organic suprelattice generator with very high power density of 2.5 Wcm -2 which is almost one hundred times higher than the others. On the other hand, some emerging advantages of thin film f-TE (tf-TE) 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. [21] 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. [22] 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%. Importantly, the tf-TE device has a faster response than those formed by bulk materials due to their smaller thickness and special surface electric transmission [23]- [25]. For examples, Deng et al. [23] and Pan et al. [24] presented the hybrid detector with very short response time for visible and near-infrared light. In addition, due to the feature of larger length to area ratio for tf-TE legs and easier preparation method, a variety of device structures is feasible, such as forming inplane structure to achieve large temperature gradient for maximizing output power [24], and fabricating cross-plane device with low internal resistance for high cooler efficiency [25]. For these reasons, tf-TE devices have been considered as essential for TE applications.

Skutterudite CoSb 3 has drawn extensive attention as one of the most promising thermoelectric materials in the intermediate temperature range [26]- [28]. Some significant reports indicated that the CoSb 3 can lead to high ZT value as both P-type and N-type materials with comparable characteristics, making much easier to find electrode material for preparing homo-junction device structure [29]- [34]. Thus, it is favorable to fabricate highly efficient and low-cost TE generators based on CoSb 3 .

In chapter III, we have prepared high performance P-type CoSb 3 thin films. In our earlier research, high thermoelectric property of N-type CoSb 3 based thin films were also prepared and report [35]. Hence, in this chapter, a complete CoSb 3 based tf-TE device will be fabricated by using vacuum sputtering. P-type Ti-doped CoSb 3 and N-type In-doped CoSb 3 thin films, having both nano-structure with great TE performance, were used for fabricating the device. Then the electrode layer were deposited for TE films connection. In many thin film flexible devices, Au with wonderful character for semiconductors connecting, is commonly used as the electrode material. It is however worth of finding other efficient and lower-cost metal electrodes due to the high cost of Au. Herein, four earth-abundant metallic Cu, Al, Mo and Ni layers were obtained by using direct sputtering deposition in our device, which has a single P-N thermocouple. Thirdly, the optimization of electrode design for the TE thin films connection will also be realized with the multilayer strategy. Finally, the thermoelectric generation performance will be characterized, followed by a feasibility study as body detection sensor.

PREPARATION OF THE THERMOELECTRIC THIN FILMS FOR DEVICE

Thin films deposition

The N-type In-doped CoSb 3 and P-type Ti-doped CoSb 3 thin films were synthesized by magnetron sputtering. Ti target (99.99 %), In target (99.99 %) and CoSb 3 (99.95%) alloy targets were used in a magnetron sputtering facility, equipped with a three-position rotatable target system. We chose the Kapton type polyimide (PI) with the thickness of 0.15 mm and the thermal conductivity of 0.35 Wm -1 K -1 as the substrate, which has excellent heat resistance. The Seebeck coefficient and the electrical conductivity were simultaneously measured by using the system (SBA458). The thermal conductivity was measured by transient hot-wire theory method (TC3000) at room-temperature with a reaction time of about 1 s. Table 5.1

displays the thermoelectric properties of the thin films. The Seebeck coefficient S is negative and the absolute value is 216 μVK -1 for the In doped thin film and a positive value of 125 μVK -1 is observed for Ti doped thin film. Therefore, a prospective thermo-power of the device with one pair of P-N leg is about 340 μVK -1 . The doped thin films have very low thermal conductivity κ of 0.68 Wm -1 K -1 and 0.51 Wm -1 K -1 due to the dramatically low lattice thermal conductivity κ lat of 0.45 Wm -1 K -1 and 0.43 Wm -1 K -1 , respectively. The main reason explaining such low κ lat is that the long wavelength phonons are effectively scattered by the nano grains and the short wavelength phonons are scattered by the "rattling" effect of the doping atoms.

Meanwhile, the dense nanostructure and high crystallinity make the thin films having high charge carrier mobility and an acceptable electrical conductivity. As expected, these two thin films have respectively calculated ZT values of 0.56 and 0.06 at 300 K, which is enhanced to 1.12 and 0.71 at 500 K. Theses values are already very interesting for flexible devices. for the V 0 and I s measurement and all the measurements were computer controlled. Then, the maximum output power (P max ) of the tf-TE device defined as P max = V 0 I s /4, is estimated from the output voltage V 0 and the short-circuit current I s . responsible for these improvements are the use of CoSb 3 nano thin films with high ZT as the raw materials and the use of multilayer-electrode structure, leading to a significant reduction of the contact resistance between the TE thin films and solder materials. the ''on" state. The rise time of all the "on" events is below 1 s, indicating that the detector has a fast response. The device also has stable maximum output voltage of about 0.65 mV, suggesting that the thermal gradient is about 2 K at the ambient temperature of about 300 K. where an identical "on-off" process is applied. As expected, the maximum voltage is enhanced to about 1.08 mV, which is a significant improvement compared to that of a single thermocouple. The output value is slightly smaller than 2 times of the value for a single thermocouple. Such marginally decreased response is attributed to the insufficient thermal contact area of the finger. Moreover, the response time still maintains at a level of a few hundreds of milliseconds, indicating more optimized thermoelectric conversion. Therefore,

(c) (d)

our tf-TE device can be considered for use as sensor for fast/real-time human touch electrical trigger/detector with milliseconds reaction time. 

CONCLUSIONS

In this chapter, we have demonstrated that CoSb 3 based nano thin films with high ZT value even at low temperature can be obtained with both P and N types materials by appropriate doping of In and Ti respectively. This achievement has allowed fabricating high-performance thin film devices, which can operate under near ambient conditions. Meanwhile, the stable Seebeck coefficient and enhanced ZT value of CoSb 3 nano thin films, are highly favorable for increasing the output voltage and the responsivity of the flexible device. Another important result of this work is related to the optimization of the electrode by using a multilayer structure, providing dramatically enhanced performance of the thin film thermal electric device, especially the electrical transport and the thermal stability in air atmosphere. As a result, over 70 mV output voltage of a single thermocouple was generated with a temperature difference of 210 K, which is even superior to the commercial bulk device. The power density of a single couple device is 0.46 mW/cm 2 and it would be one order of magnitude higher if only the thin film, excluding the substrate, is considered. In this case, the power density would be much higher than that of other reported thin film devices. Moreover, the thin-film thermoelectric devices also exhibit fast responsivity, with a reaction time of a few hundreds of millisecond, as well as high stability. It has also been demonstrated the possibility of obtaining relatively high output voltage of about 7 V at a current intensity of about 0.35 mA with these thin film thermoelectric devices. These results are expected to have practical applications that can generate electricity anywhere to power portable electronic devices owing to its excellent environmental adaptability. prepared by co-sputtering is 1.47×10 -4 Wm -1 K -2 at 453 K, but it decreases when the testing temperature continues increasing. Similarly, CoSb 3 thin films prepared by using single alloy target can also contain pure CoSb 3 phase with appropriate target composition after annealing.

However, these films have poor TE properties. Thus, thin films were then directly deposited on heated substrate instead of post-annealing, and the target composition and the substrate temperature have been carefully optimized. The best results show that the films prepared by using stoichiometric CoSb 3 target contain single CoSb 3 phase and a dense as well as wellcrystallized structure when the substrate is heated at optimized temperature. A maximum power factor of 0.98×10 -4 Wm -1 K -2 has been obtained. Although this maximum power factor is slightly lower than that of the film prepared by co-sputtering, it increases linearly with the increasing testing temperature and no decreasing trend can be observed even at high temperature, indicating a better thermal stability.

The second part of this work was on the improvement of the CoSb 3 thin film performance by single Ag or Ti doping and as well as by optimizing the preparation process. Microstructure study and theoretical simulation results confirm that Ag fills into the lattice and occupies the void of the lattice, leading to significant increase of both the Seebeck coefficient and the electrical conductivity of the CoSb 3 films. As expected, a substantially enhanced power factor of 2.97×10 -4 Wm -1 K -2 has been obtained which is several times higher than that of the undoped film. On the other hand, an innovative process through layer inter-diffusion has been developed for depositing Ti-doped CoSb 3 thin films with controlled nanostructure and surface morphology with the objective to promote phonon scattering. It can also be found from the exhibits fast responsivity, with a reaction time of a few hundreds of millisecond, as well as a high thermal stability. It has also been demonstrated the possibility of obtaining relatively high output voltage of about 7 V at a current intensity of about 0.35 mA with these thin film thermoelectric devices. Dans un premier temps, La pulvérisation cathodique et la co-pulvérisation ainsi que le procédé de traitement thermique ont été étudiés et optimisés pour améliorer la microstructure et surtout les propriétés thermoélectriques de couches minces. Ces deux techniques de dépôt ont donné un facteur de puissance respectivement de 1,47 × 10 -4 Wm -1 K -2 et de 0,98 × 10 -4 Wm -1 K -2 .

Deuxièmement, Ag et Ti ont été utilisés pour doper les couches minces de CoSb3 via un dépôt par pulvérisation magnétron. La microstructure, la morphologie, la composition et les propriétés thermoélectriques des couches minces de CoSb 3 dopés ou co-dopeés sont fortement dépendantes de la teneur de dopage. Une amélioration simultanée du coefficient de Seebeck et de la conductivité électrique grâce au dopage par Ag, a été obtenue, indiquant que Ag est un dopant efficace avec un facteur de puissance maximal de 2,97 × 10 -4 Wm -1 K -2 , plusieurs fois celui de l'échantillon non dopé. Des résultats similaires peuvent être obtenus pour des couches minces dopées au Ti, avec une amélioration simultanée du coefficient de Seebeck et de la conductivité électrique. En particulier, la conductivité thermique de la couche mince a été considérablement réduite en contrôlant soigneusement la nanostructure et la teneur en dopage Ti par optimisation du procédé de dépôt, ce qui a entraîné une augmentation de la figure de mérite ZT de 0,15 à 0,90. Firstly, two methods, co-sputtering and single target sputtering, for preparing CoSb 3 thin films by using magnetron sputtering deposition were studied and the heat-treatment process was optimized for the improvement of the micro-structure and thermoelectric properties of the films. Thin films prepared by cosputtering method or using a single alloy target deposition method have a maximum power factor value of 1.47×10 -4 Wm -1 K -2 and 0.98×10 -4 Wm -1 K -2 respectively.

Secondly, Ag and Ti were used for doping the CoSb 3 thin films via magnetron sputtering deposition. The microstructure, morphology, composition, and thermoelectric properties of the single doped CoSb 3 films are found to strongly dependent on the doping content. The results demonstrate a simultaneous improvement of the Seebeck coefficient and the electrical conductivity through Ag doping, indicating that Ag is an efficient dopant for CoSb 3 thin film. Maximal power factor value of 2.97×10 -4 Wm -1 K -2 has been obtained after Ag doping, which is several times of the value for the un-doped sample. Similar results have been obtained from the single Ti doped CoSb 3 thin films. Interestingly, the thermal conductivity of the film has also been dramatically reduced by carefully controlling the nanostructure and Ti doping content, resulting in an enhanced ZT value from 0.15 to 0.90.

Thirdly, detailed studies on magnetron sputtering deposition Ag/(Sn, Ti or In) co-doped CoSb 3 thin films have been performed. The influence of the co-doped element type and content on the properties of CoSb 3 thin films has been demonstrated. The Seebeck coefficient and the electrical conductivity of all the co-doped thin films have been simultaneously increased comparing to the undoped thin film, leading to distinctly enhanced power factor. A maximum power factor value of about 0.32 mWm -1 K -2 can be obtained from Ag/Sn co-doped thin film, and similar results have been obtained also from Ag/Ti and Ag/In co-doped films. Additionally, lower thermal conductivity has been obtained from the codoped thin films, especially with the Ag/In co-doping, leading to much higher room temperature ZT value for the co-doped films, compared to the un-doped or Agdoped thin films.

Lastly, CoSb 3 based nano thin film device has been fabricated and a multilayer structure of the electrodes was used in order to improve the thermal stability of the device in air. A relatively high output voltage of above 90 mV and a high power density of 0.46 mWcm -2 can be obtained with this device. Moreover, this device has also been tested as thermal sensor and it exhibits a fast responsivity, with a reaction time of a few hundreds of millisecond, as well as a high stability. It has also been demonstrated the possibility of obtaining relatively high output voltage of about 7 V at a current intensity of about 0.35 mA by connecting several thin film thermoelectric devices. These results are highly encouraging for achieving practical applications such as power supply for portable electronic devices and sensor.

  AbbreviationsTE = Thermoelectric TFTE = Thin film thermoelectric DC = Direct current RF = Radio frequency EDS = Energy-dispersive X-ray spectrometer XRD = X-ray diffraction SEM = Scanning electron microscopy TEM = Transmission electron microscopy HRTEM = High-resolution transmission electron microscopy PF = Power factor DFT = Density functional theory VASP = Vienna ab initio Simulation Package PAW = Projected augmented wave XPS = X-ray photoelectron spectroscopy AFM = Atomic Force Microscope AES = Auger electron spectroscopy
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 31 Couches minces de CoSb 3 fabriquées par co-pulvérisationLes couches minces ont été déposées par co-pulvérisation magnétron et le procédé de préparation est représenté sur la Figure1avec deux cibles (Co et Sb). Premièrement, la puissance de pulvérisation de Co a été fixée à 35 W pour déposer différentes couches minces en variant la puissance de pulvérisation de Sb (20 W, 30 W, 40 W et 50 W). Ensuite, les mêmes expériences ont été réalisées avec une puissance de pulvérisation de Co augmentée à III thermique après dépôt.

Figure 1 .

 1 Figure 1. Les couches minces procédé de préparation par co-pulvérisation L'influence de la puissance de dépôt sur la composition des couches minces Co-Sb est résumée sur la Figure 2 (a). Il est intéressant de noter que trois échantillons ont une teneur en Sb de 76,3%, 76,5% et 74,8%, respectivement, très proche de la composition stoechiométrique. Généralement, la teneur en Sb dans les couches minces est légèrement réduite après le recuit, en raison de sa pression partielle relativement élevée. Par conséquent, la couche mince avec un léger excès de Sb (teneur en Sb de 76,5% atomique) a été choisie pour optimiser le recuit thermique afin d'améliorer ses propriétés thermoélectriques. La Figure 2 (b) montre l'influence de la température de recuit sur la composition des échantillons de CoSb 3 avec un léger excès en Sb. Il révèle que la teneur en Sb diminue avec la température de recuit et s'approche progressivement de la valeur stoechiométrique de 75%.

Figure 2 .

 2 Figure 2. (a) L'influence de la puissance de dépôt sur la composition des couches mincesCo-Sb; (b) l'influence de la température de recuit sur la composition des échantillons deCoSb 3 .
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 34225 Figure 3. (a) Morpholopgie des couche mince avec la température de recuit de 523 K; (b) (c) (d) HRTEM images.

Figure 6

 6 Figure 6 montre les spectres DRX des couches préparées avec différentes cibles. Toutes les couches minces préparées avec la cible Co:Sb=1:3 donnent trois pics de diffraction majeurs, attribués aux plans (013), (123) et (211) du CoSb 3 . Aucun pic d'impureté ne peut être observé pour ces couches minces, indiquant ainsi la pureté de la phase de CoSb 3 . Cependant, on peut voir sur la Figure 6 (b) que les couches minces préparées en utilisant la cible 1:3.5 contiennent une structure primaire en CoSb 3 , avec quelques pics d'impureté attribués au Sb hexagonal.

Figure 6 .

 6 Figure 6. les spectres DRX des couches préparées avec différentes cibles (a) Échantillons de la série T (Target Co: Sb = 1: 3); (b) Échantillons de la série S (Target Co: Sb = 1: 3.5).

Figure 7 .

 7 Figure 7. Propriétés thermoélectriques des couches minces préparées dans des conditions différentes, (a) Seebeck coefficient, (b) conductivité électrique, (c) Facteur de puissance

Figure 8 (IXFigure 8 .

 88 Figure 8 (b) montre ce paramètre en fonction de la teneur en Ag. On peut constater que ce paramètre augmente significativement après le dopage d'Ag, suggérant que les atomes d'Ag sont entrés dans la maille.

Figure 9 .

 9 Figure 9. L'énergie de cohésion en fonction de la concentration d'Ag

Figure 10 .

 10 Figure 10. L'énergie de liaison (BE) obtenue à partir des régions de spectres de niveau de base à haute résolution de Co2p (a), Sb3d (b) and Ag3d (c) des film mince non dopé et l'échantillon avec la teneur en Ag de 2.2 %.

Figure 11 .

 11 Figure 11. Dépendance en température (a) Conductivité électrique; (b) Seebeck coefficient and (c) Facteur de puissance P, des CoSb 3 dopées à l'Ag

Figure 12 . 3 . 3 . 2 .

 12332 Figure 12. La température des films minces de facteur de puissance (a) préparés en utilisant un alliage avec un rapport atomique Co: Sb de 1: 3, (b) des films minces croissent directement sur le substrat chauffé en utilisant une cible d'alliage avec un rapport atomique Co: Sb de 1:3.

Figure 13 .

 13 Figure 13. Illustration schématique de la préparation du film mince dopé au Ti.

Tableau 2 Figure 14 .

 214 Figure 14. Pourcentage atomique de Ti, Sb et Co à différentes profondeurs du film mince. Pour une meilleure visualisation, les valeurs de Ti ont été multipliées par 10.

  Ti Co Ti Sb T i T i+Sb Formation energy (eV) 1.68 0.18 2.52 0.88 La Figure 16 montre les images MEB des couches minces. L'échantillon non dopé présente une surface lisse avec quelques grains cristallins et quelques pores. Le dopage par Ti entraine des changements significatifs de la morphologie. Avec une teneur en Ti de 0,25% (S1), des nano grains sphériques et uniformes couvrent toute la surface avec une taille moyenne d'environ 15 nm. Des résultats similaires ont été obtenus pour tous les échantillons dopés au Ti. La taille des nanoparticules augmente légèrement avec l'augmentation de la teneur en Ti.

  car la croissance des nano-grains est favorisée à partir d'une couche de nano grains de Ti par rapport à un substrat amorphe. Ces observations confirment que la nanostructure des couches de CoSb 3 peut être efficacement contrôlée en ajustant l'épaisseur de la pré-couche de Ti.

Figure 16 .

 16 Figure 16. Morphologie du film mince de CoSb 3 dopé et des couches minces dopées au Ti.

Figure 17 .

 17 Figure 17. (a) Seebeck Coefficient des couches minces dopées au Ti en fonction de la température, (b) conductivité thermique totale à température ambiante k et conductivité thermique calculée du réseau k lat . (c) Différents mécanismes de diffusion de phonons par nanostructure et défauts de point basés sur Ti, (d) dépendance de la température de la valeur ZT.

CoSb 3 co-dopées 4 . 1 .

 41 Préparation de couches minces de CoSb 3 co-dopées Ti, Sn et In ont été sélectionnés pour co-doper les couches minces de CoSb 3 avec l'Ag. Le procédé, illustré sur la Figure 18 est le suivant: premièrement, une couche de Ti ou de Sn ou de In est déposée avec une vitesse de 50 nm/min et trois épaisseurs de couche, contrôlées par le temps de dépôt (5", 10" and 15" respectivement) seront testées pour chaque élément dopant. XVII Ces différentes couches sont ensuite utilisées comme substrat chauffé à 250 °C pour la codéposition de CoSb 3 et d'Ag.

Figure 18 .

 18 Figure 18. Schéma du procédé de préparation de couches minces Co-dopées CoSb 3 .
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 119 Figure 19. Propriétés thermoélectriques des couches minces co-dopées Ag/Sn (a) Coefficient de Seebeck, (b) Conductivité électrique, (c) Facteur de puissance de 273 K à 623 K, (d) Facteur de puissance de 273 K à 478 K de (c).

Figure 20 .XIXFigure 21 .XXFigure 22 . 5 . Dispositif thermoélectrique flexible à base de couches minces de CoSb 3 5. 1 .

 202122531 Figure 20. Propriétés thermoélectriques des couches minces co-dopées Ag/Ti (a) Coefficient de Seebeck, (b) Conductivité électrique, (c) Facteur de puissance de 273 K à 623 K, (d) Facteur de puissance de 273 K à 478 K de (c).

Figure 23 . 5 . 2 XXIIFigure 24 .

 235224 Figure 23. Procédé de fabrication d'un dispositif thermoélectrique à couches minces CoSb 3 nano flexible. (a) une couche de nano-épaisseur de précurseur de Ti pour préparer un nanofilm de type CoSb 3 de type P, (b) une méthode multicouche pour préparer un nanofilm de CoSb 3 dopé de type N, (c) une optimisation de l'électrode du dispositif, (d) une photo dudispositif.

Figure 25 .

 25 Figure 25. L'influnce de l'épaisseur de la couche de protection Ni et Mo sur les porpérites thermoéléctriques du dispositif. (a) tension de sortie ouverte avec l'électrode de Ni-Cu-Ni, (b) courant de court-circuit avec l'électrode de Ni-Cu-Ni, (c) puissance de sortie maximale avec l'électrode de Ni-Cu-Ni, (d) ouvert (e) courant de court-circuit avec l'électrode de Mo-Cu-Mo, (f) puissance maximale de sortie avec l'électrode de Mo-Cu-Mo.

Fig. 1 . 1

 11 Fig. 1.1 Energy distribution of the burning fuel and the waste heat recovery system market size and forecast [3][4].

Fig. 1 . 3

 13 Fig. 1.3 Applications of the TE conversion technology [11]

Fig. 1 . 4

 14 Fig. 1.4 The relationship between the ZT value of the TE material and the efficiency of the TE generator [16].

10 )

 10 AB = 𝑆 A -𝑆 B = Although only relative Seebeck coefficients are important for externally measured voltages, the absolute Seebeck coefficient can be important for other effects where voltage is measured indirectly. Determination of the absolute Seebeck coefficient therefore requires more complicated techniques and is more difficult. However, such measurements have been performed on standard materials and the absolute Seebeck coefficient can be obtained by performing a relative Seebeck coefficient measurement against a standard material. A measurement of the Thomson coefficient µ, which expresses the strength of the Thomson effect, can be used to yield the absolute Seebeck coefficient through the relation[START_REF] Boor | Data analysis for Seebeck coefficient measurements[END_REF] 

Fig. 1 .

 1 Fig. 1.9 shows S, lnσ, and S 2 σ as a function of the carrier concentration [57]. The highest power factors are obtained for semimetals or for heavily doped semiconductors. Therefore, a compromise between large S and σ of TE material should be chosen to maximize the power factor.

Fig. 1 . 9 S

 19 Fig. 1.9 S, σ, and S 2 σ as a function of the carrier concentration [57]

Fig. 1 . 1 . 4 . 1 . 1 .

 11411 Fig. 1.12 Timeline of the maximum ZT values for several representative families of TE materials [16].

  (1.24), the m* can be given(at given Fermi level) by m*= N v 2/3 m b *, where N v is the band degeneracy and m b * is the band effective mass. However, the m b * always leads to low carrier mobility due to their inversion relation. Band engineering, increasing the factor N v

Fig. 1 .

 1 Fig. 1.13 All-scale hierarchical architectures and ZT values: hierarchical architectures with all length scale structures (solid-solution point defects, nano-scale precipitates and grain boundaries) to scatter short, medium and long wavelength phonons, respectively [72].

Fig. 1 .

 1 Fig. 1.14 Liquid-like ionic TE materials. a). Crystal structure of the cubic-chalcocite α phase of Cu 2-δ X. Blue spheres represent X atoms. The liquid-like copper ions travel freely throughout the sulfide sublattice. b). Extremely low lattice thermal conductivities in liquid-like ionic TE materials. c). TE figure of merit (zT) in liquid-like ionic TE materials [61].

1. 15

 15 (a). 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 SnSe 7 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 two-atom-thick SnSe slabs are corrugated creating a zig-zag accordion-like projection along the b-axis. Compared with polycrystalline SnSe, SnSe single crystals exhibit super-high carrier mobility, however, the SnSe crystals still show moderate electrical transport property, as shown in Fig. 1.15(b), (c) and (d). Interestingly, SnSe shows a very low thermal conductivity (Fig. 1.15(e)). The physics of SnSe is fascinating, which is due to the high anharmonicity of its chemical bonds. The average Grüneisen parameters of SnSe along the axis of a, b, c are 4.1, 2.1, 2.3, respectively. The anomalously high Grüneisen parameter of SnSe is a reflection of its unique crystal structure, which contains very distorted SnSe 7 polyhedra (due to the lone pair of Sn 2+ ), a zig-zag accordion-like geometry of slabs in the b-cplane. In each SnSe 7 polyhedra, one Sn atom is surrounded by seven Se atoms, with four long SnSe bonds and three short ones, resulting in unbalanced forces around the Sn atom. This implies a soft lattice, and if this lattice were mechanically stressed along the b and c directions, the SnSe bond length would not change directly, but instead the zig-zag geometry would be deformed like a retractable spring or an accordion. In addition, along the a direction, the weaker bonding between SnSe slabs provides a good stress buffer or 'cushion', thus dissipating phonon transport laterally. The thermal conductivity of SnSe along b axis is 0.70 Wm -1 K -1 at room temperature and decreases to 0.34 Wm -1 K -1 at 973 K (Fig.11(e)), which results in a high ZT of 2.6 at 973 K, as shown in Fig.11(f). Therefore, the high anharmonicity of chemical bonds may well be behind the high ZT of SnSe, an idea that stimulates further experimental and theoretical work.

Fig. 1 .Fig. 1 .( 4 )

 114 Fig. 1.15 Crystal structure, and thermoelectric properties as a function of temperature of SnSe single crystal along b-axis: (a) Crystal structure of SnSe, gray atoms present Sn, red atoms present Se, (b) electrical resistivity, (c) Seebeck coefficient, (d) power factor, (e) thermal conductivity, and (f) ZT value [89].

Fig. 1 .

 1 Fig. 1.18 Temperature-dependent ZT of skutterudites reaching ZT > 1 [55].

Fig. 1 .

 1 Fig. 1.19 The crystal structure of CoSb 3 , Energy dependence of the dynamic scattering function S (Q, E) for Yb 0.2 Co 4 Sb 12 (The solid vertical lines represent calculated values of the vibrational energy of various fillers in CoSb 3 ), and Time-evolution of ZT value achieved with Sb-based skutterudites [78].

Fig. 1 .Fig. 1 .

 11 Fig. 1.20 Prices in US dollars per kilogram for various TE compounds [55].

  Thus, in recent years, the preparation of micro-TE devices, including organic and inorganic based TE devices, has been quite intensively studied [115]-[120]. Among them, micro-TE devices based on thin films are one of the most widely studied research fields [127]. The reason is not only because of the thin film nanostructure which allow to control the phonon transport by the quantum confinement effect, leading to enhanced the ZT value [122]-[124], but also due to fact that thin film technology is already compatible with semiconductor industry [125]-[127]. Therefore, thin film TE devices have been considered as the promising technology for realizing practical micro-TE application. However, there are still several challenges remaining for thin film TE application [128]; (a)

  Fig. 1.22, a theoretical study by Hicks and Dresselhaus in 1993 predicted the potential benefits of low-dimensional materials to thermoelectric effect, based on the modeling of TE thin film superlattice and nanowires [122][129]. In these structures, electrons are confined to a

Fig. 1 .

 1 Fig. 1.22 Energy dependence of the electronic density of states in 3-, 2-, 1-and 0dimensional crystals. Dependence of ZT on bulk (3D), quantum well (2D) and quantum wire (1D)widths for the Bi 2 Te 3 layers [122][129].

  miniaturized sensor provides an opportunity for the investigation of multifunctional thin film TE (TFTE) devices, which have the advantages of flexibility, small volume, light weight, high integration and enhanced compatibility as shown in Fig.1.24 [164]-[167]. Comparing to the bulk based TE device, the main advantage of the TFTE is the application in wearable and micro-semiconductor industry.

Fig. 1 .Fig. 1 .

 11 Fig. 1.24 Thin film TE devices [164]-[167].

  various TFTE devices have been reported. For examples, Chowdhury et al. made a device fabricated from Bi 2 Te 3 -based superlattices with state-of-the-art electronic packages and a high (~1,300Wcm -2 ) heat flux for cooling [164]; Tian et al. prepared a organic superlattice generator with a very high power density of 2.5 Wcm -2 which is almost one hundred times higher than the others [169]. Kim et al. used Bi 2 Te 3 powder with a ceramic binder to make a paste, which was used to fill up the polymer based fabric hole and their prototype could generate 178 nW by using body heat [171]. Deng et al. presented the hybrid detector with very short response time for visible and near-infrared light [170]. Robert et al. designed and embedded flexible thermoelectric generators into high power light emitting diode (LED). The available thermal gradient of approximately 50 K allows conversion of the LED waste heat with an overall efficiency of 1% [171]. Although the above-mentioned reports showed the advantage of the TFTE devices and the obvious improvement after optimization in terms of thin film materials and device structure designs, most of the TFTE devices generate power in the micro watt range or less [172]-[178].

  -state TE devices can be widely used as energy sources, for semiconductor cooling and as temperature sensor because of their extensive advantages, such as fixed parts, silence, and high reliability and autonomous operation. In the past few decades, many kinds of new alternative TE materials and TE devices aiming at environmental-friendly, high conversion efficiency and low cost process have been intensively studied. Thin films TE materials and devices have particularly be considered due to their many advantages such as flexibility, light weight, small volume, high integration and enhanced compatibility. As generally agreed, further research and development should be directed toward: (1) Excellent alternatives thin film TE materials, which should be stable, earth-abundant and nontoxic. (2) Simple preparation method to achieve high-quality and cost-effective thin film TE materials.(3) Optimization of the TFTE device architecture in order to address separately different issues (the preparation techniques of various types thin films, electrode connecting method, integration of the units……) for achieving ultimately high efficiency with environmental stability of the TFTE devices.After a review of the TE materials, we found that high ZT value with both p-type and n-type skutterudite CoSb 3 based materials can be obtained by appropriate filling/doping. These results are meaningful and favourable for fabricating highly efficient and low-cost TE devices based on CoSb 3 materials due to the comparable characteristics of the p-type and n-type CoSb 3 , making the preparation process highly compatible and facilitating electrode material optimization for preparing homojunction devices. By combining the advantages of thin film TE techniques, the objective in this work is to study the possibility of using advanced magnetron sputtering deposition technology for the preparation of skutterudite CoSb 3 thin films with high performance and low cost. Various optimization processes will be studied with particular emphasis on the following points.(1) The basic preparation parameters and growth mechanism of CoSb 3 thin films will be carefully studied.(2) The relationship between the micro-structure and the TE properties will be established. (3) Heat-treatment and doping will be used for further improving the TE properties of the CoSb 3 thin films. The relationship between the TE properties and crystal structure as well as the charge transport and valence state atom state will be investigated in order to understand the mechanism of performance enhancement. (4) Based on the prepared CoSb 3 thin films, TFTE devices will be fabricated with particular emphasis on device structure and electrode optimization.

  [2]. For examples, Hicks et al. prepared PbTe/Pb 1-x Eu x Te multiple-quantum-well structure giving a ZT> 2.0, due to the quantum confinement effect[3]. Walachova et al. measured the ZT value of the nano-scale thickness thin film to be 2.65 by using Haman-method[4]. Thus, preparing high performance thin film thermoelectric materials have been paid more and more attention[5]-[10]. Similar studies on CoSb 3 based thin films have also been done[11]-[15]. For examples, M.V. Daniel et al. demonstrated that the grain size of the CoSb 3 thin film prepared by molecular beam deposition was very sensitive to the deposition parameters, especially to the substrate temperature during the deposition. A controlled grain size by controlling the deposition parameters could be a key factor for the optimization of the thermoelectric properties, since the thermal conductivity should strongly depend on the grain size due to enhanced grain boundary scattering of phonons[11]. S. Yadav et al. prepared CoSb 3 thin films via electro-deposition with controlled composition from Sb-rich to Co-rich regime. These films without any further post-deposition annealing had high carrier mobility, resulting in high power factor, making them potentially interesting for power generation or refrigeration[12]. S. R. SarathKumar et al. prepared In and Yb filled CoSb 3 thin films deposited on different substrates by pulsed laser deposition and n-type semiconductors have been obtained. They found that the observed difference of the power factor for different films deposited on different substrates could be explained on the basis of oxygen diffusion from the substrates. The degradation of CoSb 3 transformed into highly conducting CoSb 2 due to the oxidation of Sb, leading to the formation of CoSb 3 . Thus

Fig. 2 .

 2 Fig. 2.1 shows the schematic diagram of the magnetron sputtering deposition. During a magnetron sputtering process, 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 accelerated by potentials ranging from a few hundred to a few thousand electron volts and strike the negative electrode with sufficient energy to dislodge

Fig. 2 . 1

 21 Fig. 2.1 The schematic diagram of the magnetron sputtering deposition

2 . 2 .

 22 The system is a JGP-450b (Sky technology development Co., Ltd, CAS, China) with three cathodes. Co target (99.99 %) and Sb (99.99%) target (purchased from HZTQ new material technology Co., Ltd. China) were used and the sputtering angle was 45 °. the target-substrate distance was 10 cm. The residual pressure was 8.0×10 -4 Pa and the working pressure was 0.4 Pa with a fixed argon flow of 40 sccm. Different deposition conditions have been tested. Firstly, the Co sputtering power was kept to be 35 W for depositing different thin films with the Sb sputtering power fixed at 20 W, 30 W, 40 W and 50 W, respectively. Then, the same experiments have been performed with the Co sputtering power increased to 40 W and 45 W. Finally, the as-deposited samples with slight Sb-excess were chosen for post-annealing. The annealing temperature was changed from 473 K to 573 K with a duration of 1 hour under a constant argon flow.

Fig. 2 . 2

 22 Fig. 2.2 The photos of the magnetron deposition system and the preparing process

2. 3

 3 (b) displays the influence of the annealing temperature on the composition of the CoSb 3 samples. It reveals that the content of Sb decreases with the increasing annealing temperature and approachs progressively the stoichiometric value of 75 %. The samples were marked as C1, C2, C3, C4 and C5, corresponding to the annealing temperature of 473 K, 498 K, 523 K, 548 K and 573 K, respectively.

Fig. 2 .

 2 Fig. 2.3 (a) The influence of the deposition power on the composition content of the Co-Sb samples; (b) the influence of the annealing temperature on the composition content of the CoSb 3 samples.

2 . 8 .

 28 The surface morphology of C3 appears smooth with however a few grains and clusters on the surface (Fig.2.8(a)). Fig. 2.8(b) shows the examined grain and Fig. 2.8(c) and (d) display the corresponding HRTEM images. It is clear that the thin film is polycrystalline and grain boundaries can be found in the polycrystalline CoSb 3 thin film. The grain size is about ~ 14 nm which is in agreement with the calculated result from XRD, indicating that the thin film is composed of nano-sizes crystallites. No precipitate related to impurity phase can be observed. Fig. 2.8(d) shows the selected-area Fast Fourier Transform (FFT) pattern (inset in the right HRTEM image). It displays interplanar distances of 0.291 nm and 0.253 nm, corresponding to the (013) plane and the (123) plane of skutterudite CoSb 3 which confirms that the thin film has single nanosized CoSb 3 structure and is well-crystallized.

Fig. 2 . 2 . 2 . 4 .Fig. 2 .

 22242 Fig. 2.8 (a) SEM image of C3 with the annealing temperature of 523 K; (b) (c) (d) HRTEM images.

Fig. 2 . 9

 29 Fig. 2.9 The carrier concentration n and Hall mobility µ as function of the annealing temperature. 72

Fig. 2 .

 2 Fig. 2.11(b) shows the temperature dependence of the Seebeck coefficient S that all samples show positive Seebeck coefficient, indicating their P-type dominance of transport properties.

Fig. 2 .

 2 Fig. 2.11 Temperature dependence of (a) electric conductivity; (b) Seebeck coefficient and (c) power factor.

Fig. 2 .Fig. 2 .

 22 Fig. 2.12 XRD patterns of the samples prepared under different sputtering power.

Fig. 2 .Fig. 2 .

 22 Fig.2.14 shows the XRD patterns of thin films prepared by using different alloy targets with two annealing temperatures of 300°C (a) and of 325 °C (b). As it can be seen in Fig.2.14(a), the XRD patterns of the samples T1-1, T2-1 and T3-1 show that the main diffraction peak corresponds to the (013) plane of the CoSb 3 phase and other peaks are also associated to the CoSb 3 phase, indicating that all the thin films have primary CoSb 3 skutterudite structure.However, the T1-1 thin film prepared with the stoichiometric target TA1 (Co:Sb of 1:3) exhibits some additional diffraction peaks which can be assigned to the (-121) and (211) planes of the CoSb 2 phase. Similarly, Sb phase as the secondary phase can be observed from the XRD pattern of the T3-1 thin film prepared with the TA3 (1:4) alloy target having a high Sb excess, where the additional peak can be assigned to the (012) plane of Sb phase. Unlike the T1-1 and T3-1, the T2-1 thin film prepared using the TA2 (1:3.5) alloy target exhibits an excellent match with the CoSb 3 phase without any impurity phases, indicating that the thin film has single CoSb 3 skutterudite structure. Similarly, the same phenomenon can be found in Fig. 2.14(b) that the CoSb 2 is the secondary phase of the T1-2 and the Sb is the secondary phase of the T3-2, while the T2-2 has a single CoSb 3 phase. Therefore, as already observed earlier, loss of Sb happens during the thin film deposition and the post-annealing process. Thin films with stoichiometric composition of CoSb 3 can be obtained with target having appropriate Sb excess.

Fig. 2 .

 2 Fig. 2.14 XRD patterns of CoSb 3 thin films prepared with various targets. (a) annealing temperature of 300°C; (b) annealing temperature of 325°C.

Table 2 . 2 59 Fig. 2 .

 22592 Fig. 2.15 XRD patterns of CoSb 3 based thin film annealed at different temperature.

Fig. 2 .

 2 16(d) displays the Seebeck coefficient and reveals that the Seebeck coefficient values of A1~A4 is negative and that for A5 is positive, which is good agreement with the Hall measurement result. The A4 has the maximum absolute Seebeck coefficient value of -14.4 µVK -1 .

Fig. 2 .

 2 Fig. 2.17 Sb contents for CoSb 3 thin films prepared with Co:Sb atomic ratios of 1:3 and 1:3.5 alloy targets.

Fig. 2 .

 2 Fig. 2.18 shows the XRD patterns of thin films prepared with different targets, including the characteristic pattern of CoSb 3 (PDF#780976). Fig. 2.18(a) shows that all thin films prepared with the Co:Sb = 1:3 target yields three major diffraction peaks, which are indexed as the diffraction planes from (013), (123), and (211) of the CoSb 3 phase. No impurity peak can be observed for these thin films, thereby indicating that all samples contain a single CoSb 3 phase.

Fig. 2 .

 2 Fig. 2.18 (a) XRD patterns of the T-series samples (Target Co:Sb= 1:3) with different substrate temperature; (b) XRD patterns of the S-series samples (Target Co:Sb=1:3.5);

Fig. 2 .

 2 Fig. 2.19 shows surface morphology of thin films S1-S5. The grain size increases with rising substrate temperature, and this observation is consistent with the results of the XRD analysis.However, the grains grow individually and separately, leading to rough surface. The excess of Sb is probably unfavorable for obtaining smooth grain boundaries.

Fig. 2 .

 2 Fig. 2.19 Surface morphology images of S-series prepared with Co:Sb atomic ratios of 1:3.5 alloy target

Fig. 2 .

 2 Fig. 2.20 Surface morphology images of T-series prepared with Co:Sb atomic ratios of 1:3 alloy target.

Fig. 2 .

 2 Fig. 2.21 Schematic illustration of thin film growth: (a) thin film with a single CoSb 3 phase; (b) thin film with additional Sb structure.

Fig. 2 .Fig. 2 . 2 . 3 . 3 . 4 .Fig. 2 .

 2223342 Fig. 2.22 Thin film deficient in Sb (a) Deposited at room temperature, then annealed; (b) Heating during deposition

Fig. 2 .

 2 Fig. 2.24 Electrical conductivity, Seebeck coefficient, and power factor as the function of temperature: (a) electrical conductivity of S-series; (b) electrical conductivity of T-series; (c) Seebeck coefficient of S-series; (d) Seebeck coefficient of T-series; (e) PF of S-series; and (f) PF of T-series. 89

Fig. 2 .

 2 Fig.2.24(c) and Fig.2.24(d) illustrate the influence of substrate temperature on the Seebeck coefficients, S, of the thin films. The Seebeck coefficient of S1, S2, and S3 is negative at room temperature, whereas that of S4 and S5 is positive. This result is attributed to impurity Sb phases crystallization, which constantly exhibited a p-type conduction. The Seebeck coefficient of S1 to S3 increases with increasing temperature, and S1 yields a maximum value of -12.87 μV•K -1 at 550 K. However, this value is much lower than that of CoSb 3 bulk materials. Interestingly, S value of S4 and S5 decreases with increasing temperature and the semiconductor is transformed into n-type when the measurement temperature reaches a certain high point, possibly as a result of competition between Sb and CoSb 3 . As presented in Fig.2.24(d), the T-series thin films present a negative Seebeck coefficient, and the values are close to each other at low temperatures. Absolute value of all samples increases when temperature increases. In particular, the absolute Seebeck coefficient of T1, T2, and T3 shows a sharp increase, and reaches 170 μV•K -1 at 573 K, possibly due to their dense and well crystallized structure fabricated at high temperatures.
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 3 -[10]. For instance, Wang et al. demonstrated that the introduction of Yb in CoSb 3 can raise the ZT value from 0.5 to 1.5 at 850 K and a high average value of ~1.27 within 500 K -850 K was obtained with the optimized Yb content of 0.29 %[3]. Shi et al. reported that the multi-filling of CoSb 3 can lead to a maximum ZT of 1.7 at 850 K, which is several times higher than the pure sample[4]. G. Rogl et al. demonstrated that In-doped multi-filled n-type skutterudites can exhibit a high power factor and a very low thermal conductivity, leading to an outstanding ZT value of 1.8 at 823 K[5].Zhou et al. shown that the ZT is 30% higher in comparison to the Ba filled CoSb 3 after inclusion of Ag nanoparticle[6]. Although filling is an efficient way for improving the properties of CoSb 3 materials, reports on the thermoelectric properties of filled-CoSb 3 thin films were scarce.

3 . 1 )

 31 , CoSb 3 thin film prepared with Sbexcess alloy target (Co:Sb= 1:3.5) under optimized annealing condition, had single CoSb 3 structure. But the film with CoSb 2 as the secondary phase had better thermoelectric properties when the stoichiometric target (Co:Sb=1:3) was used as shown in Fig.3.1. Additionally, the film also had better thermoelectric properties with single CoSb 3 structure grown directly on a heated substrate by using the stoichiometric ratio target. Therefore, these three situations will be considered for Ag doping.

Fig. 3 . 1

 31 Fig. 3.1 Thermoelectric properties of the thin films prepared under different condition, (a) Seebeck coefficient, (b) electrical conductivity, (c) Power factor

Fig. 3 .

 3 Fig. 3.2(a) shows the XRD patterns of Ag doped CoSb 3 thin films, including the un-doped sample.The diffraction peaks of all the samples can be indexed to the body-centered cubic skutterudite crystal structure with space group Im-3 (PDF#78-0976). There is no impurity phase within the detection limit of the XRD spectrometer, indicating that all the films have single CoSb 3 phase. As shown in the inset, the peaks slightly shift to small angle and the shift increases with increasing Ag content, suggesting the crystal cell expansion. The lattice parameters have been calculated by using the XRD data and Fig.3.2(b) shows the lattice parameters as function of Ag content . It can be found that the lattice parameter increases obviously after Ag doping, suggesting that Ag atoms enter into the lattice. Although the lattice parameter increases with increasing Ag content, it tends to a stable value when the Ag content is over 1.9 %. This non -linear trend is similar to the behavior of the filled bulk CoSb 3 materials[17][18], indicating Ag is more likely filling into the voids of the lattice.

Fig. 3 .

 3 Fig. 3.2 (a) The XRD patterns of un-doped and Ag doped CoSb 3 thin films and (b) The lattice parameters, calculated by using the XRD data, as a function of Ag contents.

Fig. 3 . 3

 33 Fig. 3.3 The results of Raman spectrum in the range of 70 cm -1 to 220 cm -1 shift for all the specimen.

Fig. 3 . 4

 34 Fig. 3.4 The cohesive energy as function of Ag concentration

Fig. 3 . 5 X

 35 Fig. 3.5 X-ray Photoelectron Spectroscopy (ESCALAB 250Xi) and its working principle.

Fig. 3 .

 3 8(a) and displays negative sign over the entire temperature range, indicating the N-type behaviour. The absolute S value of the un-doped sample is in the range of 15 ~ 40 μV/K. The S value greatly increases for all Ag doped samples and it reaches the maximum with Ag doping content of 2.2 %., and all the Ag-

Fig. 3 . 8

 38 Fig. 3.8 The temperature dependence of thermoelectric properties (a) Electrical conductivity; (b) Seebeck coefficient; (c) Power factor

Fig. 3 .Fig. 3 .

 33 Fig. 3.10 The temperature dependence of thermoelectric properties (a) Electrical conductivity; (b) Seebeck coefficient; (c) Power factor; (d) the temperature dependence of PF value of the films prepared by different alloy target

Fig. 3 .

 3 11(a) shows the XRD patterns of Ag doped CoSb 3 thin films, including the un-doped sample. After comparison to the characteristic CoSb 3 pattern, three main diffraction peaks located at ~32 °, ~37 °, and ~46 ° from Ag-doped CoSb 3 thin films are defined as the CoSb 3 (013) (123) and (420) planes. There are many weak peaks in all the patterns and they also can be attributed to the CoSb 3 skutterudite structure, indicating that all the thin films are composed of pure CoSb 3 structure.

Fig. 3 .

 3 Fig. 3.11 (a) XRD patterns of the samples, (b) the crystallite size and dislocation density as function of Ag content

  consist with the XRD result. Additionally, the disorder Raman peak shifts are due to the lattice expansion, indicating that the Ag is most likely filling into the lattice void.

Fig. 3 . 3 . 4 . 3 .Fig. 3 .Fig. 3 .Fig. 3 .

 3343333 Fig. 3.12 The results of Raman spectrum for CoSb 3 doped with different Ag content.

Fig. 3 .Fig. 3 .

 33 Fig. 3.16 Electrical conductivity as the function of temperature.

Fig. 3 .

 3 Fig. 3.17 illustrates the temperature dependence of the Seebeck coefficient, S, of the thin films.

Fig. 3 .

 3 Fig. 3.18 Temperature dependence of power factor PF at the temperature range from 298 K to 623 K and the inset shows the PF values between 298 K to 498 K.

Fig. 3 .

 3 Fig. 3.19 TEM images of the Ag doped samples prepared by different method.

8.0×10 - 4

 4 Pa and the working pressure was kept at 0.4 Pa with argon flow of 40 sccm as the working gas. A schematic representation of the process is shown in Fig.3.20. Firstly, Ti was deposited on the glass substrate with a very low deposition rate around 0.3 Å/s and different thicknesses of about 10 nm, 15 nm, 20 nm, 25 nm and 30 nm have been obtained with the objective to study the influence of Ti doping concentration on the thermoelectric properties of the films. Then, the CoSb 3 thin film was deposited onto the Ti layer. The deposition rate of CoSb 3 thin film was around 5.0 Å/s and the deposition time is 15 min, followed by a thermal annealing in a furnace at 300 °C for 2 hours under a constant flow of argon. The thickness of all the thin films was about 400 nm.

Fig. 3 .

 3 Fig. 3.20 The schematic illustration of the thin film preparation. Different characterization and analytic techniques have been detailed earlier.

Fig. 3 . 3 . 5 . 3 .Fig. 3 .

 33533 Fig. 3.21 The atomic concentrations of Ti, Sb and Co in the thin film obtained with the AES depth profiling. For better visualization, values of Ti atomic concentrations have been multiplied by 10 (marked as×10).

Fig. 3 .

 3 Fig. 3.22 (a) Powder X-ray diffraction of CoSb 3 based thin films after annealing, (b) the refined lattice parameter a as a function of actual Ti content obtained by energydispersive X-ray spectrum. The inset in (b) shows the lattice parameter as a function of the nominal Ti content x for Ti x Co 4 Sb 12 in this study and previous reported results.

Fig. 3 .

 3 Fig. 3.23 Room-temperature Raman scattering spectra of the four Ti doped and undoped thin film specimens.

Fig. 3 .

 3 24 shows the side view of the Structure when (left) one Sb atom is replaced by Ti, and (right) Ti atom sites at the interstitial position. Calculation details: Atomic structure, energetic, and electronic properties are analyzed based on the firstprinciples DFT calculations by using PAW potential which is implemented in the plane-wave basis Vienna ab initio Simulation Package (VASP). Perdew Burke Ernzerhof (PBE) within

  𝐸 𝑓 = 𝐸 𝑇𝑖 -𝐸 𝑝𝑢𝑟𝑒 + 𝑛𝜇 𝑆𝑏 -𝑚𝜇 𝑇𝑖 (3.3) where E Ti and E pure are the total energy of the supercell with and without Ti dopants, respectively. 𝜇 𝑇𝑖 and 𝜇 𝑆𝑏 are the chemical potentials of Ti atom and Sb atom. n and m are the number of replaced Sb atoms and Ti dopants, respectively.

Fig. 3 .

 3 Fig. 3.24 Side view of the Structure when (left) one Sb atom is replaced by Ti, and (right) Ti atom sites at the interstitial position.

Fig. 3 .

 3 Fig. 3.25 SEM images of pristine CoSb 3 thin film S0 and Ti-doped thin films

Fig. 3 .Fig. 3 .

 33 Fig. 3.26 (a) HRTEM image of the S3 with Ti content of 0.72 %, (b) The AFM and the SEM images of the precursor Ti layer; (c) The schematic illustration of the thin film growth process: (1) Ti layer with nano thickness, (2) CoSb 3 growing on the Ti layer, (3) After annealing

Fig. 3 .Fig. 3 .

 33 Fig. 3.27 (a) the room temperature carrier concentration n and Hall mobility µ for all the samples, (b) the temperature dependence of electrical conductivity σ.

  The optical band gap can be determined from the measured fundamental absorption of the thin film by extrapolating the linear part of the spectrum (αhυ) 2 = f(hυ) to zero and the results are shown in Fig.3.29. The optical band gap of the Ti-doped films is about 0.84 eV, 0.89 eV and 0.87 eV for S1, S3 and S5, respectively. Thus the similar change is well in agreement with the shift of the S max , suggesting that the change of the S max is attribute to the change of band gap.

Fig. 3 .Fig. 3 .

 33 Fig. 3.28 (a)Seebeck coefficient of the thin films as a function of temperature, (b) roomtemperature total thermal conductivity κ and the calculated lattice thermal conductivity κ lat . (c) the various phonon scattering mechanisms by nano-strcucture and Ti based points defect, (d) temperature dependence of the ZT value.

Fig. 3 .

 3 Fig.3.28(b) is the room temperature total thermal conductivity κ and the calculated lattice thermal conductivity κ lat . The κ=κ lat +κ ele , where the κ ele is the contribution of electrons and κ lat is due to the heat transported by phonons. The κ ele is estimated using the Wiedemann-Franz (WF) law κ ele = LσT, where the constant L, known as the Lorenz number, depends on the degree of elasticity in carrier scattering. It depends on the scattering parameter r and will decrease as the reduced Fermi energy η decreases with increasing temperature. And it can be

  as the κ as a function of Ti content. All of the Ti doped samples have much lower κ lat than the pristine sample and the S4 has the minimum κ lat . These results indicate that the nanostructuration in CoSb 3 through Ti doping can achieve a dramatic reduction of κ lat . This has been predicted by the weaken phonon interaction from Raman spectra and by the larger phonon scattering from the SEM and TEM analysis discussed earlier. The mechanism for the reduction of thermal conductivity is schematically illustrated in Fig.3.28(c). Longer wavelength phonons are effectively scattered by the nano grains and gaps with larger size.

Fig. 3 .

 3 28(d) shows the temperature dependence of the ZT value. The pristine sample S0 has an extremely low ZT value of 0.005 at room temperature and it gradually increases to over 0.02 for all the Ti doped thin films, and S2 has the maximum ZT value of 0.10 at room temperature. To obtain the temperature dependence of the ZT value, the κ ele was calculated from the measured values of σ with fixed κ lat value. The estimated maximum ZT of about 0.90 is achieved for the S3

Fig. 3 .

 3 Fig. 3.30(a). Fig. 3.30(b) shows the device photo and it reveals that the generator is flexible.

Fig. 3 .

 3 Fig. 3.30(c) displays the testing configuration and Fig. 3.30(d) performs that the continuous response of the detector and the peaks corresponding to the values obtained when the finger touched instantly the region of the Cu contact. The figure touch event duration is about 1~2 swith 10 s interval between two events. It shows that a rise time of all the touch events is below 1 s, indicating that the detector has a fast response. It will take about 2 s to reach the maximum value, including the 0.5 s delay between the touch and departure moment. It is at least partially due to heat transfer delay of the sensor. The sensor has stable maximum output voltage of about 0.3 mV, indicating that the thermal gradient is about 2 K at the ambient temperature of about 300 K. This sensor can be used for fast/real-time human touch electrical trigger/detector using standard electronics to read the output voltage.

Fig. 3 .

 3 Fig. 3.30 (a) the schematic of the sensor, (b) the device photo, (c) the figure touch event, (d) the continuous response of the detector and the peaks corresponding to the values obtained when the finger touched instantly the region of the Cu contact.

4

 4 Pawith argon flow of 40 sccm. The Ti layer were deposited onto three different substrates with the deposition rate about 50 nm/min and the deposition time of 5 seconds, 10 seconds and 15 seconds, respectively. Then, the Ti target was replaced by Sn target (99.99 %) and In target (99.99 %). Samples with precursor Sn layer and In layer were prepared with the same preparation parameter as for Ti layer. Thirdly, all the samples with the precursor Ti, Sn and In layer were used as co-deposition substrates. Ag target (99.99 %) and Co-Sb (99.95%) alloy target with Co/Sb atomic ratio of 1:3 were then used for co-deposition. Before the film codeposition, the above-prepared substrates were heated to 250 °C. Then, the Ag doped CoSb 3 thin films were deposited onto the substrates containing Ti, or Sn or In precursor layers and the deposition parameters were the same as the Ag doped thin film with doping content of 0.3 %, described in detail in chapter 3.4.

Fig. 4 . 1

 41 Fig. 4.1 Schematic of the preparation process for co-doped CoSb 3 thin films

Fig. 4 .

 4 Fig. 4.2 shows the XRD patterns of Ag/Sn co-doped CoSb 3 thin films, including the un-doped and single Ag-doped thin films. Three major diffraction peaks located at ~31.2 º, ~37.1 º and ~44.8 º are observed from all the patterns and they are indexed as the reflection peaks from the (013), (123) and (420) planes of CoSb 3 . Other weak peaks from the patterns can also be indexed belonging to the CoSb 3 diffraction planes and no impurity phase can be observed within the detection limit of the XRD spectrometer, demonstrating that all the samples have single CoSb 3 phase with the body-centered cubic skutterudite crystal structure. As shown in the inset, the XRD peaks of the doped sample are progressively shifted to small angle, suggesting the crystal cell expansion due to the doped elements entered into the lattice. Besides, the angle shift increases with increasing Sn content, indicating Sn is more likely filling into the void of the lattice, similarly to the behavior of Ag.

Fig. 4 . 2 Fig. 4 .

 424 Fig. 4.2 The XRD patterns of Ag/Sn co-doped CoSb 3 thin films, including un-doped and single Ag-doped thin films

Fig. 4 . 3

 43 Fig. 4.3 The XRD patterns for Ag/Ti co-doped CoSb 3 , the un-doped and single Ag-doped thin films

Fig. 4 . 4 4 . 4 .

 4444 Fig. 4.4 The XRD patterns for Ag/In co-doped CoSb 3 , the un-doped and single Ag-doped thin films

Fig. 4 . 5 Fig. 4 . 6 Fig. 4 . 7

 454647 Fig. 4.5 Surface morphology images of the Ag/Sn co-doped thin films, including the undoped and single Ag doped thin films.

Fig. 4 .

 4 Fig. 4.8 displays the EDS mapping for the thin films with the largest Sn, Ti and In contents.

Fig. 4 .

 4 Fig. 4.10 and Fig. 4.11 The temperature dependence of the thermoelectric properties of the Ag/In co-doped thin films (a) Seebeck coefficient, (b) Electrical conductivity, (c) Power factor from 273 K to 623 K, (d) magnification of the Power factor from 273 K to 478 K from (c).show the temperature dependence of S and σ for the Ag/Ti and Ag/In co-doped thin films.

and

  Ti are efficient for increasing the electric conductivityσ. The maximum absolute S value of the Ag/Ti co-doped thin films is respectively 206 μVK -1 , 229 μVK -1 , and 183 μVK -1 for different doping content of Ti and the Ag/In co-doped thin films have a Seebeck coefficient of respectively 219 μVK -1 , 198μVK -1 and 205μVK -1 for different doping content of In. The maximum σ values of 0.68 ×10 4 Sm -1 and 0.75×10 4 Sm -1 at 623 K are obtained from the Ag/Ti 15s and Ag/In 10s films. Compared to the un-doped thin film, both of the Ag/Ti and Ag/In co-doped thin films have an enhanced PF. The maximum PF values are about 0.31 mWm -1 K -2and 0.29 mWm -1 K -2 at 623 K for Ag/Ti and Ag/In co-doped thin films, respectively.

Fig. 4 .

 4 Fig. 4.10 Thermoelectric properties of the Ag/Ti co-doped thin films (a) Seebeck coefficient, (b) Electrical conductivity, (c) Power factor from 273 K to 623 K, (d)magnification of the Power factor from 273 K to 478 K from (c).

Fig. 4 .

 4 Fig. 4.11 The temperature dependence of the thermoelectric properties of the Ag/In codoped thin films (a) Seebeck coefficient, (b) Electrical conductivity, (c) Power factor from 273 K to 623 K, (d) magnification of the Power factor from 273 K to 478 K from (c).

Fig. 4 .

 4 Fig. 4.12 the room-temperature thermal conductivity and ZT value

Fig. 5 . 2

 52 Fig. 5.2 Powder X-ray diffraction of CoSb 3 based thin films

Fig. 5 .Fig. 5 . 4

 554 Fig. 5.3 SEM images of (a) P-type CoSb 3 thin film, (b) N-type CoSb 3 thin film

1 .

 1 Electrode layer preparationThe P-type and N-type thin films are connected by the metal layer as shown in Fig.5.5. The Cu, Al, Mo and Ni were chosen as the electrode materials and all of them were prepared by direct magnetron sputtering. The electrode film of about 300 nm was deposited on the cross section of the film on one side to connect each other. On the other side, the electrode film was also deposited to act as the output electrode, as shown in Fig.5.5(a). The flexibility of the device is demonstrated in Fig.5.5(b).

Fig. 5 .

 5 Fig. 5.5 (a) Connected by the metal layer and (b) the image of the device

Fig. 5 . 6

 56 Fig. 5.6 Schematic and photo of the device measurement system.

Fig. 5 .

 5 Fig. 5.7 shows the open output voltage (V o ) and short-circuit current (I s ) of the tf-TE device with a PN-junction with various electrodes as function of temperature difference ∆T. The temperature gradient being imposed parallel to the length of the tf-TE legs. Fig. 5.7(a) reveals that the V o of all devices increases linearly with increasing temperature difference, except for the Cu electrode-based device with a rapidly decreasing V o when the temperature difference is higher than 190 K. Though the V o of the device with Al electrode has a high value, this device has an extremely low I s as shown in Fig. 5.7(b), suggesting high electric losses likely due to the large contact resistance. Similarly, despite the highest V o of the device with Ni layer, its I s is very low. Those results indicate that Al and Ni are not suitable as the electrode material in our TE thin films. The linear fit of the experimental data yields a Seebeck coefficient of 348 μVK -1 and 335 μVK -1 of the devices with Cu and Mo electrode, which agrees well with the value for the PN junction of about 340 μVK -1 . The V o and I s of the devices with Cu and Mo is thermally stable, especially with Mo, which keeps the increasing trend at the whole temperature range. Even though the device with Cu electrode has higher I s , but it drops with the V o at higher temperature difference because of its oxidation in air and diffusion effect, leading to electric losses due to the increasing thermal and contact resistance.

Fig. 5 .

 5 Fig. 5.7 (a) Open output voltage and (b) short-circuit current for a PN-junction with various eletrodes as function of applied temperature difference.

Fig. 5 . 8 2 .Fig. 5 . 9 P

 58259 Fig. 5.8 The influnce of the thickness of the Ni and Mo layer on the thermoeletric porperites of the device. (a) open output voltage with the Ni-Cu-Ni eletrode, (b) shortcircuit current with the Ni-Cu-Ni eletrode, (c) output maximum power with the Ni-Cu-Ni eletrode, (d) open output voltage with the Mo-Cu-Mo eletrode, (e) short-circuit current with the Mo-Cu-Mo eletrode, (f) maximum output power of the Mo-Cu-Mo eletrode.

Fig. 5 .

 5 Fig. 5.10 (d) and (e) displays the voltage response of the tf-TE device with two thermocouples,

Fig. 5 .s interval time of two thermocouples 5 . 4 . 4 .

 5544 Fig. 5.10 Time evolution of output voltage of the thermoelectric device with the finger touching instantly the contact/electrode. (a) the measurment schematic illutration, (b) six cycles with 10 s interval time of a single thermocouple, (c) eleven cycles with 5 s interval time of a single thermocouple, (d) six cycles with 10 s interval time of two thermocouples (e) eleven cycles with 5 s interval time of two thermocouples

Fig. 5 .

 5 Fig. 5.11 (a) and (b) Schematic and device photo of the thermoelectric module, (c) the outpur power as a function of applied temperature difference.

  We have firstly focused on the development of a simple route for preparing CoSb 3 thin films based on magnetron sputtering deposition technique by two methods: co-sputtering and single target sputtering. The importance of the heat-treatment on the micro-structure and TE property of the films has been demonstrated. The results show that a relatively high annealing temperature is efficient to optimize the performance of the CoSb 3 films prepared by cosputtering. The key point is to obtain pure CoSb 3 phase, with nano-sized crystallites in order to obtain high performance TE properties. The maximum power factor of CoSb 3 films

Titre : Couches minces et dispositifs à haute performance à base de skuttérudite CoSb 3

 3 Mots clés : Matériaux thermoélectriques, couches minces, sputtering, dopage, nano-structuration, skuttérudite.Résumé : Ce travail porte sur la préparation de couches minces et sur des dispositifs flexibles à base de CoSb 3 performant et à faible coût par pulvérisation cathodique pour des applications thermoélectriques.

Troisièmement, des études

  détaillées sur des couches minces de CoSb 3 co-dopées Ag/(Sn, Ti ou In) ont été réalisées. L'influence de la nature et de la concentration du co-dopant sur les propriétés des couches minces de CoSb 3 a été étudiée. Le coefficient de Seebeck et la conductivité électrique de toutes les couches minces codopées sont simultanément augmentés par rapport à la couche mince non dopée. Le facteur de puissance a été ainsi nettement augmentée et une valeur d'environ 0,32 mWm -1 K -2 a été obtenue pour des couches minces codopées Ag/Sn. Le facteur de puissance maximal pour des couches co-dopées Ag/Ti et Ag/In est également proche d cette valeur. De plus, une faible conductivité thermique a aussi été obtenue pour ces couches co-dopées, en particulier avec le co-dopage Ag/In, conduisant à une valeur ZT beaucoup plus élevée que les autres couches minces.Enfin, un dispositif à base de nano-couches de CoSb 3 a été fabriqué et une structure des électrodes en multicouche a été mise au point afin d'améliorer la stabilité thermique du dispositif à l'air. Une tension de sortie supérieure à 90 mV et une densité de puissance élevée de 0,46 mWcm -2 peuvent être obtenues à partir du dispositif fabriqué. De plus, ce dispositif a également été testé en tant que capteur thermique et il présente une réponse rapide, avec un temps de réaction de quelques centaines de millisecondes avec une grande stabilité. Il a été également démontré la possibilité d'obtenir une tension de sortie relativement élevée d'environ 7 V avec une intensité de courant d'environ 0,35 mA grâce à ces dispositifs thermoélectriques à couches minces. Ces résultats permettent d'envisager des applications réelles, notamment pour alimenter des équipements électroniques/électriques portatifs.
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  Résumé Détaillée En FrançaisComme le montre la fFigure 17, Le dopage de Ti dans les couches minces CoSb entraine une augmentation très importante du coefficient de Seebeck, accompagnée d'une diminution considérable de la conductivité thermique. Ces effets sont attribués à une diffusion accrue des phonons grâce à la nanostructure et aux défauts ponctuels créés par le dopage de Ti. Ces améliorations permettent d'obtenir une valeur maximale ZT de 0,86, environ six fois plus élevée que pour l'échantillon non dopé. Cette valeur est comparable aux meilleurs résultats publiés sur les couches minces à base de CoSb 3 .

	3.3. Conclusions
	Dans cette section, nous avons développé des couches minces thermoélectriques CoSb 3

dopées avec Ag ou Ti. La microstructure, la morphologie, la composition et les propriétés thermoélectriques de ces couches dépendent fortement de la teneur du dopant. L'étude expérimentale et la simulation théorique confirment que les atomes Ag entrent dans le réseau et occupent les sites vacants, avec des effets significatifs sur l'état chimique des liaisons Co-Sb. Le coefficient de Seebeck et la conductivité électrique des couches minces de CoSb 3 dopé sont nettement améliorés par un dopage approprié d'Ag, entraînant une augmentation importante du facteur de puissance. Les couches minces de CoSb 3 ont également été dopées par Ti avec un procédé innovant, conduisant à une nano-structuration de surface contenant des nanoparticules denses. Le Ti substitute préférentiellement le Sb. Comme attendu, la nanostructure joue un rôle important dans l'augmentation du coefficient de Seebeck et dans la diminution significative de la conductivité thermique. Ces améliorations se traduisent par un ZT nettement amélioré, environ six fois plus élevé que pour l'échantillon non dopé, démontrant l'importance de la nanostructure.

  Excellent alternatives thin film TE materials, which should be stable, earth-abundant and nontoxic. (2) Simple preparation method to achieve high-quality and cost-effective thin film TE materials. (3) Optimization of the TFTE device architecture in order to address separately different issues (the preparation parameters of various types of thin films, electrode optimization, integration of the devices…) for achieving ultimately high efficiency with environmental stability.After a review of the TE materials, we found that high ZT values of both p-type and n-type skutterudite CoSb 3 based materials can be obtained by appropriate filling/doping. This result is meaningful and favourable for fabricate highly efficient and low-cost TE device due to the comparable characteristics of the p-type and n-type CoSb 3 , leading to highly compatible

	preparation process and similar electrode materials for preparing homojunction device. By
	combining the advantages of tthin film TE techniques, the objective in this work is to study
	the possibility of using advanced magnetron sputtering deposition technology for the
	preparation of skutterudite CoSb 3 thin films with high performance and low cost. Various
	optimization processes will be studied with particular emphasis on the following points. (

TE device manufacturing technique cannot meet the requirements of miniaturization. Thus, the thin film TE (TFTE) devices have been considered as the promising technology for realizing the practical TE application. However, as generally agreed, further research and development should be directed toward:

(1) 

1.3. PERFORMANCE OF THERMOELECTRIC MATERIALS AND DEVICES 1.3.1. Basic thermoelectric parameters 1.3.1.1. Seebeck coefficient

  

	Thomson, Peltier, and Seebeck effects are different manifestations of one effect (uniquely
	characterized by the Seebeck coefficient) [48]. The first Thomson relation is	
	𝐾 =	𝑑∏ 𝑑𝑇 -𝑆	(1.8)
	Where K is the Thomson coefficient. This relationship is easily understandable given that the
	Thomson effect is a continuous version of the Peltier effect.	
	∏ = 𝑇𝑆	(1.9)
	This relation 1.9 expresses a subtle and fundamental connection between the Peltier and
	Seebeck effects. It was not satisfactorily proven until the advent of the Onsager relations, and
	it is worth noting that this second Thomson relation is only guaranteed for a time-reversal
	symmetric material; if the material is placed in a magnetic field or is itself magnetically
	ordered (ferromagnetic, antiferromagnetic, etc.), then the second Thomson relation does not
	take the simple form shown here. The Thomson coefficient is unique among the three main
	thermoelectric coefficients because it is the only one directly measurable for individual
	materials. The Peltier and Seebeck coefficients can only be easily determined for pairs of
	materials; hence, it is difficult to find values of absolute Seebeck or Peltier coefficients for an
	individual material. If the Thomson coefficient of a material is measured over a wide
	temperature range, it can be integrated using the Thomson relations to determine the absolute
	values for the Peltier and Seebeck coefficients. This needs to be done only for one material,
	since the other values can be determined by measuring pairwise Seebeck coefficients in
	thermocouples containing the reference material and then adding back the absolute Seebeck
	coefficient of the reference material.	

  low thermal conductivity and ZT values as high as 1.4 at 373 K in a p-type material[START_REF] Poudel | High-thermoelectricperformance of nanostructured bismuth antimony telluride bulk alloys[END_REF]. A significant reduction in κ L can be achieved in Skutterudites based materials when the structural voids are filled with two or more fillers having different vibrational frequencies, as this broadens the range of normal lattice modes that are resonantly scattered. By optimizing the PF and multi-filling of the skutterudite structure, an exceptionally high ZT value of 1.7 has been achieved with Ba 0.08 La 0.05 Yb 0.04 Co 4 Sb 12 and an even higher value of 1.9 with Sr 0.09 Ba 0.11 Yb 0.05 Co 4 Sb 12 at 850 K has been reported[START_REF] Shi | Recent advances in high-performance bulk thermoelectric materials[END_REF].

	1.4.1.3. New thermoelectric materials
	To date, diverse advanced approaches to enhance ZT emerged in the last decade including:
	modifying the band structure, heavy valence (conduction) band convergence, quantum
	confinement effects and electron energy barrier filtering to enhance Seebeck coefficients;
	1 at 775
	K, which was further increased to ~1.7 at 800 K by introducing SrTe nano-precipitates, and

eventually to ~2.2 at 915 K for PbTe+2%Na+4%SrTe (polycrystalline) through additional grain boundary scattering. The use of high-energy ball milling to prepare nanocrystalline bulk structures under inert conditions followed by hot pressing resulted in crystalline sizes of 2-10 nm, very

  1.14) was reported to show a liquid-like TE transport [78], a series of Cu-and Ag-containing ionic conductors have attracted much attention because they possess suitable band gap and carrier mobility. Binary compounds Cu 2-x Se, Cu 2-x S, Cu 2-x Te, Ag 2 Se and Ag 2 Te, as well as ternary compounds CuAgSe, Cu 5 FeS 4 , CuCrSe 2 , AgCrSe 2 , Cu 7 PSe 6 ,2 Cu x+y Bi 5-y Se 8 and TmCuTe 2

  PbSe 0.2 Te 0.8 superlattice compared with that of bulk materials [133]. Venkatasubramanian et al. measured the thermoelectric properties of ptype Bi 2 Te 3 /Sb 2 Te 3 superlattice which showed a ZT of ~ 2.5 at ambient temperature [134].

	The high ZT was ascribed to the phonon blocking/electron transmitting structure in which the
	lattice thermal conductivity was reduced significantly. Harman et al. were able to grow
	superlattices of such sandwich structures over thousands of periods to produce a quantum-dot

1.23. For example, Harman et al. prepared the Pb 1-x Eu x Te/PbTe multiple quantum wells (MQWs) with well width of ~ 20 Å. The measured Seebeck coefficient of MQWs was higher than that of the bulk material, hence resulting in improved power factor [130]. Ohta et al. reported that when decreasing the thickness of quantum well to only one unit cell layer, the Seebeck coefficient S of SrTiO 3 superlattice was approximately five times larger than that of the bulk specimen [131]. Yao et al. measured the thermal conductivity of AlAs/GaAs superlattice, which showed a reduction with the decrease of layer thickness [132]. A similar reduction of in-plane thermal conductivity was also reported in the PbTe/superlattice (QDSL) of composition PbTe/PbSe 0.98 Te 0.02 on top of a BaF 2 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 [135]. Boukai et al. reported that thermal conductivity of single crystalline Si nanowires decreased obviously with the decrease of nanowire diameter and the thermal conductivity of 10 nm in diameter nanowires was only ~ 0.76 ± 0.15 Wm -1 K -1 . It led to a large enhancement of ZT and the highest value was about 100-fold that of bulk Si [136].

  .B. Lu et al. prepared p-type polycrystalline silicon-germanium thin films and a high inplane ZT of 0.2 for SiGe films is achieved at 300 K, which is about 100% higher than the previous record for p-type SiGe alloys due to the significant reduction in the in-plane thermal conductivity caused by nanograin boundaries [139]. T. Sun et al. successfully prepared textured n-type Bi 2 Te 2.7 Se 0.3 thin films with Pt nano-inclusions and the estimated ZT is ~1.17, which is higher than the traditional bulk Bi 2 Te 2.7 Se 0.3 material [140].

	Due to the advantage and potential applications, intensive research has been conducted to
	prepare high-performance TE films by various methods, include electrochemical deposition
	[143][144], molecular beam epitaxy [145][146], sputtering [147]-[151], metal-organic CVD
	[152], flash evaporation [153], thermal co-evaporation [154][155], spin coating [156][157]
	of large concentration of lattice vacancies in silicon nano-films creates more than a 20-fold
	reduction in thermal conductivity, while the electrical conductivity and the Seebeck
	coefficient are largely maintained [137]. This results in thermoelectric performance
	comparable to silicon nanowires, but crucially leaves the silicon structure indistinguishable

dimensional superlattice for enhancing the ZT of TE materials. But actually, a thin film with a layer of material ranging from fractions of a nanometer to several micrometers in thickness always exhibit new and unique properties which can be considered as a special 2D structure belonging to low-dimensional material. Moreover, by controlling the thin film preparation parameters, various low-dimension nanostructures, such as nano-size crystal grains, nanowires and nano-pores can be obtained in the films [137]-

[142]

. It can also provide the same stratagem for regulating TE performance of materials, but more conveniently, compared to the complex superlattice structure. For instances, N.S. Bennett reported that the introduction from bulk silicon, resulting in a robust material that is straight-forward to be fabricated. Y. Sun et al presented the self-assembled silver telluride nanocrystal thin films fabricated using a layer-by-layer (LBL) dip-coating process. The maximum ZT of 0.712 can be achieved [138]. Jand silk-screen printing [158][159]. Due to the difficulty for precisely measuring thin film thermal conductivity, most of these studies were focused on preparing high power factor TE thin films which is related to the TE performance of thin film materials to some extent. For examples, M. Culebras produced effective thermoelectric nanocomposites with multiwalled carbon nanotubes with Poly (3,4-ethylene dioxythiophene) and achieved a power factor of 155 μWm -1 K -2 , which is the highest value ever reported for a completely organic MWCNTbased material [160]. S. Cho et al. grew Bi-based thin film by using molecular beam epitaxy method and showed a 16% larger maximum power factor value than for bulk at room temperature [161]. Additionally, some special TE thin films have also been reported. For example, C. Yang et al. prepared transparent flexible thermoelectric material based on nontoxic earth-abundant p-type copper iodide thin film [162] and Y. Pan et al. fabricated a rapid response thin-film plasmonic-thermoelectric light detector [163]. Indeed, nowadays, it can be found that the focus in this field is no longer only on the preparation of high TE performance

Table 2 .1 The atomic ratio of Co:Sb and square resistance of the prepared films.

 2 

	Sputtering power (W)	40	45	50	55
	Co:Sb atomic ratio	1:3.64 1:3.31 1:3.41 1:3.28
	Square resistance	30.22 16.13 12.28 13.41

  Ag , E Sb and E Co are the total energies of the supercell with Ag dopants,

	xE Ag -yE Sb -zE Co )/(x+y+z)	(3.1)
	where E Ag-CoSb3 , E	

single Ag atom, single Sb atom and single Co atom, respectively. x, y and z are the number of Ag, Sb and Co atoms, respectively.

Table 3 .2 Atomic ratio and Ag content of the thin films

 3 

	Co-sputtering time (s)	0	2	4	6	8	10	12
	Co:Sb	1:2.88 1:2.77 1:2.78 1:2.57 1:2.66 1:2.65 1:2.67
	Ag (at. %)	0						

Table 3 .3 Actual Ti contents for the thin films

 3 

		S0 S1	S2	S3	S4	S5
	Thickness of Ti (nm) 0 10	15	20	25	30
	Ti (at. %)	0 0.25 0.57 0.72 0.83 1.05

Table 3 .5 The Lorenz number as function of temperature

 3 , 40 %, 50 %, 53 % and 37 % lower than the un-doped S0. Based on the WF law, the κ ele is around 15 % of the total κ, indicating that the reduction of κ is mainly due to the sharply decrease of the κ lat . As expected, the κ lat follows approximately the same trend

	Temperature (K)	S0	Lorenz number (×10 -8 V 2 K -2 ) S1 S2 S3 S4	S5
	313	2.29352 2.16553 1.78981 1.75969 1.73219 1.99907
	343	2.06926 2.15151 1.71317 1.68154 1.66342 1.94077
	373	2.06264 2.11672 1.70414 1.66844 1.63776 1.87313
	403	2.04305 2.09616 1.69542 1.62306 1.60953 1.86352

  Shi, et al. prepared Ba, La, and Yb multi-filled CoSb 3 bulk materials and obtained very high thermoelectric figure of merit ZT = 1.7 at 850 K. The results showed that high power factors can be obtained by adjusting the total filling fraction of fillers with different charge states to reach the optimum carrier density. At the same time, lattice thermal conductivity can also be significantly reduced, to values near the glass limit of these materials, through combining filler species of different rattling frequencies to achieve broad-frequency phonon scattering. Therefore, partially filled skutterudites with multiple fillers of different chemical nature allow obtaining unique structural characteristics for optimizing electrical and thermal transports in a relatively independent way, leading to distinctly enhanced ZT values[16]. G.A. Lamberton, et al. reported that charge substitution of Ge for Sb in the Yb-filled CoSb 3 can enhance the effective mass and improve the Seebeck coefficients at room temperature, coupled with the reduced lattice thermal conductivity[17]. G. Rogl, et al. studied structural and transport properties of p-type skutterudites with the nominal composition DD 0.7 Fe 2.7 Co 1.3 Sb 11.7 {Ge/Sn} 0.3 (DD, didymium). Due to additionally introduced defects by the didymium filling and Fe/Co substitution, an increase of the electrical resistivity was compensated by a significantly lower thermal conductivity and the net effect led to a high figure of merit ZT = 1.45 at 850 K [18].

Although the co-doped CoSb 3 bulk materials have been attracting increasing attention and has been widely studied, co-doped CoSb 3 thin films have been rarely reported. S.R. Sarath

Kumar, et al. prepared 

In and Yb co-doped CoSb 3 thin films by pulsed laser deposition

[19] 

and P. Fan, et al. prepared Ti and In co-doped CoSb 3 thin films by magnetron sputtering deposition

Table 5 .1 Thermoelectric properties of the thin films

 5 

		σ (×10 4 S/m) S (μVK -1 ) κ/κ lat (Wm -1 K -1 ) ZT (300 K/500 K)
	N-type	2.7	-216	0.68/0.45	0.56/1.12
	P-type	0.7	125	0.51/0.43	0.06/0.71

nm 200 nm

2.03023 2.08938 1.68977 1.54683 1.58875 1.83148

µm

nm

CHAPTER II: STRUCTURAL AND THERMOELECTRIC PROPERTIES OF COSB 3 THIN

FILMS CHAPTER III: PREPARATION AND PROPERTIES OF DOPED COSB 3 THIN FILMS

peaks of the photoemission spectra of Sb 3d5/2 and 3d3/2 core levels in CoSb 3 are obtained by Gaussian-Lorentzian deconvolution analysis, showing that the Sb in CoSb 3 has metallic and oxidized state. The photoemission spectrum of Sb3d core level in Ag-doped sample is almost the same as that of un-doped CoSb 3 . According to the bonding states in CoSb 3 , the chemical states of Sb in CoSb 3 includes both Co-Sb and Sb-Sb bond. Thus, combining the results of Co and Sb core level spectra, the Ag doping has no effect on the chemical state of Sb-Sb rings. Similar results have been found in previous reports on doped CoSb 3 materials with enhanced thermoelectric performance [24]. In the case of Ag, the BE of Ag 3d5/2 and Ag 3d3/2 was around 368.3 and 374.5 eV, which is the typical position and separation of spin-orbit components for Ag + ion. It seems that the photoemission spectra of Ag 3d core levels is composed satellite peaks including probably metal state. The micro-structure was characterized by using scanning electron microscopy (SEM, Zeiss supra 55) and transmission electron microscopy (TEM, JEM-3200FS) while the composition analysis was performed by energy dispersive spectroscopy (EDS). Fig. 3.7(a) displays the surface morphology for all the samples. It can be seen that the un-doped sample contains some tiny grains. Similar results can be observed for all the Ag doped samples. With the increase of Ag content, the particles become larger and triangle-shaped, suggesting that Ag can promote the grain growth. Fig. 3.7(b) shows the TEM image of the sample with Ag content of 2.7 %. It can be found that there are some black and white regions, which might be due to the salient grains on the surface. The insert images of composition analysis show few and insignificant difference between these regions. In addition, the elemental mappings shown in Fig. 3.7(c) indicate that all the elements are homogenously distributed in the thin films.

Thus, we deduce that the observed white grains dispersed on the surface have the same structure and composition as the thin film.

(a) (b)

fraction of CoSb 2 phase is lower than ~10 % for all the samples, indicating that the CoSb 3 is the primary phase for all the films. 

Thermoelectric properties

The temperature dependence of Seebeck coefficient S and electrical conductivity σ were measured at the temperature range from 298 K to 623 K by the simultaneous determination of Seebeck coefficient and electrical conductivity system (SBA458, Nezsch). Fig. 3.10(a) shows the electrical conductivity σ as function of temperature. The σ value of all the films has similar changing trend; it firstly increases with the increasing temperature. reaches the maximum value, and then decrease. But it is worth noting that the maximum σ values for most of the Ag-filled films shift to higher temperature, indicating a better thermal stability than that of the un-filled sample. The σ of thin films with Ag-filled contents of 1.7 %, 2.2 %, and 3.0 % have higher value than that of the un-filled sample, and it reduces to lower value when the content continues raising. Thin film with 2.2 % Ag content possesses the largest value of 4.41×10 4 Sm -1 at 523 K among all the films. morphology pay an important role in the increase of the Seebeck coefficient and in the significant reduction of the thermal conductivity. These improvements result in an enhanced ZT, which is about six times higher than the un-doped sample, demonstrating the possibility to simultaneously improve the Seebeck coefficient and to reduce the thermal conductivity through careful controlling of the structure and the morphology during the thin film deposition.

In summary, both of the Ag and Ti doped CoSb 3 have significantly better thermoelectric performance than the un-doped film, indicating that the Ti and Ag are efficient dopants for CoSb 3 materials. These results also demonstrate the effectiveness of our concept for simultaneously improving Seebeck coefficient and electrical conductivity through carefully composition doping.

CHAPTER IV: THERMOELECTRIC PERFORMANCE OF CO-DOPED COSB 3 THIN FILMS

distributed in the thin films for the co-doped samples. Table 4.1 shows the element contents of the thin films. It can be seen that the Ag has a stable content around 0.2 at.% in all the codoped thin films, which is similar as the single Ag-doped thin film with about 0.3 at. % Ag content in chapter 3.4. The Ag/Sn co-doped thin films have a Sn content of respectively 1.7 %, sample Ag (at.%) Sn (at.%) Ti (at.%) In (at.%)

Ag/In 15s 0.1 --------------6.1

THERMOELECTRIC PROPERTIES

The temperature dependence of the Seebeck coefficient S and the electrical conductivity σ were simultaneously measured at the temperature range from 298 K to 623 K by using an appropriate system (SBA458, Nezsch). Although the Ag/Sn co-doped thin films have higher absolute S value than that of the single Ag-doped thin film at low testing temperature, it becomes lower than the Ag-doped sample when the temperature is over 550 K. The maximum absolute S value for all doped or codoped thin films is much higher than that for the un-doped film. Moreover, the co-doped thin films have lower thermal conductivity than both the un-doped and single Ag-doped thin films, resulting in higher ZT values. Thus, all the results show that the Ag/(Sn, Ti and In) co-doping is efficient to optimize the performance of the CoSb 3 films and the key point is to control the doping element content in order to obtain high thermoelectric properties. Further improvement of the thin film performance might be expected both by adjusting the content of the co-doped composition and as well as by optimizing the preparation process.

CHAPTER V : FABRICATION OF FLEXIBLE COSB 3 BASED THERMOELECTRIC THIN FILM DEVICE

A schematic representation of the process is shown in Fig. 5.1. Firstly, the P-type Ti-doped CoSb 3 thin film was fabricated by pre-deposited layer approach through layer inter-diffusion and the deposition process were detailed in chapter III. Then, the In-doped CoSb 3 was prefabricated by multilayer approach as shown in Fig. 5 value is obtained by using the Mo thickness of 10 nm and the maximum value is 13.9 µW at ∆T = 210 K, which is about two times higher than that of the device with single Cu electrode.

This implies that the electrical contact resistance decreases after applying the multilayer electrode structure, leading to greatly enhanced performance of tf-TE device. It is worth noting that the cross-section area of the device with single PN thermocouple, including the flexible substrate, is about 0.03 cm 2 . Thus, the power density can be as high as 0.46 mW/cm 2 , which is comparable to those of the previously reported f-TE device [11][13][37] [38].

Furthermore, if we calculate the power density within the TE thin films, it clearly demonstrates that the power density value will be one order of magnitude higher due to the small thickness of the TE thin film, which is only 5 % of the flexible substrate. The Key facts

GENERAL CONCLUSIONS

Thermoelectric (TE) device can directly convert heat emanating from the Sun, radioisotopes, automobiles, industrial sectors, or even the human body to electricity. It is highly reliable and first-principles that Ti atoms are likely to substitute Sb sites firstly at a low concentration of Ti. However, with increasing Ti content, the newly injected Ti atoms will form clusters, and occupy interstitial sites. As expected, an increase of the Seebeck coefficient and a significant reduction of thermal conductivity after Ti doping have been obtained, resulting in an enhanced ZT value of ~0.9, which is about six times higher than the un-doped sample.

The third part in this work has been devoted to the development of Ag/(Sn, Ti and In) codoped CoSb 3 thin films and the influence of the co-doped Sn, Ti or In content on the TE properties of these films was carefully studied with foxed content of Ag doping. The results

show that all the co-doped thin films are composed of pure well-crystallized CoSb 3 structure before or after doping. The doped thin films have improved Seebeck coefficient and electrical conductivity, leading to distinctly enhanced power factor. The maximum power factor values of Ag/(Sn, Ti or In) co-doped thin films are all about 0.30 mWm -1 K -2 which is two times of that for the un-doped thin film. Besides, the room temperature thermal conductivity has obviously been reduced after co-doping, resulting in an enhancement of the ZT value. Thus, it can be concluded that co-doping method is an efficient way for enhancing the TE performance of CoSb 3 thin films, which not only improves the Seebeck coefficient and electrical conductivity, but also reduces the thermal conductivity.

The last part of this work was focused on a comprehensive optimization in terms of CoSb 3 based thin films as well as the electrode materials and structure with the objective to fabricate high performance flexible device. The CoSb 3 based thin films containing nanoparticles for the enhancement of phonon scattering have been fabricated by using vacuum sputtering method, in order to increase the output voltage and the responsivity of the flexible devices. In addition, the performance of the thin film devices is also dramatically enhanced after the optimization of the electrode by using a multilayer structure. As a result, over 70 mV output voltage of a single thermocouple was generated at a temperature difference of 210 K and the power density is 0.46 mW/cm 2 which would be one order of magnitude higher if only the thin film, excluding the substrate, is considered. Moreover, the thin-film thermoelectric device also