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Preface 

The chapters included in this PhD thesis cover the work developed by the PhD 

candidate Yu Liu at the Catalonia Institute for Energy Research (IREC) in Sant Adrià de 

Besòs, Barcelona, in the period 2014-2018, supported by China Scholarship Council (No. 

201406500003). The thesis is particularly focused on the development of high 

performance thermoelectric (TE) nanomaterials by means of the bottom-up assembly of 

nanocrystals (NCs) with finely tuned properties obtained by cost-effective and scalable 

colloidal synthesis routes. 

The thesis is structured into 6 chapters. In the first chapter, a general introduction of 

the different objectives and topics is presented. Experimental work is included in chapters 

2 to 6. Within the general framework of optimizing thermoelectric nanomaterials from 

NC-based bottom up processes, the work carried out in this thesis focuses on 3 main 

research directions related to 3 main challenges of the strategy used: 1) control of 

stoichiometry and ionic doping in NCs to optimize charge carrier concentration; 2) 

modulation doping in nanocomposites; 3) production of crystallographically textured 

nanomaterials. The first block, chapter 2 and 3, starts with the production of ternary 

I−V−VI semiconductors, using AgSbSe2 and Cu3SbSe4 model systems. Their TE 

performances have been significantly enhanced by tuning their compositions carefully 

during the synthesis. The second block is included as chapter 4, where semiconductor-

metal nanocomposites are developed. In particularly we blended PbS NCs with Cu/Sn 

metal NCs to improve the electrical transport property by means of controlling the 

injection of electrons from the metal to semiconductor host. The last block, chapter 5 and 

6, addresses the production of crystallographically textured nanomaterials with improved 

TE performance using Bi2Te3-based materials as a model system.
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Summary of results  

Colloidal NCs exhibit excellent properties for different applications, including energy 

conversion, catalysis, electronic and optoelectronic devices, medicine, etc. The colloidal 

synthesis of NCs shows various advantages, such as: i) fine control of size, shape and 

composition at nanoscale; ii) low reaction temperature; and iii) no need for high-cost 

specialized equipment.  

This project focuses on the rational design and engineering of high performance 

thermoelectric (TE) nanostructured materials by the bottom-up assembly of colloidal NCs. 

Currently, bottom-up approaches to produce TE nanomaterials are drawing attention due 

to the advantages they can offer. Particularly, enhanced TE performance by means of 

reduction of the thermal conductivity due to the increasing of the phonon scattering is 

easily accomplished. Although nanostructuring has proven an effective strategy to 

improve the TE properties, it still has some major challenges: i) the tuning of the surface 

chemistry, that includes the development of different procedures to remove the organic 

molecules attached to the NCs, which can affect the electronic transport of the material; 

ii) the precise control of the charge carrier concentration; and iii) The production of 

precisely crystallographically textured materials with strong anisotropic properties. In this 

thesis several methods are proposed to overcome these major challenges. 

This thesis is divided in 6 chapters. The first one is the introduction. Chapters 2 and 3 

correspond to the study of synthetic routes to produce high quality chalcogenide NCs that 

are doped at the NC synthesis step to control the charge carrier concentrations. 

Furthermore, with the aim of an efficient transport of charge carriers, the organic ligands 

were removed before compacting the NCs into high density TE nanomaterials. The 

systems studied were I−V−VI chalcogenide semiconductors, specifically AgSbSe2 and 

Cu3SbSe4, which show very attractive and yet to be exploited functional properties for 

energy conversion applications, particularly thermoelectricity. A low-cost, high-yield and 

scalable colloidal synthesis route to produce monodisperse and narrow size and shape 

distributions of AgSbSe2 and Cu3SbSe4 NCs was obtained. After ligand displacement, the 

NCs were used as building blocks to produce TE nanomaterials. Additionally, by means 

of substitutional doping during colloidal synthesis, a large increment in the power factor 

and relatively lower thermal conductivities were observed. We presented a complete 
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characterization of the TE nanomaterials obtained after the densification of the NCs by 

using a hot–press technique. The preliminary optimization of the doping concentration 

resulted in a TE figure of merit ZT of 1.10 at 640 K for AgSb0.98Bi0.02Se2, and of 1.26 at 

673 K for Cu3Sb0.88Sn0.10Bi0.02Se4, which represents a significant increase beyond the 

state of the art in Te-free multinary Ag/Cu-based chalcogenide materials made of 

relatively abundant, safe and environmental friendly materials. Finally, the best 

performance sample of Cu3Sb0.88Sn0.10Bi0.02Se4 was further used to fabricate ring-shaped 

TE generators to be coupled to hot pipes and which provided 1 mW of electric power per 

TE element with a 160 °C of temperature gradient. This bottom-up engineering colloidal 

NCs building blocks for the fabrication of a shape-adaptable TE generator shows the real 

potential of applications in near future. The results presented in chapter 2 and 3 were 

published in Journal of Materials Chemistry C in 2016 and Journal of Materials 

Chemistry A in 2017, respectively. 

Chapter 4 constitutes the second block of the thesis. In this chapter, the work of PbS-

metal (Cu and Sn) nanocomposites produced by a versatile nanoparticle blending 

procedure is presented. For these materials, the low work function metal is able to inject 

electrons to the intrinsic PbS matrix, which is another strategy to control the charge carrier 

concentration. The power factor is dramatically enhanced due to the increase of the 

electrical conductivity in the TE nanocomposites. Consequently, the maximum ZT was 

remarkably enhanced by two times as compared with the pristine PbS host. Furthermore, 

we also compared the TE performance of microcrystalline composites with the same 

composition as in nanocrystalline composites; commercial PbS host with Cu particles. 

The results revealed that with the same metal addition, higher electrical conductivities 

were obtained in the nanocomposite, but higher Seebeck coefficients were maintained in 

the microcomposite. Both results were associated to a more efficient charge transfer from 

the metal to the semiconductor in the nanocrystalline materials. Moreover, higher thermal 

conductivities were also obtained in the microcomposite. Finally, the figure of merit ZT 

were higher for the microcomposite system in the low temperature range, but much lower 

in the higher temperature range compared with the nanocomposites system. This project 

is a follow up of the previous PbS-Ag system (Nature Communications 2016), in which 

the final figure of merit can reach to 1.7 at 850 K for PbS-4.4%Ag. The results obtained 

and presented in this chapter were published in APL materials in 2016. 

In the last block, chapters 5 and 6, the process of production of crystallographically 
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textured materials is presented. We face here the challenge of bottom-up approaches to 

control the crystallographic alignment of nanograins. The production of nanostructured 

p-type BixSb2-xTe3 and n-type Bi2Te3-xSex alloys is presented. This can be done with 

controlled stoichiometry by solution-processing, and crystallographic texture by liquid-

phase sintering using multiple pressure and release steps at 480 °C, above the tellurium 

melting point. Additionally, we explain the possible mechanism to produce the highly 

textured nanomaterials. This strategy results in record TE figures of merit: ZT=1.83 at 

420 K for Bi0.5Sb2.5Te3 and ZT=1.31 for Bi2Te2.7Se0.3 at 440 K when averaged over 5 

materials, respectively. These figures of merit were obtained in the c direction, in contrast 

with most previous works measuring or assuming better TE performances in the ab plane. 

These high figures of merit extended over a wide temperature range, from 320 K to 500 

K, which results in energy conversion efficiencies a 50% higher than commercial ingots 

in the similar temperature range. The results in Chapter 5 has been published in Nano 

Letters in 2018, and the results of Chapter 6 have been recently submitted.  

Finally, the main conclusions of this thesis and some perspectives for future work are 

presented in the last chapter. 
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Resumen de Resultados 

Los nanocristales (NCs) coloidales tienen excelentes propiedades para diferentes 

aplicaciones, incluyendo la conversión de energía, la catálisis, los dispositivos 

electrónicos y optoelectrónicos, y la medicina, entre otros. La síntesis coloidal de NCs 

presenta varias ventajas, tales como: i) excelente control del tamaño, forma y 

composición a nivel de la nanoescala; ii) bajas temperaturas de reacción; y iii) que no hay 

necesidad de equipos especializados. Este proyecto se concentra en el diseño racional y 

la ingeniería de materiales termoeléctricos (TE) nanoestructurados de alto rendimiento, 

usando la estrategia del ensamblado ascendente (bottom-up) de NCs coloidales, los cuales 

se utilizan como los elementos de construcción.  

Actualmente, las estrategias ascendentes para producir nanomateriales termoeléctricos 

llaman la atención debido a las ventajas que pueden ofrecer este tipo de rutas en la 

optimización de dichos materiales. En particular, usando estrategias ascendentes es casi 

inmediato lograr un incremento de la eficiencia termoeléctrica por medio de la reducción 

de la conductividad térmica, esto debido también al incremento en el bloqueo de fonones 

en el material.  A pesar de que la nanostructuración ha probado ser una estrategia efectiva 

para mejorar las propiedades termoeléctricas, este camino todavía tiene varios retos 

importantes: i) Ajustar la química de superficie, lo cual incluye el desarrollo de diferentes 

procedimientos para remover las moléculas orgánicas que se enlazan a la superficie de 

los NCs, lo cual afecta el transporte electrónico en el material; ii) el control preciso de la 

concentración de portadores de carga; iii) la producción de materiales texturizados 

cristalográficamente con fuertes propiedades anisotrópicas. En esta tesis se proponen 

varios métodos para superar estos retos.  

Esta tesis está dividida en 6 capítulos. El primero es la introducción, en la cual se 

presentan los conceptos básicos de la termoelectricidad y el procesamiento en solución 

de NCs. Los capítulos 2 y 3 corresponden al estudio de las rutas sintéticas para producir 

NCs de calcogenuros de alta calidad que se doparon durante el proceso de síntesis, con el 

objetivo de controlar la concentración de portadores. Además, con el propósito de obtener 

un transporte eficiente de  portadores de carga, se removieron los ligandos antes de 

compactar los NCs en nanomateriales TE altamente densos. El sistema estudiado fue el 

de los calcogenuros semiconductores I-V-VI, específicamente AgSbSe2 y Cu3SbSe4, los 
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cuales muestran propiedades funcionales muy atractivas y que aún no se han podido 

explicar completamente para las aplicaciones en conversión de energía, específicamente 

en termoelectricidad. Se diseñó una ruta de síntesis de bajo costo, alto rendimiento y con 

las cual se obtuvieron NCs de AgSbSe2 y Cu3SbSe4 con distribuciones de tamaño y forma 

muy estrechas. Después del intercambio de ligandos, los NCs se usaron como elementos 

de construcción para la producción de los nanomateriales TE. Adicionalmente, por medio 

del dopaje durante la síntesis de los NCs, se produjo un gran incremento en el factor de 

potencia TE, así como valores relativamente bajos de la conductividad térmica, en los 

materiales obtenidos. Se presenta una caracterización completa de los nanomateriales TE 

que resultaron después de la densificación de los NCs por medio de la técnica de prensado 

en caliente. La optimización preliminar de la concentración de dopaje resultó en valores 

para la figura de mérito TE, ZT, de 1.10 a 640 K para AgSb0.98Bi0.02Se2, y de 1.26 at 673 

K para Cu3Sb0.88Sn0.10Bi0.02Se4, lo cual representa un incremento significativo, más allá 

del estado del arte de los calcogenuros multinarios, basados en Ag/Cu, libres de Te y 

hechos con elementos relativamente abundantes, seguros y ambientalmente amigables. 

Finalmente, el material que presentó mejor comportamiento TE, fue el 

Cu3Sb0.88Sn0.10Bi0.02Se4, el cual se usó después para la producción de un generador TE en 

forma de anillo. El objetivo de este dispositivo era poder acoplarlo a los tubos de escape 

de gases y fue posible obtener una potencia eléctrica de 1mW por elemento TE con una 

diferencia de temperatura de 160 °C, lo cual es un resultado bastante prometedor. Esta 

ingeniería ascendente de NCs coloidales como elementos de construcción para la 

fabricación de generadores TE, de forma adaptable, deja ver el gran potencial para 

diversas aplicaciones en un futuro cercano. Los resultados presentados en el capítulo 2 y 

3 fueron publicados en el Journal of Materials Chemistry C en 2016 y en el  Journal of 

Materials Chemistry A in 2017, respectivamente.            

El capítulo 4 constituye el segundo bloque de esta tesis. En este capítulo, se presenta el 

trabajo de la producción de nanocopuestos de PbS-metal (Cu y Sn) usando un 

procedimiento versátil de mezcla de NCs. Para estos materiales, la función de trabajo del 

metal es  capaz de inyectar electrones a la matriz intrínseca de PbS, lo cual constituye 

otra estrategia de control de concentración de portadores de carga. El factor de potencia 

TE, se ve dramáticamente incrementado debido al aumento en la conductividad eléctrica 

en los nanocompuestos TE. Consecuentemente, el valor máximo de ZT se vio 

excepcionalmente incrementado por el doble del valor comparado con el material original 
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PbS. Además, también se comparó el desempeño TE de los compositos nanocristalinos, 

con compositos microcristalinos, que fueron producidos usando PbS comercial como 

matriz y nanopartículas de Cu. Estos resultados revelan que con la misma adición de metal, 

para los nanocompositos se obtienen valores de conductividad eléctrica mayores 

comparados con los microcompositos. Asi mismo, se obtienen valores de coeficiente 

Seebeck mayores para los microcompositos. Ambos resultados, fueron asociados a la 

transferencia de carga más eficiente desde el metal al semicondutor en los materiales 

nanocristalinos. Finalmente, el valor para la figura de mérito ZT fue mayor para el sistema 

del microcomposito en el rango de temperatura bajo, pero mucho más grande para el 

sistema del nanocompuesto en el rango de altas temperaturas. Este proyecto es la 

continuación de un trabajo previo que se realizó en el grupo de investigación con el 

sistema PbS-Ag (Nature Communications 2016), en el cual, el valor de la figura de mérito 

final alcanzó a llegar a 1.7 a 850 K para el PbS-4.4%Ag. Los resultados obtenidos en el 

presenta capítulo fueron publicados en APL materials en 2016.  

En el último bloque, capítulos 5 y 6, se presenta el proceso de producción de materiales 

texturizados cristalográficamente. En este trabajo enfrentamos el reto de controlar el 

alineamiento cristalográfico de los nanogranos usando la estrategia ascendente. Se 

presenta la producción de materiales nanoestructurados de aleaciones tipo p BixSb2-xTe3 

y tipo n Bi2Te3-xSex. Esto se pudo realizar, controlando la estequiometria del 

procesamiento en solución y la textura cristalográfica, por medio de la sinterización en 

fase líquida con un procedimiento de múltiples pasos de presión y relajación a una 

temperatura de 480°C, la cual está por encima de la temperatura de fisión del Te.  

Adicionalmente, nosotros explicamos cómo es el posible mecanismo que se da para la 

obtención de nanomateriales altamente texturizados. Este fue un resultado estratégico con 

valores de la figura de mérito TE record de: ZT=1.83 a 420 K para Bi0.5Sb2.5Te3 y  

ZT=1.31 para Bi2Te2.7Se0.3 a 440 K realizando promedio sobre 5 diferentes muestras, 

respectivamente. Estos valores de la figura de mérito fueron obtenidos para la dirección 

c, en contraste con la mayoría de los trabajos previos que asumían y/o medían desempeños 

termoeléctricos mejores en la dirección del plano ab. Los valores altos de la figura de 

mérito se extendieron sobre todo el rango de temperatura, desde 320 K a 500 K, lo cual 

se traduce en eficiencias de conversión de energía un 50% mayor que las de los materiales 

comerciales en un rango de temperatura similar. Los resultados del capítulo 5 fueron 

publicados en Nano Letters en 2018 y los resultados del capítulo 6 fueron sometidos a 
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una revista recientemente.  

Finalmente, en el último capítulo, se presentan las conclusiones principales y las 

perspectivas del trabajo futuro de esta tesis.       
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Chapter 1 

General Introduction 

 

1.1 The Energy challenges 

A main challenge facing mankind in the 21st century is to make compatible the 

unprecedented increase in human numbers with the accessibility to sufficient amounts of 

energy and the conservation of the environment. The fossil fuel consumption and 

greenhouse gas production have reached a record high in history. In addition to 

environmental issues, developing countries have experienced their own energy crisis 

because their energy consumption has soared as the economy boomed in the last two or 

three decades.  

Currently, fossil fuels provide around 80% of the world's energy demand.1 Taking the 

total Unite States primary energy consumption in 2016 as an example (Figure 1.1), 

petroleum-37%, natural gas-29% and coal-15% accounted for the most of the country’s 

energy production. Additionally, in developing countries the percentage of fossil fuels in 

the total primary energy consumption should be even higher than in the world's largest 
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economy, Unite States. For decades to come, global energy demand is expected to 

continuously grow, by 50% until 2035 (Figure 1.2),2 and it is expected to triple by the end 

of this century.3 There’s no denying it that we will run out of all fossil fuels at some point. 

At the present consumption rate all known reserves of fossil fuels will be extinguished 

before the end of the present century.4 

 

Figure 1.1. Total U.S. primary energy consumption in 2016, source, U.S. Energy Information 

Administration, Monthly Energy Review, Table 1.3 and 10.1, April 2017, preliminary data. 

 

Energy is essential to humans, as important as food, air and water, that is why we 

talk energy all the time. It is now time to overcome the energy challenge and turn it into 

an opportunity. The age of low carbon has come, by 2050 all industrial and domestic 

processes and transportation need to be low carbon by means of industrial restructuring, 

more efficient fossil fuel use and a shift to clean energy sources.5 

Renewable energy conversion technologies, e.g. photovoltaics, fuel cells and wind 

mills, will play a key role for resolving the current energy challenge. Besides, energy 

efficiency of industrial and domestic processes and in transportation will need to be 

optimized. Currently, more than 60% of the word’s energy consumption is wasted in the 

form of heat. Thermoelectric (TE) technology is a clean energy conversion technique, it 

can be used to harvest any thermal source including industrial waste heat and solar, to 

directly produce useful electricity without any pollution.6-8 Consequently, TE materials 

can play an important role in the development of sustainable energy-efficient and 
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environmental-friendly technologies. 

 

Figure 1.2. Global energy and power demand is underpinned by fossil fuels. Primary energy 

demand by fuel source (million tonnes of oil equivalent), Source: IEA, 2012. World Energy 

Outlook (WEO) 2012 and IEA, 2013. WEO 2013 (New Policies scenario). 

 

1.2 Thermoelectricity  

1.2.1 Background of thermoelectricity 

Thermoelectricity, allowing the solid-state conversion between thermal and electric 

energy, has a huge potential to develop competitive products in a wide range of 

application fields, e.g. climate control, energy recovery and energy harvesting. TE 

devices exhibit numerous advantages, e.g. direct energy conversion without moving parts 

or fluids, long lifetime and silent operations, reduced volume, and a very flexible design 

with large size/power adaptability.6, 7, 9-11  

In 1821, Thomas J. Seebeck discovered the phenomenon that a circuit made from 

two dissimilar materials produced a voltage when their junctions were at different 

temperatures.12 This became known as the "Seebeck effect" and it is used for creating TE 

power generators. He found that the voltage is proportional to the temperature difference 

between the hot and cold sides of the material. The proportionality factor, the Seebeck 

coefficient (S), changes with material and operating temperature: 
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S= － 
ΔV

 ΔT
                       (1) 

In equation (1), ΔV and ΔT are, respectively, the voltage and temperature difference 

between the hot and cold sides. The minus sign comes from the negative charge of the 

electron and the convention of the current flow. A negative Seebeck coefficient is 

generally associated with electrons being the dominant charge carriers, n-type materials, 

whereas holes are the dominant carrier in p-type materials with a positive Seebeck 

coefficient.7  

Jean C.A. Peltier first discovered the phenomenon that passing an electric current 

through two dissimilar materials produces heating or cooling at their junction in 1834,12 

which is known as the "Peltier effect". This is the foundation for TE cooling and 

temperature control, the widest applications of TE devices currently.7  

TE devices can work reversely in both power generation configurations and cooling, 

as shown in Figure 1.3. 

 
Figure 1.3. Reversible models of a TE module: a) Seebeck of power generation mode and b) 

Peltier of refrigeration mode. 

 

The practical TE device is generally composed of tens to hundreds of p- and n-type 

elements coupled together electrically in series and thermally in parallel, as shown in 

Figure 1.4. These devices are sold by many companies and are being further developed 

in numerous laboratories.8, 9, 13-15 
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Figure 1.4. (a)-(b) Traditional TE device; a) typical commercial TE module, b) many of pn-

couples are arranged in series in a commercial module.8 (c)-(g) Flexible TE device;15 c) Schematic 

of the working principle of wearable TE device.14 d) An example of TE-powered wearable 

device.16 e) Paper-based TE device.17 f) Schematic of a flexible TE device assembled using 

inorganic modules and g) a photo of the flexible TE device.18 

 

1.2.2 The efficiency of thermoelectric device 

The maximum coefficient of performance (COP) and power conversion efficiency 

(η) of a TE device depend on the temperature at the cold (Tc) and hot side (Th) and can 

be analytically expressed with the following relationships: 

COP = 
𝑇𝑐

△𝑇

√1+𝑍𝑇𝑎−
𝑇ℎ
𝑇𝑐

√1+𝑍𝑇𝑎+1
                           (2) 

𝜂 =
△𝑇

𝑇ℎ

√1+𝑍𝑇𝑎−1

√1+𝑍𝑇𝑎+
𝑇𝑐
𝑇ℎ

                            (3) 

a) b)

c) d
)

e)

f) g)
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where △T=Th-Tc is the temperature difference, Ta=△T/2 is the average temperature, and 

Z is named as the thermoelectric figure of merit and has dimensions of T-1.6, 19, 20 As seen 

in the equation 4 below, the dimensionless figure of merit ZT depends on three tightly 

interrelated material parameters,6, 8, 9, 19, 21 the Seebeck coefficient (S), electrical 

conductivity (σ) and thermal conductivity (κ). 

ZT = 
𝜎𝑆2

𝜅
T                              (4) 

There is no known limitation to ZT and thus, except for the Carnot limit, to the energy 

conversion efficiency of a TE device.  

 
Figure 1.5. Comparison with current competing technologies and efficiency expressed for power 

generation with different values of ZT.22 

 

In the past decades, Bi2Te3-based alloys, with ZT close to 1, have been the only 

material used for industrial TE devices.6 Figures of merit ZT>2 are required to have 

efficiencies above 10% in practical temperature gradients.23, 24 A comparison of TE 

efficiency with other established current competing technologies is shown in Figure 1.5. 

1.2.3 Challenges and determining parameters of thermoelectric 

At present, the low efficiency is the main obstacles to the commercialization of TE 

devices. To improve the efficiency of a TE device one needs to optimize the electrical 

and thermal transport properties. Generally speaking, a good TE material behaves as a 

Curzon
Ahlborn
limit
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“phonon-glass/electron-crystal” material with efficient electrical transport performance 

as in a crystalline material and poor thermal transport property as in a glass-like material. 

The power factor (PF) is another comprehensive parameter determining 

performance of a TE material: 

PF = σS2 = neμS2                                       (5) 

σ = neμ                              (6) 

where n is the charge carrier concentration, e is the electron charge and μ is the mobility 

of the carrier. For the degenerate semiconductor, the Seebeck coefficient is given by 

S=
8𝜋2𝜅𝐵

2

3𝑒ℎ2
𝑚∗𝑇(

𝜋

3𝑛
)

2
3                         (7) 

where κB is the Boltzmann constant, h is the Planck’s constant and m* is the effective 

mass. It can be seen that the Seebeck coefficient is directly proportional to the effective 

mass. However, increasing m* will reduce the carrier mobility μ, and thus electrical 

conductivity.  

The thermal conductivity includes two factors, a lattice contribution and an 

electronic contribution: 

 κ = κL + κe                            (8) 

The lattice thermal conductivity κL can be expressed as follows: 

κL =λCpρ                               (9) 

where λ is the thermal diffusivity, Cp is the specific heat, and ρ is the density of the 

material. Diminishing lattice thermal conductivity has been extensively endeavored to 

realize a large figure of merit ZT. The lattice thermal conductivity depends on the ability 

of phonons to propagate through the material and it is essential to enhance the phonon 

scattering in order to reduce it. 

κe is proportional to the electrical conductivity and related to carrier concentration 

by the Wiedemann–Franz law;25 

κe = LoσT = neμLoT                       (10) 

where Lo is the Lorenz number.  

To maximize ZT, the optimization of the carrier concentration has become a key 

parameter, as not only the electrical conductivity, but also the Seebeck coefficient and the 
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electronic contribution to the thermal conductivity depend on it (Figure 1.6). Overall, 

maximum figures of merit are reached with relatively high charge carrier concentrations, 

around 1019 cm-3. 

 

Figure 1.6. Dependence of the figure of merit ZT-related properties with carrier concentration.20   

 

1.2.4 Figure of merit ZT improvement 

Numerous strategies, e. g. doping, alloying and nanocomposites, have been used to 

enhance ZT. The most effective approaches are to optimize carrier concentration, to 

engineer the electronic band structure of the material and to maximize phonon scattering. 

Generally, the carrier concentration is tuned by means of extrinsic doping or intrinsic 

defects.26 Alternatively, modulation toping strategies can be used. Additionally, doping 

approaches to modify the density of states (DOS) at the Fermi level, increasing the 

number of energy valleys participating in the transport of majority carriers by forcing 

band convergence for instance, are considered to increase Seebeck.27 An alternative 

strategy to significantly increase Seebeck is energy filtering by rationally designing the 

band alignment in the nanocomposite interfaces, selectively blocking minority and low 
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energy majority carriers, thus reducing bipolar effects and increasing the average energy 

per majority charge carrier.28-30 31 32-34 

On the other hand, nanostructuring is found to be effective in reducing the thermal 

conductivity through efficient phonons scattering at the high density of grain 

boundaries.15, 19, 26, 35 

 

Figure 1.7. Cartoons of different types of disorganized and organized nanomaterials (a) and (b) 

schemes of the effect of nanostructures on the TE figure of merit: (c) phonon scattering; (d) 

phononic band gap; (e) charge carrier type- and energy-dependent filtering; (f) DOS modification 

by quantum confinement in quantum dots; (g) modulation doping; (h) DOS modification within 

quantum dot superlattices.19 

 

To sum up, nanomaterials and particularly nanocomposites can help enhancing the 

figure of merit ZT by increasing electrical conductivity through modulation doping, 

increasing Seebeck by manipulating the density of states or filtering charge carriers 

according to their sign and energy, and decreasing thermal conductivity via scattering of 

phonons and minority charge carriers (Figure 1.7). 

  



Bottom-up Engineering of Chalcogenide Thermoelectric Nanomaterials 

10 

1.3 Bottom-up thermoelectric materials 

1.3.1 Bulk thermoelectric materials 

 

Figure 1.8. Temperature dependence of figure of merit ZT values for some typical classes of a) 

n-type, and b) p-type bulk TE materials, respectively. c) Evolution of the maximum ZT values for 

some typical TE materials.25 

 

TE materials generally belong to certain material families, including intermetallics, 

skutterudites, half-Heusler, oxides, Zintl-phase materials and their superlattice 

architectures.36 The temperature dependence of the state-of-art figure of merit ZT of some 

typical classes of n-type and p-type bulk TE materials are shown in Figures 1.8a-c. With 

the continuous efforts of researchers, the performance of the existing TE materials has 

been greatly improved. Some TE materials have reached ZT values above 2, which is an 

exciting result for practical applications.26  

All these promising TE materials can be synthesized by chemical and physical 

approaches, and in crystalline or nanocrystalline form. Conventional crystal growth 

strategies are used to produce crystalline TE bulk materials. Nanomaterials are generally 

produced by mechanical alloying or ball milling. To produce nanomaterials from 

mechanical alloying, elemental powders are mixed in stoichiometric ratios and ground in 

a very high-energy ball mill to produce a fine powder. Then this powder needs to be 

file:///C:/Users/YLiu/Desktop/论文合集-2018.4.16/W004.docx%23_ENREF_25
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processed into bulk pellets by hot press or spark plasma sintering (SPS). Some typical TE 

materials, e.g. PbTe,37-40 PbSe41-44 and Bi2Te3-based45-48, are produced by ball milling for 

a long period of time (commonly more than 10 h), and the resulting nanopowders are 

loaded into a graphite die and processed by hot press at high temperature, respectively. 

Although such ball milling strategy provides the simple and large-scale production of 

materials, a poor level of control over nanomaterial parameters is obtained. Moreover, 

these strategies are highly time and energy consuming, thus reducing cost-effectiveness.19 

1.3.2 Bottom-up thermoelectric nanomaterials from solution process 

In order to overcome limitations of traditional strategies to produce nanomaterials, 

alternative approaches are needed. The bottom-up engineering of nanomaterials from 

solution processed nanocrystals (NCs) is based on a material growth by atomic or 

molecular addition, which can potentially provide the technology with a precise control 

over composition, size and shape at nanoscale. It also requires low processing 

temperatures and short reaction time, what can also reduce device processing cost. NC- 

based bottom-up approaches are also compatible with the production of flexible devices, 

by printing techniques, enabling new applications in wearable energy conversion 

devices.49-51 

1.3.3 Colloidal synthesis 

Colloidal synthesis routes allow producing NCs with excellent control over their 

properties using low amounts of energy and low capital cost equipment.52-54 Elemental, 

binary, ternary, quaternary and even quinary NCs can be prepared via reaction or 

decomposition of multiple precursors or single-molecule sources. Reactions are usually 

performed under inert atmosphere in high boiling point solvents, e.g. oleylamine (OLA), 

octadecene (ODE), oleic acid (OA), hexadecylamine (HDA), trioctylphosphine (TOP), 

trioctylphosphine oxide (TOPO) or dodecanethiol (DDT). Elemental S, thiourea, 

elemental Se, SeO2, TOP-Se and TOP-Te are the most commonly used anion sources to 

produce chalcogenide NCs. The typical synthesis route to produce colloidal NCs at the 

laboratory scale uses a Schlenk line as shown in Figure 1.9.   
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Figure 1.9. Complete colloidal synthesis Schlenk line set-up.55 

 

 

1.3.3.1 Parameters control in colloidal synthesis 

Colloidal NC parameters can be modified to affect structural, chemical and physical 

properties of the resultant particles, e.g. size, shape, composition, phase, absorption, 

emission and conductivity.53, 56-59 The progress to this nanoscale level of control has 

resulted in successful exploitation for numerous applications, particularly in the energy 

conversion field. 56, 60, 61 In TE applications, tuning the crystal domain sizes in the proper 

range plays an important role in determining transport properties and allows modifying 

the electronic band structure through quantum confinement effects.19, 62  

In particular, the following reaction parameters are important to control the size and 

shape of colloidal NCs: i) the reaction temperature and time, ii) the injection temperature 

of the reactant in the case of hot-injection methods, iii) the reactivity and the concentration 

of precursors, iv) the ratio of the concentration of the chemicals and pH.63, 64 In order to 

improve the size distribution of NCs, the hot-injection method is often used. Figure 1.10 

represents some examples of inorganic NCs with different size and morphologies 

synthesized by colloidal technique in this thesis. 

Furthermore, composition and phase-controlled by colloidal synthesis approach can 

also be implemented. NCs with the multinary compositions can be produced by selecting 

suitable precursors and adjusting the reaction conditions. Substitution reactions are also 

especially powerful to control the composition of the NCs, and even to create materials 

with new crystallographic phases. The composition of pre-grown NCs can be also 
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adjusted by subtractive reactions.19 

 

Figure 1.10. Examples of NCs produced by means of colloidal synthesis with different size and 

shapes in this thesis. a) AgSbSe2 spheres (chapter 2); b) Cu3SbSe4 spheres (chapter 3); c) Cu NCs 

(chapter 4); d) PbS nanotubes (chapter 4); e) Bi2Te3 nanowires (chapter 5) and f) nanocomposites 

of Bi2Te2.5Se0.5 nanoplates-Te nanowires (chapter 6). 

 

1.3.4 Bottom-up thermoelectric nanomaterials challenges 

Colloidal NCs have an inorganic core possessing useful properties that is stabilized 

by a layer of organic surface surfactants. The stability of the colloidal NCs in the solvents 

is accomplished through this layer of surface ligands.53 Unfortunately, these organic 

ligands block charge transport between NCs in TE nanomaterials.61, 65 

Nanoparticle purification: Generally, the widely used approach to remove the 

organic ligands is based on thermal decomposition by means of an annealing process. The 

organics can be cracked during high temperature annealing process, but the process can 

potentially modify the NC size and shape, and even the phase due to their own low 

intrinsic phase transition temperature. Another problem is the residual carbon layer after 

annealing that may have a big influence on their final TE properties. So, in order to 

minimize this influence, the surface ligands can be displaced with shorter and weak 

coordinating molecules or some inorganic salts, such as hydrazine,66, 67 NOBF4,
68 

ammonia NH4SCN,69 NH4S,65 NaNH2,
70 and even halide anions Cl-, Br- and I-,71-74 etc. 
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These ligands chemically attached to surface should be considered as part of the 

nanoparticle, resulting in the potential modification of stoichiometry and valence balance 

of the overall NCs. 

Charge carrier concentrations controlling: The carrier concentration adjustment is 

essential to optimize TE performance, thus to precisely control the charge carrier 

concentration become the second big challenge for bottom-up TE nanomaterials. In fact, 

this important parameter can be tuned at different processing steps (Figure 1.11). In this 

thesis, I have tried to overcome this challenge by doping during the synthesis (chapter 2 

and 3) and by modulation doping (chapter 4). 

 

Figure 1.11. Scheme of possible strategies to tune doping in nanoparticle-based solution-

processed nanomaterials: (a) extrinsic dopants during synthesis; (b) stoichiometry control; (c) 

post-synthesis atomic substitution; (d) surface chemistry; (e) dopant additives during 

consolidation; and (f) modulation doping.19 

 

The most widely used strategy to control charge carrier concentration is to introduce 

the suitable amount of a dopant precursor in the initial reaction solution.69, 70, 75-77 

However, it is not easy to select of the proper dopants, precursors, coordinating ligands 

and even reaction conditions to enable an effective doping of the NCs. In principle, the 

reactivity of the dopant precursor need to be very similar to that of the host precursor.19 

In general, modulation doping strategies are applied by combining two different 

types of NCs of different materials.78-80 The charge injecting phase should be 
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homogeneously distributed throughout the matrix, hold very high charge carrier 

concentrations and a proper electronic band structure for them to spill over the matrix.19 

This strategy has been successfully implemented to optimize the TE performance of PbS-

Ag/Cu/Sn nanocomposites.78, 79 For example, the power factor of PbS–Ag 

nanocomposites can be significantly enhanced by the electrons injection from the low 

work function metal Ag NCs to the PbS matrix, as shown in Figure 1.12.79,78 However, 

this strategy has been proved effective only to produce n-type matrix with the low work 

function metal NCs, and it still need to be established for materials potentially obtained 

by blending a p-type semiconductor matrix with high enough work function metal NCs. 

Anyway, modulation doping offers an alternative and effective strategy to design 

nanocomposites with excellent TE performance. 

 
Figure 1.12. a) Bottom-up assembly process to produce PbS–Ag nanocomposites from the 

assembly of PbS and Ag NCs; b) Figure of merit and schematic representation of the electron 

energy band alignment.79 

 

In addition, there are some other methods that can be effectively used to adjusting 

the carrier concentrations, e.g. doping during consolidation or surface doping.  

NC consolidation into dense and crystallographically textured nanomaterials: 

Additional challenges are the consolidation of the NCs into a high density bulk 

nanomaterial that has a proper crystallographic texture. Some TE materials are highly 
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anisotropic, e.g. Bi–Sb–Se–Te alloys8, 26, 75, 81 and SnSe.82-84 Bottom-up strategies have 

conventionally lacked control over the crystallographic alignment of nanograins.81, 85-92 

In order to overcome this challenge, in this thesis (chapter 5 and 6) we produced 

nanomaterials by combining Bi2Te3-based nanoplates (p-type: BixSb2-xTe3 alloys, n-type: 

Bi2Te3-xSex alloys) with tellurium nanowires, and hot pressed them using multiple 

pressure and release steps at a temperature above the Te melting point. 

This is a very young and in large part unexplored research field using NCs as 

building blocks to produce nanostructured materials, which is also an area of high 

potential to develop the high performance TE nanomaterials that will be used in future 

technologies. 
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1.4 Objectives 

The aim of this thesis is to produce high performance TE nanomaterials by means of 

the bottom-up approach using finely tuned NCs obtained by cost-effective and scalable 

colloidal synthesis routes. To achieve the goals of the thesis, it will be required to 

overcome several main challenges encountered when aiming at the production of 

nanomaterials and devices using bottom-up engineering. These include the purification 

of the NCs, the control of the carrier concentration, and the consolidation of the NCs into 

dense and texturized bulk nanomaterials. To deal with these challenges, in this thesis the 

following specific objectives have been defined: 

i) To develop solution synthesis strategies to produce high quality NCs of three 

relevant thermoelectric materials: AgSbSe2, Cu3SbSe4 and Bi2Te3-based alloys. 

ii) To develop reliable electronic and modulation doping strategies to control the 

charge carrier concentration of colloidal NC-based nanomaterials. 

iii) To develop assembly and consolidation strategies that allow controlling the 

composition and crystallographically alignment of nanograins within colloidal 

NC-based nanomaterials.  

iv) To produce TE nanomaterials with controlled charge carrier concentration and 

crystallinity reaching figures of merit ZT up to ~2 by the bottom-up assembly of 

NCs. 

v) To develop strategies to fabricate TE devices with versatile form factors using 

these colloidal NC-based nanomaterials. 
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 Chapter 2  

Colloidal AgSbSe2 Nanocrystals: Surface Analysis, 

Electronic Doping and Processing into Thermoelectric 

Nanomaterials 

 

2.1 Abstract  

We present a high-yield and scalable colloidal synthesis to produce monodisperse 

AgSbSe2 nanocrystals (NCs). Using nuclear magnetic resonance (NMR) spectroscopy, 

we characterized the NC surface chemistry and demonstrate the presence of surfactants 

in dynamic exchange, which controls the NC growth mechanism. In addition, these NCs 

were electronically doped by introducing small amounts of bismuth. To demonstrate the 

technological potential of such processed material, after ligand removal by means of 

NaNH2, AgSbSe2 NCs were used as building blocks to produce thermoelectric (TE) 

nanomaterials. A preliminary optimization of the doping concentration resulted in a 

thermoelectric figure of merit (ZT) of 1.1 at 640 K, which is comparable to the best ZT 

values obtained with a Pb- and Te-free material in this middle temperature range, with the 
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additional advantage of the high versatility and low cost associated with solution 

processing technologies. 

2.2 Introduction 

I-V-VI2 semiconductors, particularly AgSbSe2, show very attractive and yet 

to be exploited functional properties. AgSbSe2, with a rock-salt crystal structure, 

is highly suited, for instance, as phase change recording material in rewritable 

optical memories due to drastic resistance drop upon crystallization from 

amorphous state.1-6 Within the AgSbSe2 structure, Ag and Sb are generally 

assumed to randomly occupy the Na sites of the NaCl–type lattice,7-10 which is 

consistent with ab initio calculations showing the total energies of the various 

ordered structures to be very close, thus allowing the presence of a significant 

density of disorder defects and mixed phases. A careful structural characterization 

has shown domains of ordering, not only in AgSbSe2,
11 but also in the related 

AgSbTe2,
12 correlating well with calculations showing a rhombohedral ordering to 

be the most energetically favorable in AgSbSe2.
13 Atomic ordering within the 

AgSbSe2 crystal has a significant impact on the electronic structure near the band 

gap, which dominates the electronic properties14 and provides the material with 

ferroelectric properties.11 

AgSbSe2 is a narrow, indirect band-gap semiconductor (0.03–0.10 eV) 

showing p-type conductivity.15 However, an apparent optical bandgap of 0.6–1.1 

eV,5, 15-18 and a high optical absorption coefficient (104 cm-1) have also motivated 

the use of AgSbSe2 for photovoltaic applications. 5, 17, 19-21 

The AgSbSe2 band structure is characterized by a multi-peak valence band 

maximum, which potentially results in a high effective mass for holes and thus a 

high Seebeck coefficient. In addition, AgSbSe2 features a strong anharmonic 

bonding arrangement associated to the Sb 5s2 lone pair, which translates into strong 

phonon-phonon interactions that reduce the lattice thermal conductivity to values 

close to the amorphous limit. This intrinsically low thermal conductivity and the 
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appropriate electronic band structure make AgSbSe2 and AgSbTe2 promising 

candidates for TE applications in the intermediate temperature range (500–

700K).16, 22-28 While AgSbTe2 exhibits higher electrical conductivity,29, 30 and its 

nanostructured alloys with GeTe (TAGS) and PbTe (LAST–m) are well known for 

their remarkable ZT values, AgSbSe2 is advantageous in terms of thermal stability, 

abundance of constituting elements and cost. Bulk AgSbSe2 is typically produced 

by the solid-state reaction of its highly purified elements at temperatures above 

1000 K. A relatively large variety of extrinsic electronic dopants, introduced as 

pure elements in the reaction mixture, has been tested, including substitution of 

Sb3+ by monovalent Na+,28 divalent Pb2+,16 Zn2+,23 Sn2+,24 Cd2+,26 Mg2+,27 Ba2+,27 

and peculiarly by trivalent Bi3+.16 Extrinsic dopants can also introduce additional 

disorder and point defect scattering reducing the material thermal conductivity. In 

some cases, e.g. Na+, Zn2+ and Ba2+, can also introduce nanoprecipitates with 

modified stoichiometry, e.g. Na-rich AgSbSe2 or even of secondary phases, e.g. 

ZnSe and BaSe3, which further reduce thermal conductivity and allow reaching ZT 

values up to 1.1.23, 27 Besides, intrinsic doping strategies based on tuning the 

material stoichiometry by modifying for instance the Sb content25 and reaching ZT 

values up to 1 has been also tested by solid state reaction methods.  

The preparation of AgSbSe2 with controlled properties by means of solution 

processing methods is especially appealing to investigate the structural and 

compositional dependent functional properties, optimize the material for relevant 

applications and develop high performance cost-effective products. In particular, 

the availability of AgSbSe2 NCs with tuned size, shape, composition and phase 

would allow high density data storage systems, cost effective photovoltaic devices 

and high performance thermoelectric modules to be produced by highly versatile, 

low-cost, high-throughput and high-yield solution-based bottom-up 

technologies.31-36 However, to the best of our knowledge, no synthesis protocol to 

produce colloidal AgSbSe2 NCs is currently available.  

Here, in this chapter we detail the first colloidal synthesis of monodisperse 

AgSbSe2 NCs on the gram scale, determine the NC surface composition by NMR 
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and demonstrate the possibility of electronically doping this material with 

controlled amounts of bismuth. Finally, we elaborate upon a procedure to remove 

organic ligands and demonstrate the suitability of these NCs to produce high 

performance thermoelectric nanomaterials. 

2.3 Experimental Section 

Chemicals and solvents: Silver nitrate (AgNO3, ≥99%), antimony (III) chloride 

(SbCl3, 99%), selenium powder (Se, 99.5%), bismuth (III) acetate 

(Bi(CH3CO2)3, >99.99%), sodium amide (NaNH2, 95%) dodecanethiol (DDT, 

98%), oleic acid (OA, 90 %), 1-octadecene (ODE, 90%), and oleylamine (OLA, 

70%) were purchased from Sigma-Aldrich. Analytical grade acetone and 

chloroform were obtained from various sources. All chemicals were used as 

received without further purification. Syntheses were carried out using a standard 

vacuum/dry argon Schlenk line. 

Selenium precursor stock solution: A 0.5 M selenium stock solution was prepared 

by dissolving selenium powder (1.5792 g, 20 mmol) in 20 ml OLA and 20 ml DDT 

at room temperature, cycled between vacuum and argon to remove the oxygen in 

the flask, and then stirred under Ar atmosphere until Se powder was completely 

dissolved. 

Synthesis of AgSbSe2 NCs: In a typical synthesis, AgNO3 (5 mmol, 0.849 g), SbCl3 

(5 mmol, 1.141 g), 70 ml OLA and 10 ml OA were mixed in a 250 ml three-neck 

flask at room temperature under magnetic stirring for 30 min in order to remove 

low boiling point impurities. Afterwards, the solution was maintained at 80 °C 

under vacuum for 60 min. At around 70 °C the solution became yellowish and 

changed from ivory yellow to yellowish-brown during the time at 80 °C. Then the 

solution was heated to 120°C for another 10 min under vacuum. After these steps, 

argon was introduced and the reaction was rapidly heated to 220 °C. At this 

temperature, 20 ml of a 0.5 M selenium solution were quickly injected. After 
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injection, the color of the solution changed immediately from yellowish-brown to 

dark brown, indicating the NCs nucleation. NCs were allowed to grow for 30 min 

at 220 °C. Afterwards, the colloidal solution was rapidly cooled to room 

temperature through water bath. The resultant dark brown solution was cleaned by 

centrifugation at 6000 rpm for 5 min using chloroform as solvent and acetone as a 

non-solvent. 

Synthesis of Bi-doped AgSbSe2 NCs: Bi–doped AgSbSe2 NCs were synthesized by 

using the same process that the pristine NCs but replacing the desired amount of 

SbCl3 by Bi(CH3CO2)3. To produce AgSb0.98Bi0.02Se2, the precursor molar ratio 

was SbCl3/Bi(CH3CO2)3=0.98/0.02 (4.9 mmol/0.1 mmol). 

Nuclear Magnetic Resonance (NMR): NMR measurements were recorded on a 

Bruker Avance III HD Spectrometer operating at a 1H frequency of 500.26 MHz 

and equipped with a BBFO-Z probe. The sample temperature was set to 298.2 K. 

One dimensional (1D) 1H and 2D NOESY (Nuclear Overhauser Effect 

Spectroscopy) spectra were acquired using standard pulse sequences from the 

Bruker library. For the quantitative 1D 1H measurements, 64k data points were 

sampled with the spectral width set to 20 ppm and a relaxation delay of 30 sec. The 

NOESY mixing time was set to 300 ms and 4096 data points in the direct 

dimension for 512 data points in the indirect dimension were sampled, with the 

spectral width set to 12 ppm. Diffusion measurements (2D DOSY) were performed 

using a double stimulated echo sequence for convection compensation and with 

monopolar gradient pulses.37 Smoothed rectangle gradient pulse shapes were used 

throughout. The gradient strength was varied quadratically from 2-95 % of the 

probe’s maximum value in 64 increments, with the gradient pulse duration and 

diffusion delay optimized to ensure a final attenuation of the signal in the final 

increment of less than 10 % relative to the first increment. For 2D processing, the 

spectra were zero filled until a 4096 - 2048 real data matrix. Before Fourier 

transformation, the 2D spectra were multiplied with a squared cosine bell function 

in both dimensions, the 1D spectra were multiplied with an exponential window 
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function. Concentrations were obtained using the Digital ERETIC method, as 

provided in the standard software of Bruker. The diffusion coefficients were 

obtained by fitting the appropriate Stejskal-Tanner equation to the signal intensity 

decay.38  

NCs Ligand displacement (LD): NaNH2 was used to displace organic ligands from 

the AgSbSe2 and AgSb0.98Bi0.02Se2 NCs surface. In a typical procedure, AgSbSe2 

NCs (500 mg) were dispersed in 15 ml of chloroform and mixed at room 

temperature with 5 ml of NaNH2 solution (0.02 M) in methanol. The solution was 

shacked during 1~2 min to displace the organic ligands attached to the NCs surface. 

This process was repeated twice. Afterward, NCs were precipitated by 

centrifugation and they were thoroughly purified using chloroform and acetone to 

remove the remaining organic surfactants and excess NaNH2. Finally, AgSbSe2 

NCs were precipitated and dried under vacuum to obtain a fine nanopowder. 

Bulk nanomaterials: AgSbSe2 and AgSb0.98Bi0.02Se2 nanopowders obtained from 

drying 15 nm NCs were loaded into graphite dies and compacted into pellets (Ø10 

mm × ~1.5 mm) in an Ar atmosphere using a custom-made hot press. The process 

temperature was maintained between 350 °C and 360 °C for 30 min and the 

pressure was set to 70 MPa. In this system, the heat is provided by an induction 

coil operated in the RF range applied directly to a graphite die, which acts as a 

susceptor, resulting in a heating ramp of about 20 °C/second. The density of the 

pressed pellets was always higher than 93% of their theoretical value. 

Structural and chemical characterization: X-ray diffraction analyses were carried 

out on Bruker AXS D8 ADVANCE X-ray diffractometer with Cu-Kα radiation (λ 

= 0.15406 Å). Size and shape of initial NCs were examined by transmission 

electron microscopy (TEM) using a ZEISS LIBRA 120, operating at 120 kV. High 

resolution TEM (HRTEM) images were recorded using JEOL JEM-2200FS 

microscope operated at 200 kV. For TEM analysis colloidal nanoparticles in 

chloroform were supported by drop casting the solution on a carbon-coated copper 

grid at room temperature and ambient atmosphere. For HRTEM characterization 
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of the pellets, we manually grinded a piece of the measured pellet and mixed the 

obtained powder with TCE (tetrachloroethylene). The powder suspension was drop 

casted onto a carbon coated copper grid at room temperature and ambient 

atmosphere. Field-emission scanning electron microscopy (SEM) was carried out 

on an Auriga Zeiss at 5.0 kV. Quantitative elemental analysis was made by means 

of an energy dispersive X-ray spectroscopy (EDX) detector attached to SEM.  

Thermoelectric measurements: Seebeck coefficient was measured by using a static 

DC method. Electrical resistivity data was obtained by a standard four-probe 

method. Both the Seebeck coefficient and the electrical resistivity were measured 

simultaneously in a LSR-3 LINSEIS system in the range between room 

temperature and 700 K, under helium atmosphere. XFA 600 Xenon Flash 

equipment was used to determine the thermal diffusivities of the samples. The 

carrier concentration and mobility were measured using the Hall measurement 

system (PPMS-9T, Quantum Design Inc., USA) at room temperature under a 

magnetic field of 2 T. The thermal conductivity was calculated by κ = λCpρ, where 

λ is the thermal diffusivity, Cp is the heat capacity, and ρ is the mass density of the 

specimen. The specific heat (CP) was measured by means of a differential scanning 

calorimeter method (DSC model T2000 TA Instruments), and the density (ρ) 

values used here were calculated using the Archimedes’ method. 

2.4 Results and discussion 

Figure 2.1a shows a representative TEM micrograph of the spherical 15  1 

nm AgSbSe2 NCs obtained following the above procedure. NCs could be dispersed 

in non-polar solvents such as toluene, hexane or chloroform to form a stable, dark 

brown dispersion (Figure 2.1b). XRD analysis showed AgSbSe2 NCs to have a 

cubic structure with a Fm 3 m space group (a = 5.78 Å) (Figure 2.1d, JCPDS card 

No. 00-012-0379). No order between the Ag and Sb ions could be discerned from 

the XRD patterns, which is consistent with the similar scattering factors of Ag and 
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Sb ions. Importantly, no secondary phases were detected in the XRD pattern, 

pointing towards the phase purity of the synthesized NCs. EDX analysis showed 

the silver, antimony, and selenium composition to be consistent with stoichiometric 

AgSbSe2, within the experimental error of 2 % (Figure 2.2). 

 

Figure 2.1. (a) TEM micrograph of the AgSbSe2 NCs. (b) NCs dispersed in chloroform. (c) 

Amount of NCs produced per batch. (d) XRD pattern of AgSbSe2. 

 

 

Figure 2.2. (a) and (b) SEM micrograph of the AgSbSe2 NCs and EDX spectrum of AgSbSe2 

NCs, respectively. 

 

The presence of OLA and OA in the precursor solution was required to 

dissolve AgNO3 and SbCl3, respectively.39 The absence of OA prevented the 

incorporation of Sb and thus the formation of stoichiometric AgSbSe2 NCs. 

Likewise, the absence of OLA resulted in a polydisperse mixture of AgSbSe2 and 

Ag2Se (Figures 2.3 and 2.4). 
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Figure 2.3. XRD patterns of AgSbSe2 NCs prepared with non-optimum OLA/OA volume ratios. 

An additional peak (red star marker) corresponding to Ag2Se appears at low OLA concentrations. 

 

 

Figure 2.4. TEM images of AgSbSe2 NCs prepared with non-optimum OLA/OA volume ratios. 

Left: OLA: OA=2: 1; right: OLA: OA=5:1. 

 

Although the reaction mixture already turned dark brown upon injection of 

the selenium precursor, relatively long reaction times were necessary to produce 

monodisperse NCs (Figures 2.5 and 2.6). Within the first 15 min, NCs with a 

bimodal size distribution were obtained. This bimodal distribution possibly 

originates from an extended nucleation time due to a relatively low reactivity of 

the precursor complexes, which translates into a slow NC growth that prevents a 

rapid monomer reduction in the supersaturation.40 A focusing of the size 

distribution, most probably mediated by an Ostwald ripening process, was 

observed up to 30 min reaction time, when the narrowest size distribution was 
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obtained. Larger reaction times resulted in a non-uniform growth of the NCs, 

increasing the size distribution width. 

 

Figure 2.5. a-c) TEM micrographs of AgSbSe2 NCs prepared at a fixed temperature, 220 °C, and 

different reaction times: a) 15 min; b) 30 min; c) 60 min. d) Histogram of the particle size 

distribution for NCs produced at increasing reaction times. e-f) TEM micrographs of AgSbSe2 

NCs prepared at different reaction temperatures and a fixed reaction time, 30 min: e) 180 °C; f) 

200 °C; g) 240 °C (5 min). h) Histogram of the measured particle size distribution for NCs 

produced at increasing reaction temperatures. 

 

 

Figure 2.6. XRD patterns of AgSbSe2 NCs with varying reaction time. 

 

Consistent with this growth mechanism, an increase of the injection and 

reaction temperature and thus of the monomer reactivity resulted in larger NCs. 

Therefore, fixing the reaction time, AgSbSe2 NC size could be easily tailored in 

the range from 71 nm to around 172 nm by just adjusting the reaction 
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temperature in the range from 180 to 240 °C (Figures 2.5 and 2.7). Reaction 

temperatures below 180 °C did not allow the growth of AgSbSe2 NCs. Higher 

reaction temperatures resulted in highly polydisperse NCs. 

 

Figure 2.7. XRD patterns of AgSbSe2 NCs prepared at different reaction temperature; from down 

to top:180 °C (30 min), 200 °C (30 min), 220 °C (30 min), and 240 °C (5 min), respectively. 

 

In the 1H nuclear magnetic resonance (NMR) spectrum of the resulting NC 

dispersion in deuteroform, slightly broadened resonances are observed which 

correspond to an oleyl chain (Figure 2.8a). Since the integrations from the alkene 

resonance (5) and the CH3 resonance (6) fit the expected 2:3 ratio we conclude that 

fully saturated molecules are not present. However, it is difficult to distinguish OA 

from OLA since the characteristic CH2 resonances (1 and 2) next to the functional 

group are not detected, presumably due to the interaction of the ligand with the NC 

surface. The nuclear Overhauser effect spectroscopy (NOESY) spectrum (Figure 

2.8b) indeed confirms that the oleyl species are interacting with the surface since 

negative (black) nOe cross peaks are observed.41 The total ligand concentration 

was determined to be 4.5 mM (based on resonance 6) and with the NC 

concentration and NC size, a rather low ligand density of 1.2 nm-2 was calculated. 

The diffusion ordered NMR spectrum (DOSY, Figure 2.8c) features two sets of 

resonances (apart from acetone), with a different diffusion coefficient, D. This 

indicates that two species are present which are diffusing with a different speed. 
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However, none of the two species diffuses slow enough to correspond to a 15 nm 

nanocrystal plus a tightly bound ligand shell, which would yield a solvodynamic 

diameter, ds = 19 nm. We thus infer that the ligands are not tightly bound but are 

in a dynamic exchange regime between a free and a boundstate. Therefore, the 

ligand density that was calculated earlier is a maximum value and, in reality, the 

ligands only spend part of their time on the surface. A low bond strength of the 

ligands to the NC surface and the observed ligand dynamic exchange are consistent 

with the NC growth not being limited by the surfactant concentration, but by the 

growth kinetics. 

 

Figure 2.8. (a) 1H NMR spectrum of AgSbSe2 15±2 nm NCs (4 µM) and the corresponding (b) 

NOESY and (c) DOSY spectrum. 

 

 

Figure 2.9. Supernatant after addition of TFA to a AgSbSe2 NCs dispersion and centrifugation to 

remove the NCs. Both the alpha CH2 resonances of oleylamine (a) and acid acid (b) are recognized. 

Integration after baseline correction leads to a ratio of 4.6:1 and corresponds to 82 % of 

oleylamine and 18 % of oleic acid. 

 



Chapter 2 

35 

To elucidate the nature of the two species in DOSY, we stripped the ligands 

from the NC surface by the addition of TFA. After removal of the NCs by 

centrifugation, the supernatant was again measured in NMR (Figure 2.9) and the 

characteristic resonances of both OA and OLA were observed with a relative 

abundance of 18 % and 82 % respectively. 

Controlled amounts of bismuth were incorporated within the AgSbSe2 NCs 

by replacing a small amount of SbCl3 by an equivalent amount of Bi(CH3COO)3 

in the precursor solution. At relatively low Bi concentrations, [Bi] < 5%, EDX 

analysis showed the final Bi composition in the NCs to match, within the 

experimental error, the nominal concentration of introduced Bi(CH3COO)3. The 

incorporation of Bi ions within the AgSbSe2 lattice was confirmed by a slight peak 

shift toward lower angles in the XRD pattern (Figure 2.10b), pointing towards an 

increase of the lattice parameters. Bi-doping had also an evident influence on the 

size and shape distribution of the produced NCs (Figure 2.10a).  

 

Figure 2.10. a) TEM micrograph of AgSb0.98Bi0.02Se2 NCs and b) their XRD pattern including 

reference JCPDS 00-012-0379. Inset shows detail of (200) peak. 

 

To use AgSbSe2 NCs in solid-state devices that require efficient transport of 

charge carriers, original insulating organic ligands have to be removed. Among the 

different ligand displacement agents tested, NaNH2 was the most effective one, as 

characterized by Fourier-transform infrared spectroscopy (FTIR). After ligand 

removal with a 0.02 M NaNH2 solution, AgSbSe2 could not be re-dispersed in non-

polar solvents and the strong C-H vibration modes (2850–3000 cm-1) and the bands 
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corresponding to C-C, C-N and NH2 (700-1650 cm-1) had completely disappeared 

from the FTIR spectrum (Figure 2.11), proving the effective removal of OLA and 

OA from the NC surface.  

 

Figure 2.11. From top to down, FTIR spectra of pure OA, DDT, OLA, as-produced AgSbSe2 NCs 

(AgSbSe2–OL) and AgSbSe2 NC after ligand removal with NaNH2 (AgSbSe2–LD). 

 

After ligand displacement, dried 15 nm AgSbSe2 NCs were hot-pressed into 

10 mm in diameter and 1.5 mm thick pellets at 350 °C and 70 MPa of pressure for 

30 min. All pellets produced had a metallic lustre, were mechanically robust and 

had relative densities above 93% as measured by the Archimedes’ method. No 

secondary phases or changes in composition of the AgSbSe2 and AgSb0.98Bi0.02Se2 

materials during the hot press process were detected by EDX and XRD (Figures 

2.12 and 2.13). SEM and TEM characterization showed a very low porosity and 

large grains, up to several hundred nanometers, during the thermal processes 

(Figures 2.14a and 2.14c). However, HRTEM characterization allowed discerning 

crystallographic order domains in the nanometer size regime (Figure 2.14b). 

 

Figure 2.12. EDX spectra of AgSbSe2 and AgSb0.98Bi0.02Se2 pellets after hot-press. 
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Figure 2.13. XRD of the AgSbSe2 and AgSb0.98Bi0.02Se2 pellets after hot-press. Inset shows detail 

of (200) peak. 

 

 

Figure 2.14. a) SEM micrograph of the fractured surface of a AgSbSe2 pellet (inset); b) HRTEM 

micrograph of the same AgSbSe2 pellet showing several crystal nanodomains; c) Representative 

TEM micrograph of the nanopowder obtained after grinding a AgSbSe2 pellet after annealing and 

thermoelectric measurements. Crystal size domains of ~200 nm with nanoinclusions can be 

observed. 

 

Figures 2.15-18 shows the electrical conductivity (σ), Seebeck coefficient (S), 

power factor (PF), thermal conductivity (κ), and thermoelectric figure of merit 

(ZT=σS2T/κ) of AgSbSe2 and AgSb0.98Bi0.02Se2 pellets. Both materials showed a 

p-type electronic character. AgSbSe2 was characterized by a relatively low σ, 

which increased from 1380 Sm-1 at ambient temperature up to 1700 Sm-1 at 600 K. 

It showed high Seebeck coefficients reaching up to 462 μV/K at 695 K, which 

relates with its flat valence band maximum and multipeak valence band structure.16 

The introduction of an atomic 0.5% of Bi significantly enhanced the electrical 
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conductivity, which increased from 4520 Sm-1 at room temperature to 5970 Sm-1 

at 618 K in AgSb0.98Bi0.02Se2. These values are slightly above those previously 

reported for bulk AgSb0.98Bi0.02Se2 produced by solid state methods.16 With the Bi 

doping, the Seebeck coefficient decreased to values below 360 μV/K, which is 

consistent with an increase of carrier concentration. Overall, the AgSb0.98Bi0.02Se2 

power factor (PF) was higher than that of AgSbSe2, up to ~0.74 mWm-1K-2 at 580 

K (Figure 2.15c), and slightly higher than previously reported for bulk 

AgSb0.98Bi0.02Se2 (Figure 2.15f).16  

 

Figure 2.15. Temperature dependence of: a) electric conductivity (σ); b) Seebeck 

coefficient (S); c) power factor (PF) of AgSbSe2 and AgSb0.98Bi0.02Se2, respectively. d)-f) 

Comparison of the electrical conductivity (σ), Seebeck coefficient (S) and power factor (PF) of 

the AgSb0.98Bi0.02Se2 sample measured in the present work with results reported in the literature: 

Bi3+,16 Pb2+,16 Zn2+,23 Sn2+,42 Cd2+,26 Mg2+,27 Ba2+,27 Na+,28 AgSb0.9925Se2.25 

 

 

Figure 2.16. Temperature dependence of the electrical conductivity (σ), Seebeck coefficient (S) 
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and power factor (PF) of AgSbSe2 and AgSb0.98Bi0.02Se2 measured 3 consecutive times during 

heating up to around 700 K. No pre-stabilization treatment was carried out before the first 

measurement. 

 

Room temperature Hall measurements provided hole concentrations p = 4 ± 

2 × 1019 cm-3 in AgSbSe2 and 5–fold higher for AgSb0.98Bi0.02Se2, p = 2 ± 1 × 1020 

cm-3. As in related Cu2SbSe3
43, 44 and AgSbTe2

45-48
 compounds, the origin of the p-

type conductivity in AgSbSe2 is found in its defect structure and non-stoichiometry, 

and it is generally associated to Ag vacancies. The introduction of a small amount 

of an impurity may perturb the AgSbSe2 lattice and modify this defect 

concentration. In the particular case of substituting Sb3+ ions by the larger Bi3+ ions 

a compressive strain is introduced, which we hypothesize can be in part alleviated 

by a larger density of Ag vacancies and thus an increase of the hole concentration. 

The confirmation of this hypothesis needs in all cases a careful analysis of the 

defect formation energies within this compound in the presence of Bi, which is out 

of the scope of the present work. Besides, the relatively low Hall mobilities 

measured, 2.5 cm2V-1s-1 and 1.9 cm2V-1s-1 for AgSbSe2 and AgSb0.98Bi0.02Se2, 

respectively, are consistent with the large degree of disorder, the nanoscale 

precipitates and the intrinsically large effective mass of holes in this system. The 

mobility decrease with the introduction of Bi ions is also consistent with the 

presence of additional point defects scattering charge carriers. 

Very low thermal conductivities (κ= λCpρ < 0.5 Wm-1K-1) were measured for 

both AgSbSe2 and AgSb0.98Bi0.02Se2 compounds in the whole studied temperature 

range of 300 to 700 K (Figure 2.17c). These low thermal conductivities can be 

explained by an efficient multi-level phonon scattering; that is by nanometer scale 

precipitates, by the highly disordered lattice and by the strong phonon–phonon 

interactions from the high degree of anharmonicity of the Sb﹣Se bonds in this 

material.18 In spite of the higher density of defects associated to the Bi presence, 

thermal conductivities were slightly higher for AgSb0.98Bi0.02Se2 due to the larger 

contribution from the electronic thermal conductivity κe (Figure 2.17d). 
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Figure 2.17. Temperature dependence of: a) thermal diffusivity (λ); b) pecific heat capacity (Cp); 

c) thermal conductivity (κ) and d) thermal conductivity (κL) including electronic thermal 

conductivity (κe) in the inset of AgSbSe2 and AgSb0.98Bi0.02Se2, respectively. 

 

As a result, ZT values up to 1.1 at 640 K were obtained for the 

AgSb0.98Bi0.02Se2 (Figure 2.18), which represents a two-fold increase over pristine 

AgSbSe2 and is among the best values obtained for a Pb- and Te-free material at 

this temperature (Table 2.1). 

 

Figure 2.18. Temperature dependence of thermoelectric figure of merit (ZT) of AgSbSe2 and 

AgSb0.98Bi0.02Se2. 
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Table 2.1. State-of-art thermoelectric performance values for Te-free Cu- and Ag-based ternary 

and quaternary chalcogenides and some other Pb- and Te- free compounds at 640 K (except when 

otherwise specified). 

Material σ x103 Sm-1 S μV/K PF mWm-1K-2 κ Wm-1K-1 ZT Ref. 

CuFeS2 0.33 816 0.23 0.43 0.26 (500 K) 49
 

Cu0.975BiSeO 2.8 228 0.15 0.50 0.19 50
 

Cu2GeSe3 5.2 150 0.12 0.33 0.22 51
 

Cu2SnSe3 6.3 210 0.27 0.68 0.25 34
 

Cu2SnSe3 12 299 1.07 1.91 0.34 (598 K) 52
 

Cu2.15Zn0.85GeSe3.9 30 90 0.24 0.41 0.37 53
 

Cu2.15Cd0.85SnSe3.9 8.2 150 0.19 0.31 0.40 53
 

Cu2Sn0.90In0.10Se3 52 140 1.02 1.50 0.44 54
 

AgBiSe1.98Cl0.02 19 -150 0.45 0.46 0.48 55
 

Cu2CdSnSe4 27 157 0.66 0.89 0.48 56
 

Cu2.1Cd0.9SnSe4 21 150 0.47 0.60 0.50 57
 

Cu3Sb0.98Sn0.02Se4 24 200 0.96 1.10 0.50 (575 K) 58
 

Cu3Sb0.97Al0.03Se4 20 230 1.05 1.08 0.58 (600 K) 59
 

Cu3Sb0.975Sn0.025Se4 22 228 1.20 1.22 0.63 60
 

CuBi0.875Ba0.125SeO 27 144 0.56 0.53 0.68 61
 

Ag0.96Nb0.04BiSe2 15 -200 0.61 0.56 0.70 62
 

Cu3Sb0.98Bi0.02Se4 10 325 1.10 0.90 0.70 (600 K) 63
 

β-Cu2Se 26 200 1.05 0.90 0.75 64
 

AgSb0.96Pb0.04Se2 3.5 325 0.37 0.30 0.79 16
 

β-Zn4Sb3 33 183 1.09 0.75 0.80 (550 K) 65
 

Cu3Sb0.97Ge0.03Se2.8S1.2 23 230 1.22 0.93 0.84 66
 

CuAgSe 10 202 0.41 0.28 0.90 (623 K) 67
 

Mm0.9Fe3.1Co0.9Sb12 75 195 2.85 1.83 0.99 68
 

Cu11MnSb4S13 28 145 0.58 0.29 1.13 (575 K) 69
 

Cu3Sb0.98Sn0.02Se4 32 220 1.54 1.15 0.86 70
 

AgSb0.99Na0.01Se2 4.8 330 0.52 0.38 0.88 28
 

AgBiSe2 2.3 400 0.37 0.26 0.90 71
 

AgSb0.98Ba0.02Se2 4.8 340 0.55 0.37 0.95 27
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AgSb0.98Cd0.02Se2 5.4 325 0.57 0.36 0.95 26
 

AgSb0.98Mg0.02Se2 7.4 295 0.64 0.42 0.98 27
 

AgSb0.98Bi0.02Se2 5.6 323 0.58 0.35 1.05 16
 

AgBi0.5Sb0.5Se2 3.3 275 0.25 0.13 1.07 (550 K) 72
 

AgSbSe2–ZnSe 7.0 295 0.61 0.36 1.08 73
 

AgSb0.98Bi0.02Se2 6.0 347 0.72 0.42 1.10 This work 

AgSb0.99Sn0.01Se2 9.5 290 0.80 0.45 1.12 42
 

In0.2Co4Sb12 63 -245 3.77 1.95 1.20 (620 K) 74
 

In0.2Ce0.05Yb0.1Co4Sb12 44 -252 2.81 1.45 1.20 (620 K) 74
 

In0.25Co4Sb12 62 -270 4.53 2.17 1.20 (575 K) 75
 

In0.2Ce0.15Co4Sb12 63 -240 3.65 1.63 1.40 (625 K) 74
 

(Zr0.5Hf0.5)0.5Ti0.5 

NiSn0.998Sb0.002 
67 -300 6.00 2.75 1.40 76

 

Ti0.5(Zr0.5Hf0.5)0.5 

NiSn0.998Sb0.002 
84 -280 6.56 3.00 1.40 77

 

SnSe 30 280 2.35 0.75 2.0 78
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2.5 Conclusions 

In summary, a scalable colloidal synthesis of monodisperse AgSbSe2 NCs and Bi-

doped AgSb1-xBixSe2 NCs was developed. We showed OLA and OA to be present in 

dynamic exchange at the surface of the NCs, rendering them soluble in non-polar solvents 

while allowing a kinetic control of their growth. After displacing these surfactants, NCs 

were used as building blocks to produce 93% relative density nanomaterials. A preliminary 

optimization of the doping level resulted in AgSb0.98Bi0.02Se2 nanomaterials reaching 

ZT=1.1 at 640 K. This figure of merit is among the largest values reported for a tellurium-

free material in the middle temperature range, with the additional advantage of the low-

cost and convenient solution processability of the materials and related devices. 
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Chapter 3 

Solution-Based Synthesis and Processing of Sn- and Bi-

Doped Cu3SbSe4 Nanocrystals, Nanomaterials and Ring-

Shaped Thermoelectric Generators 

 

 
“Thermoelectric devices with a ring architecture, made of an efficient and 
environmentally-friendly nanomaterial, Sn- and Bi-doped Cu3SbSe4, for energy recovery 
from exhaust pipes” 

3.1 Abstract  

Copper-based chalcogenides that comprise abundant, low-cost, and environmental 

friendly elements are excellent materials for a number of energy conversion applications, 

including photovoltaics, photocatalysis, and thermoelectrics (TE). In such applications, 

the use of solution-processed nanocrystal (NC) to produce thin films or bulk 

nanomaterials has associated several potential advantages, such as high material yield and 

throughput, and composition control with unmatched spatial resolution and cost. Here we 

report on the production of Cu3SbSe4 (CASe) NCs with tuned amounts of Sn and Bi 

dopants. After proper ligand removal, as monitored by nuclear magnetic resonance and 

infrared spectroscopies, these NCs were used to produce dense CASe bulk nanomaterials 
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for solid state TE energy conversion. By adjusting the amount of extrinsic dopants, 

dimensionless TE figures of merit (ZT) up to 1.26 at 673 K were reached. Such high ZT 

values are related to an optimized carrier concentration by Sn doping, a minimized lattice 

thermal conductivity due to efficient phonon scattering at point defects and grain 

boundaries, and to an increase of the Seebeck coefficient obtained by a modification of 

the electronic band structure with the Bi doping. Nanomaterials were further employed to 

fabricate ring-shaped TE generators to be coupled to hot pipes and which provided 20 

mV and 1 mW per TE element when exposed to a 160 °C temperature gradient. The 

simple design and good thermal contact associated with the ring geometry and the 

potential low cost of the material solution processing may allow the fabrication of TE 

generators with short payback times. 

3.2 Introduction 

Tetrahedrally coordinated copper-based chalcogenides have emerged as 

realistic alternative materials for a number of energy conversion applications, 

including photovoltaics, photocatalysis and thermoelectricity.1-7 Beyond the best 

studied ternary and quaternary Cu-Ga-In,8-10 Cu-Zn-Sn,11-15 Cu-Zn-Ge16, 17 

compounds, some I−V−VI tetrahedrally coordinated semiconductors also offer 

excellent functional properties, but remain largely underexplored. In particular, 

Cu3SbSe4 (CASe) is a semiconductor with a relatively small direct band gap of 0.3 

eV and a defect-related carrier density on the order of 1018 cm-3 at ambient 

temperature.18 It crystallizes in a zinc blende-type tetragonal superstructure that 

can be viewed as a three-dimensional Cu-Se framework of distorted [CuSe4] 

tetrahedra with inserted one dimensional array of [SbSe4] tetrahedra. It features 

two Cu sites with different Cu-Se bond lengths. The valence band maximum (VBM) 

is mainly formed by a hybridization of Cu-3d and Se-4p states, while the 

conduction band minimum (CBM) has a strong contribution from the Sb-5s and 

Se-4p hybridization. In such structure, the Cu-Se framework provides avenues for 

hole transport with relatively high mobility, up to 135 cm2V-1s-1 for undoped and 
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49 cm2V-1s-1 for highly doped materials.19-21 Furthermore, such a complex lattice 

structure is not effective for phonon propagation, resulting in low thermal 

conductivities. The high hole mobility and the low phonon mean free path, 

combined with proper electronic band structure (including a large degeneracy at 

the VBM)19, 20 render CASe an excellent thermoelectric (TE) material. However, 

to maximize its TE performance, it is strictly necessary to optimize its charge 

carrier concentration either by adjusting the density of intrinsic defects that control 

hole concentration or by introducing an extrinsic p-type dopant, preferably in the 

non-conducting sub-lattice, i.e. by substituting Sb, to minimize the adverse effects 

on the hole mobility. 

Nanoparticle-based bottom-up strategies offer several advantages to produce 

thin films and bulk nanostructured materials for a wide range of applications. From 

an engineering viewpoint, the unmatched compositional and interfacial control 

makes this route very robust and versatile, allowing to establish structure-property 

relationships and subsequently enabling the rational design of superior materials. 

From a commercial viewpoint, facile and inexpensive solution synthesis and 

processing allows for a low-cost and high throughput production with high material 

yields.22-27 However, two major challenges in this technology are the incorporation 

of controlled amounts of electronic dopants and the removal of organics. Both of 

them are critical to optimize transport properties within such nanomaterials.26  

Thus far, colloidal Cu3SbS4
28-30 and Cu12Sb4S13

29-31 nanocrystals (NCs) have 

been primarily used for photoelectrochemical studies.  Few reports have also 

detailed the production of bulk nanostructured CASe.32-34 However bottom-up 

strategies to cost-effectively produce efficient CASe NCs, nanomaterials and 

CASe-based devices remain to be demonstrated. Here, we report a solution-based 

scalable synthesis approach to produce several grams of monodisperse CASe NCs 

doped with controlled amounts of Sn and Bi. We demonstrate their bottom-up 

processing into bulk nanostructured materials with high relative density and 

excellent TE performances. We further use this material to fabricate ring-shaped 

TE devices, which provide improved thermal contact for heat recovery from pipes. 
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3.3 Experimental Section 

Chemicals and solvents: Copper (I) chloride (CuCl, ≥99%), antimony (III) chloride 

(SbCl3, 99%), bismuth (III) acetate (Bi(CH3CO2)3, 99.99%), selenium powder (Se, 

99.5%), ammonium thiocyanate (NH4SCN, ≥99%), dodecanethiol (DDT, 98%), 1-

octadecene (ODE, technical grade 90%), oleic acid (OA, technical grade 99%), decanoic 

acid (DAc, ≥98%), and oleylamine (OLA, technical grade 70%) were purchased from 

Sigma Aldrich. Tin (II) chloride (SnCl2, 98%) was purchased from Strem. Analytical 

grade methanol, ethanol and chloroform were obtained from various sources. All 

chemicals were used as received without further purification. 

Se precursor solution: Se powder (23.69 g, 300 mmol) was dissolved in 300 ml OLA 

and 300 ml DDT at room temperature, cycled between vacuum and Ar to remove oxygen, 

and then stirred under Ar atmosphere until Se powder was completely dissolved. 

Synthesis of Cu3SbSe4 NCs: In a typical synthesis, 10.0 mmol CuCl, 4.0 mmol SbCl3, 15 

ml OLA, 10 ml OA and 100 ml ODE were mixed in a 500 ml three-neck flask and stirred 

for 20 min at room temperature. The solution was kept at 130 °C under vacuum and 

vigorous stirring for 30 min, and then heated to 180 °C. The colour of the solution 

changed from light green to yellowish-brown at 170 °C. At 180 °C, 50 ml of the Se 

precursor solution was swiftly injected and the color of the solution changed immediately 

from brown to dark green, indicating the nucleation and subsequent growth of CASe NCs. 

After injection, the temperature of the reaction mixture dropped to around 165 °C, but it 

was allowed to recover to 180 °C. The overall reaction time after recovering to 180 °C 

was 30 min. Then the sample was rapidly cooled to room temperature using a water bath. 

NCs were collected by precipitation with ethanol. The final product could be dispersed in 

relatively non-polar solvents such as toluene or chloroform, forming a stable, dark-green 

dispersion (inset of Figure 3.2b). For subsequent chemical, structural and functional 

characterization, NCs were purified by multiple precipitation (6000 rpm for 5 min) and 

redispersion steps using chloroform as solvent and ethanol as non-solvent. The resulting 

powder was re-suspended in chloroform and stored for subsequent characterization and 
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use. This synthesis protocol was optimized to produce more than 2.0 g of NCs per batch 

(Figure 3.2a), which was the amount required for a complete characterization of the 

material at the laboratory scale, including the fabrication of a ring-shaped prototype 

device. 

Synthesis of Cu3Sb1-xSnxSe4, Cu3Sb1-xBixSe4 and Cu3Sb1-x-ySnxBiySe4 NCs: Cu3Sb1-

xSnxSe4, Cu3Sb1-xBixSe4 and Cu3Sb1-x-ySnxBiySe4 NCs were produced following the 

above procedure but replacing the desired amount of SbCl3 by SnCl2 and/or Bi(CH3CO2)3. 

Ligand displacement: Cu3SbSe4, Cu3Sb1-xSnxSe4, Cu3Sb1-xBixSe4 and Cu3Sb1-x-

ySnxBiySe4 NCs produced in one batch were divided into 6 centrifuge tubes. In each of 

the tubes, containing 350 mg in 10 ml of chloroform, 2 ml of a 50 mM NH4SCN solution 

in acetone was added. Then the solution was shacked during 1－2 min to displace the 

organic ligands attached to the NC surface, followed by precipitation of the NCs by 

centrifugation. This process was repeated several times, adding chloroform and NH4SCN 

in each step. Finally, NCs were precipitated and dried under vacuum to obtain a fine 

powder. 

Bulk nanomaterial consolidation: The dried NCs were loaded into a graphite die and 

compacted into pellets (Ø10 mm × 1.5 mm). The process was carried out in Ar 

atmosphere, using a custom-made hot press to simultaneously apply a pressure of 70 MPa 

and a temperature of 370－380 °C during 30 min. In this system, the heat was provided 

by an induction coil operated at 30－80 KHz and it was applied directly to a graphite die 

acting as a susceptor. Fast heating ramps of 20 °C s-1 were reached by this method with a 

25 kW induction heater. The relative densities of all the pressed pellets were measured 

by the Archimedes’ method and found to be 90% of the theoretical values. 

Ring thermoelectric generators: TE rings with an overall internal diameter of 28 mm and 

an external diameter of 39 mm were fabricated by placing the dried NCs between two 

concentric copper rings with 2 mm in thickness and hot-pressing the material at a 
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temperature of 370-380 °C during 30 min and 20 MPa of pressure using a custom-made 

die. 

Structural and chemical characterization: Crystallographic phases were characterized 

by X-ray diffraction (XRD, 2θ angle: 20° to 80°; scanning rate: 1°/min) on a Bruker AXS 

D8 ADVANCE X-ray diffractometer with Cu–Kα radiation (λ= 0.15406 Å). X-ray 

photoelectron spectroscopy (XPS) was performed on a VG ESCA scientific theta probe 

spectrometer in constant analyser energy mode with a pass energy of 28 eV and Al K α 

(1486.6 eV) radiation as the excitation source. Size and shape of initial NCs were 

examined by transmission electron microscopy (TEM) using a ZEISS LIBRA 120, 

operating at 120 kV. In depth TEM analyses were performed in a FEI Tecnai F20 

microscope operated at 200 keV with a point to point resolution of 0.19 nm. High-

resolution TEM (HRTEM) analyses were combined with high angle annular dark field 

(HAADF) scanning TEM (STEM). We also examined elemental composition using 

spectroscopy analyses with nanometer resolution by means of electron energy loss 

spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDX) with a Gatan 

Quantum EELS and an Oxford EDX detector, respectively, both coupled to the FEI TEM. 

The grain size and morphology of the hot-pressed materials was characterized using field-

emission scanning electron microscopy (SEM, Auriga Zeiss) at 5.0 kV. The overall 

material composition was analyzed by an Oxford energy dispersive X-ray spectrometer 

(EDX) attached to the Zeiss Auriga SEM and by optical emission spectroscopy by means 

of inductively coupled plasma (ICP) on a Perkin Elmer Optima 3200 RL system. Fourier-

transform infrared spectroscopy (FTIR) were acquired by using an Alpha Bruker FTIR 

spectrometer with the platinum attenuated total reflectance (ATR) single reflection 

module. 

Nuclear Magnetic Resonance (NMR): NMR measurements were recorded on a 

Bruker Avance III Spectrometer operating at a 1H frequency of 500.13 MHz and 

equipped with a BBI-Z probe. The sample temperature was set to 298.2 K. One 

dimensional (1D) 1H and 2D NOESY (Nuclear Overhauser Effect Spectroscopy) 

spectra were acquired using standard pulse sequences from the Bruker library; zg 
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and noesygpphpp respectively. For the quantitative 1D 1H measurements, 64k data 

points were sampled with the spectral width set to 16 ppm and a relaxation delay 

of 30 sec. The NOESY mixing time was set to 300 ms, with 2048 data points 

sampled in the direct dimension for 512 data points in the indirect dimension, with 

the spectral width set to 11.5 ppm. For 2D processing, the spectra were zero filled 

to a 4096  2048 real data matrix, followed by multiplication with squared cosine 

bell function in both dimensions prior to Fourier transformation. The 1D spectra 

were apodized with an exponential window function. Concentrations were 

obtained using the Digital ERETIC method. Diffusion measurements (2D DOSY) 

were performed using a double stimulated echo sequence (dstegp2s)35 for 

convection compensation and with monopolar gradient pulses.35 Smoothed 

rectangle gradient pulse shapes were used throughout. The gradient strength was 

varied linearly from 2-95% of the probe’s maximum value (calibrated at 50.2 G/cm) 

in 64 steps, with the gradient pulse duration and diffusion delay optimized to ensure 

a final attenuation of the signal in the final increment of less than 10% relative to 

the first increment. The diffusion coefficients were obtained by fitting the Stejskal-

Tanner (ST) equation to the signal intensity decay. For the pulse sequence at hand, 

the appropriate ST equation is: 36 

𝐼 = 𝐼0𝑒−(𝛾𝛿𝑔𝜉)2𝐷(Δ−0.6𝛿)                     (1) 

with the gyromagnetic ratio of the observed 1H nucleus γ, the gradient pulse length 

δ, the gradient strength g, the diffusion time ∆ and the diffusion coefficient D. The 

shape factor ξ depends on the gradient shape but this is usually already corrected 

for in the gradient strength value by the Bruker software, TOPSPIN. The ST 

equation for other pulse programs is only slightly different and the impact on the 

diffusion coefficient is very small in the case of long diffusion times (Δ>250 ms). 

In a real DOSY experiment, values of ∆ and δ are set while varying g to derive the 

decay curve.36 

Thermoelectric property measurements: Seebeck coefficients were measured using a 

static DC method. Electrical resistivity data was obtained by a standard four-probe 
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method. Both the Seebeck coefficient and the electrical resistivity were measured 

simultaneously in a LSR-3 LINSEIS system in the temperature range between room 

temperature and 673 K, under helium atmosphere. At each temperature 3 measurements 

were generally taken. Taking into account the system accuracy and the measurement 

precision, we estimate an error of ca. 4 % in the measurement of the electrical 

conductivity and Seebeck coefficient. The thermal conductivity was calculated by κ = 

λCpρ, where λ is the thermal diffusivity, Cp is the heat capacity, and ρ is the mass density 

of the specimen. A XFA 600 Xenon Flash apparatus from Linseis was used to determine 

the thermal diffusivities of the samples with an estimated error of 5%. The specific heat 

(Cp) was measured by means of the differential scanning calorimeter method (DSC model 

T2000 TA Instruments) with an associated error of ca. 2 %. The density (ρ) values used 

here were calculated using the Archimedes’ method with a measurement error of ca. 2 %. 

Hall measurement: Hall carrier concentrations and mobilities at room temperature were 

measured using a magnetic field of 2 T with a PPMS-9T (Quantum Design Inc., USA). 

Values reported correspond to the average of 5 consecutive measurements, from which 

an error of ca. 10 % was estimated. 

Device test: TE rings were tested in a custom-made test station. Temperature was 

monitored by two thermocouples attached at the copper electrodes and the open circuit 

voltage was measured by a Keithley 2400. A heating cartridge within a cylindrical metal 

block was used to raise the temperature of the internal part of the ring, while the external 

part of the ring was kept at lower temperature by means of TE coolers. The maximum 

temperature reached at the hot side was 250 °C. At this point the temperature at the cold 

side was 90 °C, what provided a maximum temperature gradient of 160 °C. 

Density Functional Theory (DFT): It is well known that common DFT methods fail to 

correctly predict the bandgap.37, 38 Unfortunately, accurate methods such as screened 

hybrid functional or quasi particle energy calculations are extremely time-consuming and 

computationally expensive.37 D. Do et al. carried out electronic structure calculations for 

Cu3SbSe4 using GGA, GGA+U, m-BJ exchange potential and HSE06 exchange-

correlation potential.39-41 Only bandgap values calculated by using HSE06 and GGA+U 
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were in agreement with experimental values (0.1－0.4 eV),42, 43 and a large effective 

value of U (Ueff = 15 eV) was necessary to get an accurate bandgap. Based on these results 

and to minimize computational cost, total energy calculations were carried out using the 

GGA+U approach. The PBE exchange correlation functional,44 along to the formalism 

proposed by Dudared et al. were applied.45  We use Ueff = 15 eV for the Cu-3d states. 

Total energy calculations were carried out with the plane-wave based Vienna ab initio 

simulation package (VASP),46, 47 along to projector augmented wave (PAW) potentials to 

represent the inert core electrons.48, 49 We used a plane-wave energy cutoff of 400 eV, an 

energy convergence criterion of 10-4 eV, and a Methfessel-Paxton first-order scheme with 

0.1 eV of smearing to extract the occupations of Kohn-Sham eigenvalues.50 For the 

Brillouin zone integration, we used a 12 × 12 × 12 Monkhorst-Pack scheme k-point 

mesh.51 All the calculations were performed with the experimental lattice parameters of 

the native compound.  The model system Cu3SbSe4 was studied through a tetragonal 

unit cell with 64 atoms (Cu24Sb8Se32). Structures derived from Cu3SbSe4 due to the 

substitution with Bi or Sn were obtained by replacing one Sb atom by one Bi or Sn atom. 

In this way, the doping concentration was equal to x = 0.125, which is similar to the 

largest values experimentally produced and measured (x = 0.10). The transport properties 

were calculated using a semi-classical solution based on Boltzmann’s transport theory 

within the constant scattering time and the rigid band approximations using the BoltzTraP 

code.52 

Influence of the minority carriers on the Seebeck coefficient: The measurement of the 

TE parameters from DFT calculations did not take into account the effect of the 

minority carriers. This effect becomes important as the temperature increases and 

more carriers of each type are thermally generated, eventually reaching densities 

comparable to that of the doping level. 

To qualitatively determine the influence of the thermally generated charge 

carriers on the Seebeck coefficient, we calculated the Seebeck coefficient for holes 

and electrons using the expressions: 

  𝑆𝑒 = −
8𝜋2𝜅𝐵

2

3𝑒ℎ2 (
𝜋

3𝑛
)

2
3⁄

 𝑚𝑒
∗𝑇                       (2) 
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𝑆𝑒 = −
8𝜋2𝜅𝐵

2

3𝑒ℎ2
(

𝜋

3𝑝
)

2
3⁄

 𝑚ℎ
∗ 𝑇                       (3) 

where KB is the Boltzmann constant, e is the electron charge, h is the Plank constant 

and n, p and m𝑒
∗  are the charge carrier concentration and effective masses for 

electrons and holes.  

We considered the following charge carrier concentrations: 

  n =  𝑛𝑖 =  √𝑀𝑐𝑀𝑣𝑒−𝐸𝑔/2𝐾𝐵𝑇                     (4) 

𝑝 = 𝑝𝑜 +  𝑝𝑖 =  𝑝𝑜 +  𝑛𝑖                         (5) 

where ni and pi are the thermally generated charge carrier concentations, is the hole 

concentration associated to the doping (which we consider independent of 

temperature) that we could approximate to the value measured at ambient 

temperature by Hall effect, Eg is the semiconductor band gap and Mc and Mv are 

the densities of states at the CBM and VBM, respectively. We approximate the 

values of Mc and Mv to: 

𝑀𝑐 = 2 (
2𝜋𝑚𝑒

∗ 𝐾𝐵𝑇

ℎ2 )3/2                         (6) 

𝑀𝑣 = 2 (
2𝜋𝑚ℎ

∗ 𝐾𝐵𝑇

ℎ2 )3/2                         (7) 

Then we calculate the Seebeck coefficient using: 

S =  
𝑆𝑛𝜎𝑛+𝑆𝑝𝜎𝑝

𝜎𝑛+𝜎𝑝
                              (8) 

with 

𝜎𝑛 = 𝑒𝑛𝜇𝑛                             (9) 

𝜎𝑝 = 𝑒𝑝𝜇𝑝                            (10) 

In our calculations, we took: μn =2μp and used the values of Eg, m𝑒
∗  and mℎ

∗  

obtained from DFT calculations. Overall this calculation cannot be used to obtain 

a quantitative fitting to the experimental data due to the many approximations used. 

However, we believe it gives a useful qualitative view of the influence of the 

thermally generated carriers on the Seebeck coefficient. 
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3.4 Results and discussion 

CASe NCs were produced from copper chloride, antimony chloride and selenium 

powder dissolved in OLA and DDT, as detailed in the experimental part. This synthesis 

protocol enabled a high batch-to-batch reproducibility and a 94% material yield. Figure 

3.1 shows representative TEM and HRTEM micrographs with the respective indexed 

power spectrum of the 18  2 nm CASe NCs produced following this procedure. From 

HRTEM analysis, the NC crystallographic phase was identified as tetragonal CASe 

(space group I 4 2m (121), Table 3.1) with lattice constants a=b=0.566 nm and c=1.128 

nm, which is in agreement with XRD data (Figure 3.3a, JCPDS card No. 85-0003). No 

secondary phases were detected by HRTEM and XRD analysis. 

 

Figure 3.1. (a) Representative TEM micrograph of CASe NCs. The inset shows the 

histogram for the measured particle size distribution (18  2 nm). (b) Higher-magnification 

TEM micrograph; (c) HRTEM image of a single CASe NC. (d) Its respective power 

spectrum fitting with CASe tetragonal phase. (e) Detail of the squared regions of the single 

CASe NCs. (f) Annular dark field scanning TEM (ADF-STEM) image of some CASe NCs 

and (g)-(i) areal density of each of the elements extracted from the EELS spectrum image. 

 

Within its experimental error, SEM-EDX and ICP analysis showed the metal 

and chalcogen ratios to match those of stoichiometric CASe (Cu3SbSe4, Figures 

3.4e and 3.4f). Electron Energy Loss Spectroscopy (EELS) was used for 

compositional analysis within each particle using Sb M4,5, Cu L2,3 and Se L2,3 edges 

Figures 1f-i, 3.4a-d). In the central region of the NC, elemental quantification (in 
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at %) showed the presence of around 12% Sb, 30% Cu and 48% Se, which is 

compatible with the CASe stoichiometry. In the outer part of the NCs, the relative 

composition of Sb and Cu were found to be slightly higher than in the core and that 

of Se was slightly lower: 17 % Sb, 40% Cu and 43% Se (Figures 3.4a-d). 

 

Table 3.1. Summary of the peaks simulated for tetragonal CASe. (Crystal data: JCPDS No. 85-

0003, Formula CASe, Crystal system Tetragonal, Space group mI 24  (No. 121), Unit cell 

dimensions a = b = 5.6609 Å and c =11.280 Å). 

hkl d-spacing/ Å 2θ/deg hkl d-spacing/ Å 2θ/deg 

101 5.0595 17.514 204 1.9977 45.360 

110 4.0028 22.190 312 1.7062 53.675 

112 3.2642 27.299 116 1.7016 53.831 

103 3.1320 28.475 400 1.4152 65.953 

202 2.5297 35.456 008 1.4100 66.229 

211 2.4701 36.340 332 1.2984 72.775 

114 2.3053 39.040 316 1.2964 72.908 

105 2.0957 43.130 424 1.1548 83.677 

220 2.0014 45.272 228 1.1526 83.867 

 

 

Figure 3.2. (a) Usual yield of CASe NCs obtained from one large-scale synthesis. (b) SEM image 

of CASe NCs after ligand exchange. Inset shows the stable, dark-green dispersion in chloroform 

formed by the NCs before ligand exchange.  
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Figure 3.3. (a) XRD pattern of CASe NCs including the JCPDS 85-0003 reference. The 

inset shows a unit cell of tetragonal CASe. (b) XRD patterns of Cu3Sb1−xSnxSe4 (x=0.00, 

0.01, 0.02, 0.05, 0.10) NCs. (c) XRD patterns of Cu3Sb1−xBixSe4 (x=0.00, 0.01, 0.02, 0.04, 

0.10) NCs. (d) XRD patterns of Cu3Sb1-x-ySnxBiySe4 (x=0.02, 0.05, 0.10 and y=0.02) NCs. 

Insets in graphs (b)-(c) show a detail of the (112) peak, at around 2θ =27.5°. 

 

 

Figure 3.4. (a) HAADF-STEM image of CASe NCs. (b-d) relative atomic composition of Sb, Cu 

and Se. (e) EDX spectrum of CASe NCs and quantitative analysis of the as-synthesized CASe 

NCs showing a composition consistent with stoichiometric Cu3SbSe4. (f) Results of the ICP 

analysis of CASe NCs showing a composition of Cu3.0Sb1.1Se4.0. 
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Cu3Sb1-xSnxSe4 (Figure 3.5), Cu3Sb1-xBixSe4 (Figure 3.6) and Cu3Sb1-x-

ySnxBiySe4 (Figure 3.7) NCs showed quasi-spherical morphologies with an average 

size of around 18 nm. Increasingly broader size and shape distributions were 

obtained as the amount of doping was augmented (Figures 3.5 and 3.6). Doped 

CASe NCs were characterized by larger a and c lattice parameters, as evidenced 

by a slight peak shift toward lower angles in the XRD patterns (Figure 3b, c and 

d). The lattice expansion is attributed to the substitution of Sb5+ (0.6 Å) by larger 

Sn4+ (0.69 Å) or Bi3+/Bi5+ ( 0.76 Å) cations.53, 54 TEM-EDX analysis evidenced 

the presence of Sn and Bi in all Sn- and Bi-doped NCs, respectively. However, Sn 

and Bi signals were too weak to quantify (Figure 3.8). The overall NCs 

composition was studied by ICP (Table 3.2). The composition of the consolidated 

materials used for TE characterization (see below) was also analyzed by SEM-

EDX (Tables 3.3 and 3.4). Within their experimental errors, both ICP and SEM-

EDX results matched the nominal Bi and Sn concentrations. 

 

Figure 3.5. Representative TEM images of Cu3Sb1-xSnxSe4 NCs with (a) x=0.01, (b) x=0.02, (c) 

x=0.05 and (d) x=0.10. Scale bars correspond to 200 nm. 
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Figure 3.6. Representative TEM images of Cu3Sb1-xBixSe4 NCs with (a) x=0.01, (b) x=0.02, (c) 

x=0.04 and (d) x=0.10. Scale bars correspond to 200 nm. 

 

 

Figure 3.7. Representative TEM images of Cu3Sb0.98-xSnxBi0.02Se4 NCs with (a),(b) x=0.02, (c),(d) 

x=0.05 and (e),(f) x=0.10. Scale bars correspond to 200 nm. 
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Figure 3.8. Left: ADF-STEM images of Cu3Sb0.98Sn0.02Se4 (a), Cu3Sb0.98Bi0.02Se4 (b) and 

Cu3Sb0.88Sn0.10Bi0.02Se4 (c) NCs. Right: (d-f) EDX spectrum from single or few particles (inset), 

as indicated in the squared regions on the left. As observed, Sn and Sb peaks appear almost 

overlapped and the Sn signal was generally so weak that it was just on the detection threshold. 

Thus, although the analysis confirmed the presence of Sn, quantification was not possible. 

Similarly, the Bi signal could be observed in Bi-doped CASe, but it was quite weak, in the 

detection threshold, preventing quantification from single particle analysis. 

 

Table 3.2. Composition of Cu3Sb1-xSnxSe4 and Cu3Sb1-xBixSe4 NCs obtained from ICP analysis. 

Element x=0 x=0.01 x=0.02 x=0.05 x=0.10 Element x=0 x=0.02 

Cu 3 3 3 3 3 Cu 3 3 

Sb 1.1 1.1 1.2 1.2 1.1 Sb 1.1 1.1 

Sn 0 0.01 0.02 0.06 0.11 Bi 0 0.02 

 

Table 3.3. Composition of Cu3Sb1-xSnxSe4 and Cu3Sb1-xBixSe4 after consolidation obtained from 
SEM-EDX analysis. 

Element x=0.01 x=0.02 x=0.05 x=0.10 Element x=0.01 x=0.02 x=0.04 x=0.10 

Cu 3.0 3.0 3.0 3.0 Cu 3.0 3.0 3.0 3.0 

Sb 1.1 1.1 1.1 0.9 Sb 1.1 1.1 1.0 1.0 

Sn 0.01 0.02 0.05 0.11 Bi 0.01 0.02 0.04 0.11 

Se 3.8 4.1 4.0 3.9 Se 3.9 4.1 3.7 4.0 
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Table 3.4. Composition of Cu3Sb1-x-ySnxBiySe4 after consolidation obtained from SEM-EDX 
analysis. 

Element x=0.02, y=0.02 x=0.05, y=0.02 x=0.010, y=0.02 

Cu 3.0 3.0 3.0 

Sb 1.0 0.9 0.9 

Sn 0.02 0.05 0.10 

Bi 0.02 0.02 0.02 

Se 3.8 3.9 3.9 

 

XPS analysis was performed to investigate the chemical state of elements within 

CASe NCs. The survey scan is shown in Figure 3.9a. High-resolution spectra of Cu 2p, 

Sb 3d, and Se 3d are shown in Figure 3.9b, c, and d, respectively. All spectra were shifted 

to locate the C1s peak at 284.6 eV, correcting in this way potential charging effects. The 

narrow doublet peaks in the Cu 2p spectrum appear at 932.1 eV (2p3/2) and 951.9 eV 

(2p1/2), consistent with the standard separation of 19.8 eV and indicative of Cu (I) (Figure 

3.9b).55, 56 In addition, we exclude the presence of Cu2+ because the Cu 2p3/2 satellite peak 

of Cu (II) (936 eV and 942 eV) did not appear in the spectrum.57 

Figure 3.9c displays peaks corresponding to Sb 3d. There has been debate on the 

specific valence number of Sb in CASe, both Sb5+ and Sb3+ have been suggested. 19, 58, 59 

In this compound, the Sb 5s bands are quite narrow ~0.5 eV and located approximately 

at -9.4 eV between 529.5 eV (3d5/2) and 538.9 eV (3d3/2), while the Sb p bands are above 

the Fermi level.58 Figure 9d shows the Se 3d5/2 peak at 54.75 eV, indicating Se with a 

valence of Se2-. From the inset of Figure 3.9d, the Se 3p core located at 161.1 eV (3p3/2) 

and 166.8 eV (3p1/2) with a peak separation of 5.7 eV, which are in good agreement with 

values reported previously for Se 3p3/2 and 3p1/2, respectively. 55, 60 
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Figure 3.9. XPS spectrum of the obtained CASe NCs: (a) survey spectrum of CASe, and high 

resolution spectrum of (b) Cu 2p, (c) Sb 3d, and (d) Se 3d. 

 

Figure 3.10 shows the XPS spectra of Cu3Sb0.90Bi0.10Se4 NCs. Figure 3.10e shows 

the high-resolution spectrum of the Bi 4f region (Figure 3.10e). Most interesting, the Bi 

4f5/2 and 4f7/2 peaks exist at binding energies of 166.2 eV and 161.0 eV, respectively. 

These values are clearly above those generally reported for Bi3+ compounds such as 

Bi2Se3
61-63 and Bi2O3.

64 However, Bi5+ is a very strong oxidizer with a very high reduction 

potential (Bi3+/Bi5+ E = 2V), which makes it extremely improvable to be found within 

CASe, especially taking into account Bi was introduced as Bi3+. 

The high resolution XPS spectrum of the Bi 4f region obtained from the 

Cu3Sb0.88Sn0.10Bi0.02Se4 sample is shown on Figure 10f. The Bi 4f5/2 and 4f7/2 peaks were 

found at binding energies of 165.9 eV and 160.4 eV, respectively. These binding energies 

are again slightly above those that would correspond to a Bi3+ state, indicating that the 

chemical environment seen by Bi 4f electrons when Bi replaces a Sb, resembles that of 

Bi5+. 
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Figure 3.10. High resolution XPS spectrum of Cu3Sb0.90Bi0.10Se4 NCs and Cu3Sb0.88Sn0.10Bi0.02Se4 

NCs. a)-e) C 1s, Cu 2p, Sb 3d, Se 3d and Bi 4f spectra of Cu3Sb0.90Bi0.10Se4 NCs. f) Bi 4f spectra 

of Cu3Sb0.88Sn0.10Bi0.02Se4 NCs. 

 

CASe NCs were synthesized in the presence of OLA, OA and DDT. In order 

to identify which surfactants were finally present on the NC surface and establish 

their bonding nature, NMR analysis was performed. Figure 3.11a shows a 1H NMR 

spectrum of the as synthesized NCs (unpurified) and the 1H NMR spectrum of NCs 

purified four times by precipitation/ redispersion with acetonitrile as non-solvent 

and toluene as solvent. In the spectrum of unpurified NCs we observe the 

characteristic resonances of a terminal alkene at 5.0 and 5.8 ppm, associated to 

ODE. The resonance around 5.5 ppm is associated with an internal alkene, from 

OLA and/or OA. The ODE resonances possess fine structure, indicating the 

unbound nature of ODE. In contrast, the alkene resonance is a superposition of 

sharp and broad resonances, associated with free and bound ligands respectively.65 

After purification, the ODE features disappear completely together with the 

majority of the sharp resonance corresponding to the free molecules OLA or OA, 

indicating a successful purification of the NCs solution. Further purification to 

remove the remaining free ligands in solution, render the NCs completely insoluble 

in any solvent. The NOESY spectrum (Figure 3.11c) contains negative (black) nOe 

cross peaks confirming the interaction of OLA/OA with the surface.65 To 
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discriminate whether OLA or OA (or both) is stabilizing the NC surface, we 

reproduced the exact same synthesis described above but instead of OA we used 

DAc. Although DAc and OA are both fatty acids and are expected to interact 

identically with NC surfaces, DAc has no alkene group and this allows us to 

distinguish OLA from OA. Figure 3.11b shows the NMR spectra of CASe NCs 

synthesized with DAc. Since the 1H NMR spectra are almost identical to spectra 

of the dispersions prepared with OA and because OLA is now the only molecule 

with an alkene resonance, we identify OLA as a ligand. Additionally, the intensity 

of the alkene resonance and CH3 resonance features a 2:3 ratio. This excludes any 

other (fully saturated) ligands such as DDT or DAc, proving that OLA is the only 

ligand present. Since OLA is an L-type ligand and the NCs were found to be 

stoichiometric (vide supra), this NC system belongs to the earlier established class 

of binding motifs; NCs (L).66 To assess the dynamics of interaction, DOSY 

experiments were performed. A good fitting of the CH3 signal decay was only 

obtained with two exponentials, indicating two populations (Figure 3.11d). The 

small fraction with a high diffusion coefficient (552 µm²/s) is attributed to free 

OLA while the fraction with a low diffusion coefficient (45 m2/s) is associated 

with bound OLA. Using the Stokes-Einstein equation, a solvodynamic diameter of 

16.5 nm is calculated from the diffusion coefficient. Since this is close to the 

diameter from TEM (16－20 nm), we conclude that OLA is firmly attached to the 

NC surface and diffuses together with the NC. Considering the L-type nature of 

OLA,66 it is usually involved in a more dynamic stabilization of the NC surface.67 

However, it was repeatedly reported that Cu-based NCs typically have tightly 

bound amines bound to the surface.13, 68 It should however be noted that OLA is 

quite easily desorbed during purification suggesting only a moderate binding 

affinity for the NC surface, in line with L-type ligand behavior. 

file:///C:/Users/YLiu/Desktop/论文合集-2018.4.16/W006.docx%23_ENREF_66
file:///C:/Users/YLiu/Desktop/论文合集-2018.4.16/W006.docx%23_ENREF_66
file:///C:/Users/YLiu/Desktop/论文合集-2018.4.16/W006.docx%23_ENREF_67
file:///C:/Users/YLiu/Desktop/论文合集-2018.4.16/W006.docx%23_ENREF_13
file:///C:/Users/YLiu/Desktop/论文合集-2018.4.16/W006.docx%23_ENREF_68


Chapter 3 

69 

 

Figure 3.11. 1H NMR spectrum of CASe 18 ± 2 nm NCs synthesized with (a) OA and (b) DAc 

shown before (bottom) and after (top) purification. (c) NOESY spectrum of CASe synthetized 

with OA. (d) Fitting the signal intensity decay with the Stejskal-Tanner equation of CASe NCs 

synthetized with OA (further information on the experimental section). Bi exponential fitting with 

two different diffusion coefficients D1 and D2 (slow: 45 µm²/s => 16 nm; fast: 652 µm²/s). 

 

To facilitate charge transport/transfer, CASe NCs were thoroughly purified 

by multiple precipitation/re-dispersion steps and subsequently treated with 

NH4SCN, which could efficiently displace remaining OLA. Figure 3.12 shows 

FTIR spectra of dried CASe NCs before (CASe–OL) and after (CASe–LD) organic 

ligand displacement with a 50 mM NH4SCN solution. CASe–OL spectrum showed 

the characteristic features of OLA: C–H vibration modes have a strong band in the 

high-frequency region (2850–3000 cm-1) and various peaks in the lower frequency 

region, between 700 cm-1 and 1650 cm-1. These features completely disappeared 

from the CASe–LD spectrum, proving the effective organic ligand displacement. 
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Figure 3.12. FTIR spectra of pure OLA, Cu3SbSe4–OL and Cu3SbSe4–LD NCs. 

 

Nanocrystalline disk-shaped CASe pellets (Ø10 mm×1.5 mm) were prepared under 

Ar atmosphere by hot-pressing 700 mg of ligand-displaced NCs at 380 °C, 70 MPa 

and for 30 min. The pellets had a metallic luster and were mechanically robust enough to 

endure polishing. Relative densities 90% of the theoretical value were measured for all 

samples. XRD analysis of the CASe pellets showed no crystallographic or related 

compositional change after the hot-press process except for a minor peak at 2θ 34° in 

the XRD pattern, which could correspond to Cu3SbSe3 (JCPDS card No. 1-86-1751, 

Figures 3.13 and 3.14). However, during this process, CASe NCs coalesced to form larger 

crystalline domains with sizes ranging from tens to few hundred nanometers (Figure 3.15). 
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Figure 3.13. XRD patterns (a, c, e) and detail of the (112) peaks around 27.2° 2θ values (b, d, f) 

of a) Cu3Sb1−xSnxSe4 (x=0.00, 0.01, 0.02, 0.05, 0.10), b) Cu3Sb1−xBixSe4 (x=0.00, 0.01, 0.02, 0.04, 

0.10) and c) Cu3Sb1-x-ySnxBiySe4 (x=0.02, 0.05, 0.10 and y=0.02) pellets. Red vertical lines 

correspond to the reference literature data for CASe, JCPDS NO. 85-0003.  
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Figure 3.14. XRD patterns (a,c) and detail of the (112) peaks between 20º and 40º 2θ values (b,d) 

of Cu3Sb0.90Bi0.10Se4 (a,b) and Cu3Sb0.93Sn0.05Bi0.02Se4 (c,d) pellets. Red vertical lines correspond 

to the reference literature data for Cu3SbSe4, JCPDS NO. 85-0003. Blue vertical lines correspond 

to Cu3SbSe3, JCPDS NO. 1-86-1751.  

 

 
Figure 3.15. Representative SEM images of the fracture surfaces of bulk materials compacted 

from (a) Cu3SbSe4; (b) Cu3Sb0.98Sn0.02Se4; (c) Cu3Sb0.98Bi0.02Se4 and (d) Cu3Sb0.88Sn0.10Bi0.02Se4 

NCs. Inset of (a) shows one of the pellets measured. 
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The electrical conductivity (σ), Seebeck coefficient (S), thermal conductivity 

(κ), and the dimensionless TE figure or merit (ZT=σS2T/κ) of undoped and Sn- and 

Bi-doped CASe pellets are displayed in Figures 3.16 and 3.18. Undoped CASe 

nanomaterials were characterized by relatively low σ, which increased with 

temperature up to 6.2×103 Sm-1, and positive S in the whole temperature range 

measured. Significantly higher σ, up to 9.0×104 Sm-1 at room temperature, were 

obtained for Sn-CASe (Figure 3.16a), which showed a degenerated semiconductor 

behavior with a decrease of σ with temperature. On the contrary, S decreased with 

the Sn introduction (Figure 3.16b). The observed increase of σ and decrease of S 

with the amount of Sn indicated Sn ions to act as a p-type dopant within CASe. 

This electronic role was confirmed by a one order of magnitude increase in the Hall 

charge carrier concentration with the Sn introduction, from p=5×1018 cm-3 in CASe 

to p=9×1019 cm-3 in Cu3Sb0.98Sn0.02Se4 (Table 3.5). Overall, higher power factors 

(PF=σ S2) were obtained for the Sn-doped samples, with a maximum PF of 1.14 

mWm-1K-2 at 673 K for the sample containing a 2% replacement of Sb by Sn, 

Cu3Sb0.98Sn0.02Se4 (Figure 3.16c).  

 

Figure 3.16. Temperature dependence of (a) electric conductivity (σ), (b) Seebeck 

coefficient (S), (c) power factor (PF), (d) thermal conductivity (κ), (e) lattice thermal 
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conductivity (κL) and (d) TE figure of merit (ZT) of Cu3Sb1-xSnxSe4 (x=0.01, 0.02, 0.05 

and 0.10). 

 

 
Figure 3.17. Time evolution of the electrical conductivity (σ), Seebeck coefficient (S) and 

temperature (T) of Cu3Sb0.9Sn0.1Se4 during a 55 h test. 

 

Relatively low thermal conductivities, which as expected decreased with 

temperature, were obtained for all the analyzed materials. For undoped CASe, κ 

dropped from 1.60 Wm−1K−1 to 0.81 Wm−1K−1 (Figure 3.16d) in the temperature 

range from 327 K to 653 K. These are lower κ values than those previously reported 

for bulk CASe,19, 20, 53, 69 but slightly higher than those reported for nanostructured 

CASe produced by co-precipitation,32 and much higher than the estimated 

minimum κ of this material (0.26 Wm−1K−1).70, 71 Lower lattice thermal 

conductivities (κL) were obtained with the incorporation of Sn due to the introduced 

lattice distortion and the increased density of point defects (Figure 3.16e). However, 

the associated increase of the electronic contribution to the thermal conductivity 

(κe) resulted in an overall increase of κ for most of the Sn-CASe pellets. Overall, 

ZT significantly increased with the introduction of relatively small amounts of Sn, 

reaching ZT=0.97 at 673 K for Cu3Sb0.98Sn0.02Se4, which represents more than a 2-

fold increase over undoped CASe (Figure 3.16f).  

Nanocrystalline CASe showed good stability even when maintained at 

relatively high temperatures for long periods of time. Figure 3.25 shows the results 
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obtained from 5 consecutive heating-cooling cycles. Minor differences were 

observed from cycle to cycle and mainly from the first cycle to the following ones. 

To account for the minor variations obtained from the first to the following cycles, 

all samples were measured at least 3 consecutive times and results from the first 

cycle were discarded. Figure 3.17 shows the results obtained from Cu3Sb0.9Sn0.1Se4 

during a 55 h test involving the heating of the sample from 323 to 626 K at a rate 

of 10 K/min and then maintaining the sample at 656 K for 54 h. During this time, 

the electrical conductivity and Seebeck coefficient changed by around 1% and 3%, 

respectively. 

 

Figure 3.18. Temperature dependence of (a) electric conductivity (σ), (b) Seebeck 

coefficient (S), (c) power factor (PF), (d) thermal conductivity (κ), (e) lattice thermal 

conductivity (κL) and (d) TE figure of merit (ZT) of Cu3Sb1-xBixSe4 (x=0.01, 0.02, 0.04 

and 0.10). 

 

When replacing part of Sb by Bi, slightly lower σ were obtained (Figure 

3.18a), which correlated with a small decrease in the Hall hole concentrations (p = 

2x1018 cm-3, Table 3.5). This was a surprising experimental evidence if assuming 

Sb5+ to be replaced by Bi3+ as it has to be the case taking into account the very high 

energy required to oxidize Bi3+ to Bi5+. As no increase of the hole concentration 

was observed, the difference in oxidation state between Sb and Bi is probably 
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compensated with the creation of an equivalent amount of Se2- vacancies. The 

slight decrease in the measured charge carrier concentration could be further 

associated to an indirect diminution of the concentration of intrinsic defects acting 

as p-type dopants, e.g. the presence of Cu1+ at Sb5+ sites or Cu or Sb vacancies.  

Significantly larger S values were measured for all Bi-CASe samples (Figure 

3.18b) when compared with CASe, which did not correlate well with the small 

decrease in electrical conductivity when just taking into account a slight 

modification of the charge carrier concentration (Table 3.5). 

Combining σ with S, the highest PF values for Bi-CASe were obtained with 

a composition Cu3Sb0.98Bi0.02Se4 (0.77 mWm-1K-2 at 608 K, Figure 18c). 

Additionally, Bi-doped CASe was characterized by lower κ than CASe due to 

slightly lower κe and κL contributions (Figures 3.18d and 3.18e). Overall, higher 

ZT values, up to 0.81 for Cu3Sb0.98Bi0.02Se4 at 648 K, were obtained for Bi-CASe 

when compared with CASe (Figure 3.18f). 

To further determine the influence of Sn and Bi in the electronic band 

structure of CASe, DFT calculations were carried out. Figure 3.6 shows the band 

structure of pure CASe, Cu3Sb0.875Sn0.125Se4 and Cu3Sb0.875Bi0.125Se4. Results 

indicate that pure CASe is a semiconductor with a direct band gap of 0.27 eV 

measured at Γ point, which is consistent with experimental values (0.1－0.4 eV).38, 

42, 72 The calculated bandgap was also in agreement with theoretical results from 

Do et al.73 using the non-local exchange HS06 model (0.26 eV). As expected, the 

VBM in CASe is mainly composed of Cu-3d and Se-4p states and the CBM is 

mainly formed by Sb-5s and Se-4p states (Figure 3.19a). 

Figure 3.20 shows the temperature dependence of the DFT-derived S for 

different concentrations of the majority charge carrier. For pure CASe, at moderate 

p levels (p < 5×1019 cm-3) the Seebeck coefficient increases with temperature up to 

a maximum and then rapidly decreases. At higher hole concentrations (p > 5×1019 

cm-3), S monotonously increases with temperature in the analysed range (T ≤ 700 
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K). Calculated values matched relatively well experimental results and 

qualitatively predicted the measured temperature evolution. 

 

 
Figure 3.19. Electronic band structure of (a) CASe, (b) Cu3Sb0.875Sn0.125Se4 and (c) 

Cu3Sb0.875Bi0.125Se4. The symbols stand for the main atomic contributions of the bands. 

Band energies were plotted with respect to the Fermi level. 
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Figure 3.20. Temperature dependence of DFT-calculated Seebeck coefficients (S) of pure 

CASe, Cu3Sb0.875Bi0.125Se4 and Cu3Sb0.875Sn0.125Se4 at different hole concentrations 

(colored lines and symbols). Experimental values for pure CASe, Cu3Sb0.9Bi0.1Se4 and 

Cu3Sb0.9Sn0.1Se4 are also plotted (in black). 

 

The introduction of small amounts of Sn at the Sb sites significantly reduced 

the band gap, to 0.16 eV, and shifted the Fermi level to within the valence band 

due to the p-type doping character of Sn4+ ions (Figure 3.19b). Thus, only Seebeck 

coefficients for relatively high carrier concentrations p > 5×1019 cm-3 were reliably 

calculated. In agreement with experimental measurements, such large charge 

carrier concentrations resulted in an important diminution of S. A hole carrier 

concentration p ≈ 1x1020 cm-3 was needed to match the experimental S values, 

which is consistent with the Hall charge carrier concentrations measured for the 

Sn-doped materials.  

The partial substitution of Sb by Bi had little effect on the band structure at 

the VBM, but it significantly affected the CBM, decreasing the band gap and 

resulting in a divergence of the multi-valleys (Figure 3.19c). Taking into account 

only the contribution of majority carriers, the DFT-derived S just slightly changed 

with the Bi introduction (Figure 3.20) mainly due to the bandgap reduction. 

However, the perturbation of the CBM associated with the Bi presence certainly 
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had a strong influence on the contribution of the conduction electrons to the 

transport properties. In this regard, the splitting of the degenerated multi-valleys at 

the CBM should translate in a reduction of a bipolar effect on S, thus resulting in 

overall higher S values. In this direction, our DFT analysis clearly showed a 

significant diminution of the effective mass of electrons with the introduction of 

Bi (Table 3.6, Figure 3.21). While the calculation of this effect is beyond the 

present work, we qualitatively analyzed the bipolar impact to S by calculating the 

contribution of thermally generated charge carriers (Figures 3.22 and 3.23).74 

Results obtained clearly showed that in spite of the lower bandgap of Bi-CASe, 

and thus the higher charge carrier concentrations associated to thermal generation, 

the reduced effective mass for electrons in this compound should translate in a 

lower contribution of the minority carriers to S and thus to an overall higher 

Seebeck coefficient. A bipolar contribution could also explain the differences in 

the temperature dependence of κL between Bi-CASe and pure CASe, but this point 

is to be confirmed.75  

The introduction of Sn also translated into large differences in the effective 

masses of holes and electrons which in spite of the strong band gap decrease in this 

material, also resulted in higher S values at moderate doping levels. However, the 

modification of the electronic band structure by means of sufficient amounts of Sn 

injected very large amounts of charge carrier, which inevitably resulted in overall 

lower S. Thus, the introduction of both dopants, a small amount of Sn to control 

charge carrier concentration and Bi to modify the band structure was necessary to 

optimize performance.  

Table 3.5. Room temperature carrier concentration (p), electrical conductivity (σ), carrier 

mobility (μ) and effective mass (m*) of pristine Cu3SbSe4, Cu3Sb0.98Sn0.02Se4, Cu3Sb0.98Bi0.02Se4 

and Cu3Sb0.88Sn0.10Bi0.02Se4 samples. 

Sample p (cm-3) σ (S cm-1) μ (cm2 V-1 s-1) 

Cu3SbSe4 5 × 1018 29 36 

Cu3Sb0.98Sn0.02Se4 9 × 1019 454 32 

Cu3Sb0.98Bi0.02Se4 2 × 1018 26 58 

Cu3Sb0.88Sn0.10Bi0.02Se4 1 × 1020 1309 80 
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Table 3.6. Effective masses of studied compounds for holes (m+) and electrons (m-) along 

different directions of the Brillouin Zone. Effective masses are in unit of the mass electron (me). 

  Γ-Z Γ-X Γ-A Γ-M 

CASe m-/me 0.06 0.17 0.19 0.18 

 m+/me 0.10 0.30 0.17 0.14 

Bi-CASe m-/me 0.06 0.11 0.11 0.10 

 m+/me 0.10 0.32 0.20 0.15 

Sn-CASe m-/me 0.07 0.13 0.14 0.13 

 m+/me 0.14 0.38 0.65 0.45 

 

 

Figure 3.21. Effective masses for electrons (m-) and holes (m+) calculated from DFT for CASe, 

Bi-CASe and Sn-CASe 

 

 

Figure 3.22. Temperature dependence of the charge carrier concentrations (n, p) and Seebeck 
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coefficients (Sn, Sp, S) of Cu3SbSe4 (left) and Cu3Sb0.875Bi0.125Se4 (right) calculated using equations 

2-8 and considering p0 = 5×1018. 

 

Notice how in spite of the lower bandgap of Bi-CASe, and thus the higher charge 

carrier concentrations associated to thermal generation, the reduced m𝑒
∗  in this 

compound translates in a lower Sn and thus an overall higher Seebeck coefficient. It 

should be noticed that the introduction of Sn also translates into larger differences in the 

effective masses of holes and electrons and that in spite of the strong band gap decrease 

in this material, the calculated Seebeck coefficients at moderate doping concentrations 

are higher than those of CASe and even Bi-CASe. However, the introduction of sufficient 

amounts of Sn to modify the band structure has associated the injection of very large 

amounts of charge carrier, which inevitably results in overall lower Seebeck coefficients. 

Thus, the introduction of both dopants, Sn to control charge carrier concentration and Bi 

to modify the band structure is necessary to optimize performance in this material. 

 

Figure 3.23. Temperature dependence of the Seebeck coefficient (S) of Cu3SbSe4 and 

Cu3Sb0.875Bi0.125Se4 calculated using equation 1-9 for different doping levels as indicated by the 

different colors. 
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To take advantage of the carrier concentration control provided by Sn doping 

and the relative increase of S with the inclusion of Bi, we prepared a series of 

Sn,Bi-doped CASe samples. Figure 3.24 shows the temperature dependence of the 

electrical and thermal transport properties of Cu3Sb0.98-xSnxBi0.02Se4. These 

samples showed a degenerated electrical conductivity behavior, associated to a 

large level of doping. σ increased with the Sn content as in the Sn-CASe series. 

Surprisingly, σ of co-doped Sn,Bi-CASe was systematically larger than that of Sn-

CASe samples with the same amount of Sn. Hall measurements showed the 

presence of high charge carrier concentrations, up to p=1x1020 cm-3 for 

Cu3Sb0.88Sn0.10Bi0.02Se4 (Table 3.5). On the other hand, S decreased for all Sn,Bi-

CASe samples when compared with plain CASe due to the large increase of charge 

carrier concentration. However, S values of co-doped materials slightly increased 

when compared with Sn-CASe with equivalent electrical conductivities, proving 

the positive effect of the Bi addition. 

 

Figure 3.24. Temperature dependence of (a) electric conductivity (σ), (b) Seebeck 

coefficient (S), (c) power factor (PF), (d) thermal conductivity (κ), (e) lattice thermal 

conductivity (κL) and (d) TE figure of merit (ZT) of Cu3Sb0.98-xSnxBi0.02Se4. 
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Overall, the PFs of co-doped Sn,Bi-CASe were significantly higher than those 

of Sn- or Bi-CASe, and reached up to around 1.81 mWm-1K-2 at 654 K for 

Cu3Sb0.88Sn0.10Bi0.02Se4 (Figure 3.24a). Like in the case of Sn-CASe, in Sn,Bi-

CASe the dependence of κ with the dopant concentration showed a competition 

between the decrease of κL associated with the introduction of lattice defects and 

the increase of κe associated to the much higher carrier concentrations (Figures 

3.24d and 3.24e). Overall, ZT values up to 1.26 at 673 K were obtained for 

Cu3Sb0.88Sn0.10Bi0.02Se4, which is among the best ZT values obtained with a Pb- 

and Te-free material in this middle temperature range (Figure 3.24f, Table 3.7). 

These materials were further employed to fabricate simple TE generator 

prototypes with ring geometry (Figure 3.26). When compared with conventional 

flat devices, the ring design optimizes the thermal contact between the TE 

generator and the walls of a hot or cold pipe, and at the same time minimizes the 

module form factor and provides improved mechanical stability. In a ring-based 

module, rings with n and p type materials could be placed thermally in parallel and 

electrically in series to harvest radial heat fluxes (Figure 3.26a). Alternatively, 

multiple n and p elements could be integrated within each ring (Figure 3.26d). The 

module, containing multiple n- and p-type rings or several multi-element rings, 

makes use of thin thermal and electrical insulators between rings to alternatively 

contact the outer and inner rings as shown in Figure 3.26a.  
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Figure 3.25. (a-c) Temperature dependence of the electrical conductivity (σ), Seebeck coefficient 

(S) and power factor (PF) of Cu3SbSe4 and Cu3Sb0.98Sn0.02Se4 measured 3 consecutive times 

during heating up to around 673 K. No pre-stabilization treatment was carried out before the first 

measurement. (d-f) display the thermoelectric properties of Cu3Sb0.88Sn0.10Bi0.02Se4 pellet 

measured for 5 consecutive up-down cycles between room temperature and up to 673K. From 

here we can find that these up-down cycles measurements obtained during the first temperature 

ramp are slightly different from the ones obtained in posterior cycles, especially at low 

temperatures. We also observed a slight increase in electrical conductivity with the cycle number 

and no appreciable variation of the Seebeck coefficient in the low temperature range of the 

measurement.  

 

 

Figure 3.26. a) Scheme of a basic ring-based TE module, b) Cu3Sb0.88Sn0.10Bi0.02Se4-based 

ring, c) Voltage obtained from a single Cu3Sb0.88Sn0.10Bi0.02Se4 ring as a function of the 

temperature gradient when increasing the temperature at the hot side (top axis). Red open 

circles display the effective Seebeck coefficient of the ring. d) Scheme of a ring with 
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multiple p and n type elements (in black and red). e) Scheme of a multi-ring system to be 

coupled to a hot pipe including a jacket for the circulation of cooling fluid. 

 

Single p-type Cu3Sb0.88Sn0.10Bi0.02Se4 rings, with inner and outer diameter of 

28 mm and 39 mm, respectively, and with copper ring thicknesses of 2 mm and 

thus a CASe thickness of 1.5 mm were assembled and tested in a custom made set-

up as detailed in the experimental part (Figure 3.26b). The inner ring temperature 

was raised up to 250 °C using a heat cartridge within a cylindrical metal block, 

while maintaining the outside ring at lower temperature using a metal block cooled 

using commercial thermoelectric devices. Figure 9c shows the voltage obtained 

from a single p-type ring as a function of the temperature gradient. Open circuit 

voltages close to 20 mV were obtained for a single TE element exposed to a 

temperature gradient of 160 °C. Being the electrical resistance of the ring < 0.4 Ω, 

this voltage translates into a > 1 mW of generated electric power for each single 

TE element. The combination of several TE p-n pairs in each ring (Figure 9d) and 

of several rings into a module (Figures 3.26e) could provide electric powers on the 

order of 100 W for 200－300 °C temperature gradients as those available among 

other in exhaust gas pipes of vehicles with combustion engines. Such power could 

suffice to supply all the electric energy spent by the vehicle, allowing the alternator 

replacement and thus improving the vehicle fuel efficiency. 

Table 3.7. State-of-art thermoelectric performance values for Pb- and Te-free Cu- and Ag-based 

chalcogenides and some other Pb- and Te- free compounds at 673 K (excepted when otherwise 

specified). 

Material σx103 Sm-1 S, μV/K PF, mWm-1K-2 κ, Wm-1K-1 ZT Ref. 

Cu0.975BiSeO 3.2 230 0.17 0.50 0.23 76
 

Cu2GeSe3  5.2 160 0.13 0.39 0.23 77
 

CuFeS2 0.33 816 0.23 0.43 0.26 (500 K) 78
 

Cu2SnSe3 6.0 215 0.28 0.68 0.27 79
 

Cu2SnSe3 12 299 1.07 1.91 0.34 (598 K) 80
 

Cu2.15Zn0.85GeSe3.9 25 100 0.25 0.41 0.41 81
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Cu2Sn0.90In0.10Se3 49 150 1.10 1.52 0.49 82
 

Cu3Sb0.98Sn0.02Se4 24 200 0.96 1.10 0.50 (575 K) 33
 

Cu2CdSnSe4 24 170 0.70 0.85 0.55 83
 

AgBiSe1.98Cl0.02 21 -150 0.47 0.56 0.56 84
 

Cu3Sb0.97Al0.03Se4 20 230 1.05 1.08 0.58 (600 K) 69
 

Cu2.15Cd0.85SnSe3.9 7.9 165 0.22 0.25 0.59 85
 

Cu2.1Cd0.9SnSe4 20 155 0.48 0.55 0.59 86
 

Cu1.85Ag0.15Sn0.85In0.15Se3 46 140 0.90 1.01 0.60 87
 

Cu2Sn0.90In0.10Se3 50 150 1.13 1.12 0.68 88
 

CuBi0.875Ba0.125SeO 24 152 0.56 0.55 0.69 89
 

Cu3Sb0.98Bi0.02Se4 10 325 1.10 0.90 0.70 (600 K) 53
 

AgSb0.96Pb0.04Se2 2.3 375 0.32 0.30 0.70 90
 

Cu3Sb0.975Sn0.025Se4 23 235 1.30 1.17 0.75 20
 

Ag0.96Nb0.04BiSe2 19 -200 0.76 0.64 0.80 91
 

β-Cu2Se 24 210 1.07 0.90 0.80 92
 

β-Zn4Sb3 33 183 1.09 0.75 0.80 (550 K) 93
 

Cu3Sb0.97Ge0.03Se2.8S1.2 22 235 1.20 0.91 0.89 (650 K) 94
 

CuAgSe 10 202 0.41 0.28 0.90 (623 K) 95
 

Cu1.97S 16 210 0.70 0.52 0.91 96
 

AgSb0.99Na0.01Se2 4.4 340 0.51 0.37 0.92 97
 

Cu3Sb0.98Sn0.02Se4 29 230 1.55 1.10 0.95 32
 

AgSb0.98Ba0.02Se2 4.2 350 0.51 0.35 0.98 98
 

AgSb0.98Cd0.02Se2 5.4 325 0.57 0.37 0.98 (640 K) 99
 

Ag2Se1.08 20 -125 0.32 1.30 0.99 (400 K) 100
 

AgSb0.98Mg0.02Se2 6.7 300 0.60 0.40 1.00 98
 

AgSbSe2–ZnSe 5.0 348 0.60 0.40 1.00 101
 

Mm0.9Fe3.1Co0.9Sb12 75 202 3.06 1.96 1.05 102
 

AgBi0.5Sb0.5Se2 3.3 275 0.25 0.13 1.07 (550 K) 103
 

YbCd1.9Mg0.1Sb2 32 230 1.70 1.03 1.08 (650K) 104
 

AgSb0.98Bi0.02Se2 5.3 330 0.58 0.35 1.10 90
 

In0.27Co4Sb11.9 80 -225 4.06 2.5 1.13 105
 

Cu11MnSb4S13 28 145 0.58 0.29 1.13 (575 K) 106
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In0.2Co4Sb12 63 -245 3.77 1.95 1.20 (620 K) 107
 

In0.2Ce0.05Yb0.1Co4Sb12 44 -252 2.81 1.45 1.20 (620 K) 107
 

In0.25Co4Sb12 62 -270 4.53 2.17 1.20 (575 K) 108
 

AgSb0.99Sn0.01Se2 9.2 295 0.80 0.44 1.21 (660 K) 109
 

AgBiSe2 2.3 450 0.47 0.25 1.25 110
 

Cu3Sb0.88Sn0.10Bi0.02Se4 68 163 1.80 0.97 1.26 This work 

In0.2Ce0.15Co4Sb12 63 -240 3.65 1.63 1.40 (625 K) 107
 

(Zr0.5Hf0.5)0.5Ti0.5Ni 

Sn0.998Sb0.002 
68 -300 6.14 2.85 1.45 111

 

Ti0.5(Zr0.5Hf0.5)0.5 Ni 

Sn0.998Sb0.002 
65 -310 6.25 2.90 1.45 112

 

SnSe 30 280 2.35 0.75 2.0 113
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3.5 Conclusions 

In summary, a novel solution-based strategy to produce monodisperse CASe 

NCs and Sn- and Bi-doped CASe NCs at the gram scale was presented in this 

chapter. The effect of Sn- and Bi-doping on the TE performance of CASe 

nanomaterials obtained via hot press was discussed. Sn was demonstrated to be a 

p-type dopant which effectively helped to control charge carrier concentration. On 

the other hand, the introduction of Bi conveniently modified the electronic band 

structure of the compound resulting in higher S values. We tentatively associated 

the Bi effect to a reduction of the negative contribution of conduction electrons on 

the Seebeck coefficient, but further theoretical calculations and detailed 

experimental results are required to clarify the exact Bi role in such a complex 

system. Besides, the introduction of these impurities helped to reduce the material 

lattice thermal conductivity. By optimizing the amount of Sn in a Bi-doped material, 

ZT values up to 1.26 at 673 K were obtained for Cu3Sb0.88Sn0.10Bi0.02Se4, which is 

among the best ZT values obtained with a Pb- and Te-free material in this middle 

temperature range, with the additional advantage of the high versatility and low 

cost associated to solution processing technologies. Taking advantage of this 

processability, we fabricated innovative ring-shaped TE generators, which 

provided 1 mW of electric power per TE element with a 160 °C temperature 

gradient. 
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Chapter 4 

Thermoelectric Properties of Semiconductor-Metal 

Composites Produced by Particle Blending 

 

4.1 Abstract 

In the quest for more efficient thermoelectric material able to convert thermal to 

electrical energy and vice versa, composites that combine a semiconductor host with a 

large Seebeck coefficient and metal nanodomains that provide phonon scattering and free 

charge carriers are particularly appealing. Here, we present our experimental results on 

the thermal and electrical transport properties of PbS-metal composites produced by a 

versatile particle blending procedure, and where the metal is able to inject electrons to the 

intrinsic PbS host. We compare the thermoelectric performance of microcrystalline 

composites with those of nanocrystalline composites. The electrical conductivity of the 

microcrystalline host can be increased several orders of magnitude with the metal 

inclusion, while relatively high Seebeck coefficient can be simultaneously conserved. On 

the other hand, a nanostructured host is not able to maintain a band bending at its interface 
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with the metal and thus it is flooded with electrons, which translates into even higher 

electrical conductivities that the microcrystalline material, but much lower Seebeck 

coefficients.  

4.2 Introduction 

The cost-effective use of solid state thermoelectric devices to directly convert heat 

to electricity and vice versa requires designing and engineering more efficient materials. 

In this direction, composite materials offer several advantages.1-8 The thermal 

conductivity of composite materials can be strongly reduced with respect to their 

components by effective phonon scattering at the interfaces of two dissimilar materials. 

Additionally, high charge carrier concentrations can be reached by modulation doping, 

that is by introducing electronic doping in just one of the phases, thus minimizing the 

influence of ionized doping impurities on charge carrier transport when this takes place 

through the other phase.9 Furthermore, higher Seebeck coefficients can be obtained by 

selectively scattering low energy charge carriers at interfaces.10 Or alternatively, by 

properly selecting the constituent materials and engineering the composite, the minority 

phase can be made invisible to charge carriers.11-13 Besides, in particular cases, inclusions 

can even improve charge carrier mobility by reducing intergrain potential barriers in the 

matrix material, as recently observed in semiconductor-metal nanocomposites.14   

This last type of composite, obtained from combining a semiconductor host having 

a large Seebeck coefficient with metal inclusions, is particularly interesting. A potentially 

strong acoustic impedance mismatch between the semiconductor and the metal provides 

a very efficient interface phonon scattering. Besides, the very high density of free carriers 

in metals represents a convenient charge pool to adjust the composite charge carrier 

concentration if a proper band alignment for charge spillover exist.14, 15 Additionally, 

Schottky metal-semiconductor interfaces may effectively and preferentially scatter low 

energy carriers.10, 16 Such is the interest of this type of material, that in the last decade a 

wide spectrum of experimental results, in some cases not obviously consistent between 

each other, has been reported from numerous semiconductor-metal combinations (Table 
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4.1).  

Table 4.1 (single column). Effect of the metal on semiconductor-metal composites as reported in 

the literature. Red: worsens; green: improves; yellow: unchanged; blue: no data.14,15,17–36 κ is 

thermal conductivity, S the Seebeck coefficient, σ the electrical conductivity and, n and p are the 

carrier density according to the type of the semiconductor N or P. 

Semiconductor Metal κ S σ n/p μ Ref 

PbS (N) Ag       14 

PbTe (P) Pb       17 

Bi2Te3 (N) Au       18 

Bi2Te3 (N) Cu       19 

Bi2Te3 (N) Ag       20 

Bi2Te3 (N) Bi       21 

Sb2Te3 (P) Ag       22 

Sb2Te3 (P) Pt       23 

Bi0.5Sb1.5Te3 (N) Cu       24 

Bi0.5Sb1.5Te3 (P) Ag       25 

Bi0.5Sb1.5Te3 (P) Cu       25 

Bi2Te2.7Se0.3 (N) Pt       26 

Bi2(Te0.9Se0.1)3 (P) Cu       27 

Bi2(Te0.9Se0.1)3 (P) Zn      27 

GaAs (N) Bi       28 

GaAs (N) In       29 

FeSb2 (N) Cu       15 

FeSb2 (N) AgSb       30 

Ba0.3Co4Sb12 (N) Ag       31 

NaxCoO2 (P) Au       32 

Bi2Sr2Co2Oy (P) Ag       33 

Ca3Co409+ δ (P) Ag       34 

Ca3Co409 (P) Ag       35 

NaxCo2O4 (P) Ag       36 

 

The proper design and engineering of a semiconductor-metal composite requires not 

only to select materials with a suitable band alignment, but also to use production 

approaches that allow distributing them appropriately while controlling their composition. 

In this regard, the blending of metal and semiconductor particles in a controlled 

atmosphere represents an extremely simple methodology to produce composites with a 

huge compositional versatility and an excellent control over a number of parameters, such 

as distribution and composition of the phases. Within this approach, the particle sizes of 
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both metal and semiconductor are key parameters as they determine the final metal and 

semiconductor domain size in the composite and the metal domain density. These 

parameters not only determine the extent of phonon scattering, charge spillover or 

potential energy filtering, but also the extent that the metal influences the host 

semiconductor Fermi level, especially when employing intrinsic semiconductors as those 

required to take full advantage of the modulation doping strategy.  

We recently demonstrated that low work function metals such as Ag are able to inject 

electrons to a quasi-intrinsic and nanostructured PbS host.14 We also observed that the 

presence of Ag at the interfaces allowed reducing the energy barriers for charge transport 

between PbS grains, thus not only minimizing the influence over mobility, as in a 

conventional modulation-doping scenario, but actually improving it. In the present work, 

we demonstrate combinations of intrinsic PbS with low work function non-noble metals, 

such as copper and tin, can also provide higher thermoelectric performances. Besides, we 

compare here the results obtained from a nanocrystalline host which Fermi level should 

be pinned to the metal’s, with those of a microcrystalline host able to support the band 

bending at the metal-semiconductor interface. We demonstrate that while higher 

electrical conductivities can be reached with a more extensive distribution of metal within 

the host semiconductor, larger Seebeck coefficients can be maintained with the 

microcrystalline host. 

4.3 Experimental Section 

Chemicals and solvents: Lead (II) oxide (99.9%), elemental sulfur (99.98 %), copper (I) 

acetate (CuOAc, 97%), lithium bis(trimethylsilyl)amide (LiN(SiMe3)2, 97%), lead (II) 

sulfide (99.9%), copper (99.999%), platinum acetylacetonate (Pt(acac)2, 97%), 

manganese(0) carbonyl (Mn2(CO)10, 98%), oleic acid (OA, tech. 90%), 1-octadecene 

(ODE, 90%), oleylamine (OLA, tech. 70%), benzyl ether (98%), trioctylamine and 

lithium triethylborohydride (superhydride, Li(Et3BH), 1.0 M solution in THF) were 

purchased from Sigma Aldrich. Tin (II) chloride (SnCl2, 98%) was purchased from Strem. 

Tri-n-octylamine (TOA, 97%) was purchased from Across. Tetradecylphosphonic acid 



Chapter 4 

99 

(TDPA, 97%) was purchased from Plasma Chem. Anhydrous hexane, chloroform, toluene 

and methanol were obtained from various sources. All chemicals, except OLA were used 

as received without further purification. OLA was distillated to remove impurities. All the 

syntheses were carried out using standard airless techniques: a vacuum/dry argon gas 

Schlenk line was used for the synthesis and argon glove-box for storing and handling air 

and moisture sensitive chemicals.  

PbS nanocrystals (NCs): Cubic PbS NCs with a mean edge size of ~10 nm were prepared 

following our previously reported procedure.37 In a typical synthesis, A 1.0 M sulfur stock 

solution was prepared by dissolving sulfur powder (0.64 g, 20 mmol) in 20 ml distilled 

OLA at room temperature, and then sonicated until sulfur powder was completely 

dissolved. PbO (4.64 g, 20 mmol) and OA (50 ml, 158 mmol) were mixed with 100 ml of 

ODE (312 mmol). This mixture was degassed at room temperature for 30 min, then heated 

to 100 °C for 60 min and after that kept at 130 °C for another 30 min each to form the Pb-

OA complex. Then the solution was flushed with argon, and the temperature was raised 

to 210 °C. At this temperature, the sulfur precursor was rapidly injected. The reaction 

mixture was maintained between 195 °C and 210 °C for 5 min and then quickly cooled 

down to room temperature using a water bath. PbS NCs were thoroughly washed by 

multiple precipitation/re-dispersion steps using acetone as a non-solvent and chloroform 

as solvent. Purified NCs were dried out under vacuum and stored for further use. 

Cu NCs: Cu NCs with an average diameter of ~5 nm were prepared following the 

approach developed by Yang et al.38 In a typical synthesis, TOA (50 ml, 0.114 mol) was 

heated in a 100 ml three-neck flask to 130 °C for 30 min under Ar atmosphere. After 

cooling to RT, 5 mmol CuOAc and 2.5 mmol TDPA were added to the flask. The mixture 

was heated to 180 °C and maintained at this temperature for 30 min. Then, the reaction 

temperature was rapidly increased to 270 °C and held for additional 30 min, and then and 

then quickly cooled down to room temperature using a water bath. Cu NCs are highly air 

sensitive and easily oxidized. To avoid any possible oxidation, the NCs were purified in 

an argon filled glove box. The colloidal solution was mixed with acetone and the particles 

were precipitated through centrifugation at 7000 rpm for 5 min. The precipitate was 
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redispersed in chloroform for further use. 

Sn NCs: Sn NCs with an average diameter of ~13 nm were prepared using the method 

developed by Kovalenko et al.39 In a typical synthesis of 14 nm Sn NCs, 50 ml OLA was 

loaded into the three-neck flask and dried under vacuum at 140 °C for 60 min under 

constant stirring. After cooling of OLA down to 50°C, the flask was briefly opened to add 

1.0 mmol anhydrous SnCl2 and again dried under vacuum at 140°C for 30 min. In parallel, 

LiN(SiMe3)2 (7.2 mmol, 1.202 g) was solved in 4 ml toluene in glovebox. Then the 

temperature of SnCl2/OLA mixture was increased to 180 °C under argon, followed by the 

injection of LiN(SiMe3)2/toluene solution, and, in 10s, 1.2 mL of 1M DIBAH solution in 

THF. The solution immediately turned dark brown upon injection of DIBAH. In 10 min, 

the reaction solution was quickly cooled to room temperature using water bath. After 

cooling, to avoid any possible oxidation, the NCs were purified in an argon filled glove 

box. Sn NCs were mixed with acetone and then were precipitated through centrifugation 

at 7000 rpm for 5 min. The precipitate was re-dispersed in chloroform for further use. 

Nanocrystal blends: The blending of NCs was performed by wetting 750 mg of dried 

PbS NCs with different amounts of a solution of metal NCs in anhydrous chloroform. 

Subsequently, the solvent was allowed to evaporate under argon atmosphere.  

Microcrystal blends: Proper amounts of commercial PbS and Cu powders were mixed 

inside an argon-filled glove-box by manually grinding them with an agate mortar.  

Composites: PbS-metal blends were annealed at 450 °C for 60 min under an Ar flow 

inside a tube furnace. Then, the annealed powders were loaded into a graphite die and 

compacted into pellets (Ø10 mm×1.5 mm) in an Ar atmosphere using a custom-made hot 

press for 5 min at 420 °C and under 70 MPa pressure. The relative density of the obtained 

pellets was higher than 85% of the theoretical value in all cases. 

Structural and chemical characterization: X-ray diffraction (XRD) patters were 

obtained on a Bruker AXS D8 ADVANCE X-ray diffractometer with Cu–Kα radiation (λ 

= 0.15406 Å). Transmission electron microscopy (TEM) characterization was carried out 

on a Zeiss Libra 120, operating at 120 kV. High resolution TEM (HRTEM) images were 
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obtained using a Jeol 2010F field-emission gun microscope at 200 keV. Field-emission 

scanning electron microscopy (SEM) micrographs were obtained on Zeiss Auriga at 5.0 

kV. Composition was analyzed by means of an Oxford energy dispersive X-ray 

spectrometer (EDX) coupled to the SEM.   

Thermoelectric properties: Both the Seebeck coefficient and the electrical resistivity 

were measured simultaneously in a LSR-3 LINSEIS system under helium atmosphere. 

XFA 600 Xenon Flash Apparatus was used to determine the thermal diffusivities of the 

samples. The carrier concentration and mobility were measured using the Hall 

measurement system (PPMS-9T, Quantum Design Inc., USA) at room temperature under 

a magnetic field of 2 T. The thermal conductivity was calculated by κ = λCpρ, where λ is 

the thermal diffusivity, Cp is the heat capacity, and ρ is the mass density of the specimen. 

The specific heat (CP) was calculated by the Dulong-Petit approximation, and the density 

(ρ) values used were obtained using the Archimedes’ method. Error bars were estimated 

from the repeatability of the experimental result obtained, calculated after measuring 3 

times each parameter. 

4.4 Results and discussion 

Figures 4.1a-1d display representative TEM micrographs and the corresponding 

particle size histograms of the 10 nm cubic PbS, the 5 nm spherical Cu and the 13 

nm spherical Sn NCs obtained following the above procedures and used to produce 

semiconductor-metal nanocomposites. Figure 4.2a shows the NCs XRD patterns. 

Importantly, no secondary phases, including the corresponding oxides, were 

detected when carefully producing, manipulating and purifying the NCs in air-free 

conditions.  
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Figure 4.1. TEM micrographs of PbS (a), Cu (b) and Sn (c) NCs and the corresponding 

size histograms (d). 

 

 

Figure 4.2. a) XRD patterns of PbS, Cu and Sn NCs. The respective reference patterns are 

also plotted. b) XRD patterns of the PbS-Cu nanocomposite pellets. c) XRD patterns of the PbS-

Sn nanocomposite pellets. The reference pattern of PbS (JCPDS 00-005-0592) is also shown. 

 

PbS-Cu and PbS-Sn nanocomposites with adjusted metal concentrations were 

produced by combining purified PbS NCs with different amounts of a suspension 

of colloidal Cu or Sn NCs, respectively. To remove residual organic compounds and 

chemically and structurally stabilize the material, nanocomposites were annealed at 

450 °C for 60 min under an Ar flow. Subsequently, the annealed powders were 
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consolidated into disk-shaped pellets using a hot-press. EDX analysis showed the amount 

of Cu and Sn in the final nanocomposite to be consistent, within the experimental error, 

with the nominal composition of the nanocomposites prepared (Tables 4.1 and 4.2). This 

result was to be expected as no additional purification process was performed after the 

nanocrystal combination, and processing temperatures were not high enough for metal 

evaporation.  

Table 4.1. SEM-EDX Composition of the PbS-Cu pellets after consolidation.  

Element Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 

Pb 49.39 48.90 49.56 49.13 48.69 48.80 

S 50.61 50.99 50.04 50.15 49.28 48.45 

Cu 0 0.11 0.40 0.72 2.03 2.75 

Total PbS PbS-0.2%Cu PbS-0.8%Cu PbS-1.4%Cu PbS-4.0%Cu PbS-5.5%Cu 

 

Table 4.2. SEM-EDX Composition of the PbS-Sn pellets after consolidation. 

Element Sample 1 Sample 2 Sample 3 Sample 4 

Pb 49.39 49.45 48.69 48.14 

S 50.61 50.01 49.46 49.38 

Sn 0 0.54 1.85 2.48 

total PbS PbS-1.1%Sn PbS-3.6%Sn PbS-4.9%Sn 

 

Figures 4.2b and 4.2c show the XRD patterns of PbS-Cu and PbS-Sn nanocomposite 

pellets, respectively. Because of the low amount of metal introduced and the coincidence 

of the main x-ray diffraction peaks of the metal with those of PbS, the presence of metallic 

Cu and Sn phases was not detected by XRD. During the annealing processes, PbS grains 

were observed to grow from the initial 10 nm to around 100-200 nm (Figure 4.3a). 

However, careful HRTEM analysis showed the grains to be highly polycrystalline, with 

crystal domain sizes in the range 10-20 nm (Figures 4.3b). The coincidence of interplanar 
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spacings did not allow obtaining evidences of the presence of metallic Cu or Sn crystals 

from HRTEM and electron diffraction.  

 

Figure 4.3. a) Representative SEM micrograph of a PbS-Sn nanocomposite showing 100-200 nm 

grains. Inset shows an image of the actual pellet. b) HRTEM micrograph and power spectra of 

the PbS-Sn nanocomposite showing the material polycristallinity with crystal domain sizes in the 

range between 10 and 20 nm. 

 

The electrical conductivities (σ), Seebeck coefficients (S), thermal conductivities (κ), 

and the dimensionless thermoelectric figure of merit ZT=σS2T/  of a series of PbS-Cu 

and PbS-Sn nanocomposites with metal concentrations up to 5 mol% are displayed in 

Figures 4.4 and 4.5. The pristine PbS material was characterized by low electrical 

conductivity at ambient temperature, which, as it corresponds to an intrinsic or poorly-

doped semiconductor, strongly increased with temperature. Consistently, relatively high 

Seebeck coefficients were measured for PbS at ambient temperature. Besides, a sign 

inversion was observed at around 450 K, corresponding to a change from p-type to n-type 

conductivity. PbS–Cu and PbS–Sn nanocomposites showed significantly higher electrical 

conductivities, which increased with the metal content. For the nanocomposites with the 

highest metal contents, electrical conductivities decreased with temperature (Figures 4.4 

and 4.5a), as it corresponds to a degenerated semiconductor. This result demonstrates the 

important electronic role that Cu and Sn play on the final material. Over the entire 

temperature range measured, both PbS–Cu and PbS–Sn nanocomposites exhibited 

negative Seebeck coefficients (Figures 4.4b and 4.5b), which absolute value increased 

with temperature. This n-type behavior points towards an injection of electrons from the 

metal to the host semicondutor. Consistently with the higher electrical conductivities 
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measured, lower Seebeck coefficients were generally obtained for the nanocomposites 

when compared with the pristine PbS.  

Hall charge carrier concentration measurements provided further evidence of the 

charge carrier increase, of up to 3 orders of magnitude, obtained with the introduction of 

metal NCs. The Hall charge carrier concentrations at room temperature for PbS, PbS-Cu 

4 mol%, and PbS-Sn 3.6 mol% were p = 2 × 1016 cm−3, n = 3 × 1019 cm−3, and n = 1 × 

1019 cm−3, respectively. The majority carrier mobilities directly calculated from the 

measured electrical conductivities were μp = 14 cm2⋅V−1⋅s−1, μn = 130 cm2⋅V−1⋅s−1, and μn 

= 130 cm2⋅V−1⋅s−1, for PbS, PbS–Cu 4 mol%, and PbS–Sn 3.6 mol%, respectively. 

With the metal addition, higher thermal conductivities, which increased with the 

metal content, were obtained in the whole temperature range. This increase is associated 

with the higher electronic component of the thermal conductivity. Nevertheless, all 

nanocomposites displayed significantly higher power factors (PF=σS2) and figures of 

merit than pristine PbS (Figures 4.4c and 4.5c). Maximum ZT values were obtained for 

PbS–Cu 4.0 mol% and PbS–Sn 3.6 mol% nanocomposites, which reached ZT values up 

to 0.86 and 0.88 at 855 K (Figures 4.4f and 4.5f), respectively, that is a two-fold increase 

over pristine PbS. Higher metal concentrations provided either a too large reduction in 

the Seebeck coefficient or a too large incrase on thermal conductivity, thus decreasing the 

overal thermoelectric figure of merit. To estimate measurement accuracy and have a first 

assessment of the sample stability (Figure 4.6), all measurements were repeated at least 

three times for each sample, observing minimal variations.  
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Figure 4.4. Thermoelectric characterization of PbS–Cu nanocomposites. Temperature 

dependence of the (a) electrical conductivity, σ; (b) Seebeck coefficient, S; (c) power factor, PF; 

(d) thermal conductivity, κ; (e) lattice thermal conductivity, κL; and (f) thermoelectric figure of 

merit (ZT). Error bars were estimated from the repeatability of the experimental result obtained, 

calculated after measuring 3 times each parameter. 

 

 

Figure 4.5. Thermoelectric characterization of PbS–Sn nanocomposites. Temperature 

dependence of the (a) electrical conductivity, σ; (b) Seebeck coefficient, S; (c) power factor, PF; 

(d) thermal conductivity, κ; (e) lattice thermal conductivity, κL; and (f) thermoelectric figure of 

merit (ZT). Error bars were estimated from the repeatability of the experimental result obtained, 
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calculated after measuring 3 times each parameter. 

 

 

Figure 4.6. (a)-(c) The typical temperature dependence of the electrical conductivity (σ), Seebeck 

coefficient (S) and power factor (PF) of pristine PbS, PbS–Cu mol 4% and PbS–Sn 3.6 mol% 

nanocomposites measured 3 consecutive times during heating up to around 855 K, respectively. 

No pre-stabilization treatment was carried out before the first measurement. 

 

Figure 4.7 displays the results obtained from the thermoelectric characterization of 

PbS–Cu 4.0 mol% composites produced from commercial powders. Results are compared 

with those obtained from the PbS–Cu 4.0 mol% nanocomposite produced from colloidal 

NCs. Electrical conductivities of the pristine microcrystalline PbS were low, similar to 

those of the PbS nanomaterial, as both are intrinsic. In the high temperature range, higher 

electrical conductivities where obtained for the nanocrystalline PbS, which we associate 

to a higher density of surface defects, susceptible to be ionized in the high temperature 

range and thus providing higher carrier concentrations. With the Cu introduction, the 

electrical conductivities of the microcrystalline composite increased several orders of 

magnitude, up to 104 S m-1, but remained a factor 4 lower than those of the PbS–Cu 

nanocomposite.  

On the other hand, the Seebeck coefficients of the pristine PbS microcrystalline 

material showed a similar temperature evolution as the nanocrystalline PbS, but reached 

higher values in the high temperature range, which is consistent with the relatively lower 

electrical conductivities measured in this temperature range for the microcrystalline 

material. In the presence of copper, negative Seebeck coefficients were measured in the 

whole temperature range, which, together with the large increase of electrical conductivity, 

points toward a spillover of electrons from the metal to the host semiconductor, as in the 
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case of the PbS–Cu nanocomposite. In the microcrystalline composite however, much 

higher Seebeck coefficients than in the nanocomposite were obtained, even when 

comparing with nanocomposites having lower Cu loads and similar electrical 

conductivities. We associate the relatively lower Seebeck coefficients obtained in the 

nanocrystalline material to their charge flooding, not being able to sustain a sufficient 

band bending due to their small size and low electronic doping. In the microcrystalline 

compound, the injection of charge from copper to PbS introduces a band bending in the 

semiconductor, but still most of the PbS crystal remains quasi-intrinsic thus overall 

providing much larger Seebeck coefficients (Figure 4.8). 

 
Figure 4.7. a-d) Temperature dependence of the (a) electrical conductivity; (b) Seebeck 

coefficient; (c) thermal conductivity; and (d) thermoelectric figure of merit for microcrystalline 

PbS–Cu composites (blue squares) and PbS-Cu nanocomposites (black circles). 

 

In microcrystalline PbS, the measured Hall charge carrier concentration at 

room temperature was p = 9×1015 cm−3, just slightly lower than for nanocrystalline 

PbS. The related charge carrier mobility was μp = 28 cm2⋅V−1⋅s−1, twofold higher 

than in nanocrystalline PbS. When introducing a 4 mol% of Cu, the 

microcrystalline PbS–Cu 4 mol% composite displayed a charge carrier 
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concentration of n = 2×1018 cm−3, which was one order of magnitude lower than 

when blending the same amount of Cu with nanocrystalline PbS. From this carrier 

concentration value, the calculated mobility in the microcrystalline composite was 

3–fold larger than that of the nanocomposite, which is consistent with the higher 

crystallinity of the former. 

 

Figure 4.8. a) and b) Scheme of a semiconductor-metal nanocomposite and a microcomposite 

and the band alignments in three scenarios depending on the relative position of the 

semiconductor and metal Fermi levels. 

 

As expected, the thermal conductivities of the microcrystalline PbS and the PbS–

Cu composite were larger than those of the nanocrystalline PbS and PbS–Cu. Overall, 

while larger ZT values were obtained for the microcrystalline compound in the low 

temperature range measured, due to the much higher Seebeck coefficients provided, in 

the high temperature range, the nanocomposite was characterized by higher ZT values 

related to the lower lattice thermal conductivity due to more efficient phonon scattering 

and the higher electrical conductivities associated to a more efficient charge 

carrierinjection from the metal to the semiconductor. 
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4.5 Conclusions 

PbS–Cu and PbS–Sn composites were prepared by a facile and extremely 

versatile approach consisting on blending the proper amount of particles of each 

components and subsequently hot-pressing the resulting mixture. Compared with 

pristine PbS, PbS–metal composites exhibited much higher electrical 

conductivities and negative Seebeck coefficients in the whole temperature range, 

consistent with a spillover of electrons from the low work function metal to the 

semiconductor. Due to the strong contribution of the electronic thermal 

conductivity, the metal addition had associated an increase of the thermal 

conductivity. When comparing the thermoelectric properties of PbS–Cu 

composites with crystal domain sizes in the micrometer scale with those of 

nanocomposites with dimensions of both components in the nanometer size regime, 

we observed that with the same metal loading, higher electrical conductivities were 

reached in the nanocomposite, but higher Seebeck coefficients were maintained in 

the microcomposite. Both results were associated to a more efficient charge 

transfer from the metal to the semiconductor in the nanocrystalline materials. As 

expected, lower thermal conductivities were also measured in the nanocomposite. 

Overall, higher ZT values were measured on the microcomposite in the low 

temperature range, but higher ZT values were measured from the nanocomposites 

in the higher temperature range. Both in microcomposites and nanocomposites, a 

2–fold increase of ZT was obtained over pristine PbS. 
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Chapter 5 

Crystallographically Textured Nanomaterials Produced 

from the Liquid Phase Sintering of BixSb2-xTe3 

Nanocrystal Building Blocks 

 

5.1 Abstract  

Bottom-up approaches for producing bulk nanomaterials have traditionally lacked 

control over the crystallographic alignment of nanograins. This limitation has prevented 

nanocrystal-based nanomaterials from achieving optimized performances in numerous 

applications. Here we demonstrate the production of nanostructured BixSb2-xTe3 alloys 

with controlled stoichiometry and crystallographic texture through proper selection of the 

starting building blocks and the adjustment of the nanocrystal-to-nanomaterial 

consolidation process. In particular, we hot pressed disk-shaped BixSb2-xTe3 nanocrystals 

(NCs) and tellurium nanowires as building blocks using multiple pressure and release 

steps at a temperature above the tellurium melting point. We explain the formation of the 

textured nanomaterials though a solution-reprecipitation mechanism under a uniaxial 

pressure. Additionally, we further demonstrate these alloys to reach unprecedented 

thermoelectric figures of merit, up to ZT = 1.96 at 420 K, with an average value of ZTave 
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= 1.77 for the record material in the temperature range 320－500 K, thus potentially 

allowing up to 60 % higher energy conversion efficiencies than commercial materials. 

5.2 Introduction 

Nanostructured materials hold the key to the cost-effective use of thermoelectric 

devices in a broad range of applications. Nanomaterials are characterized by reduced 

thermal conductivities attributed to phonon scattering at grain boundaries;1, 2 the potential 

to simultaneously combine high charge carrier concentrations with large charge carrier 

mobilities through modulation doping;3-5 and the possibility to maximize the Seebeck 

coefficient by modifying the electronic band structure or through electron energy filtering 

at interphases.6, 7 However, to optimize all these properties, an exquisite control over 

nanomaterial parameters in three dimensions is necessary. Such level of control cannot 

be reached by current high throughput bulk nanomaterial fabrication technologies, such 

as mechanical grinding. Alternative vacuum-based thin film technologies are able to 

produce compositionally tuned films, but with limited thickness and at expenses of high 

production costs and low throughputs.  

Bottom-up assembly strategies that use NCs as starting building blocks allow 

producing bulk nanomaterials with parameters tuned at the nanometer-scale and in a cost-

effective manner. This approach has been successful to produce a plethora of 

nanocrystalline materials with exceptional thermoelectric properties.2, 3, 8-10 However, this 

methodology faces limitations in the production of highly anisotropic materials with 

proper crystallographic alignment, as required in numerous application fields, including 

thermoelectrics.2 

In particular, n-type Bi2Te3-xSex and p-type BixSb2-xTe3 alloys, the most ubiquitous 

thermoelectric materials operated at ambient temperature, have layered structures 

consisting of stacks of covalently bonded quintuple atomic layers, Te-Bi/Sb-Te-Bi/Sb-Te, 

that are held together by weak van der Waals interactions (Figure 5.1). Such layered 

materials are characterized by strongly anisotropic transport properties. In single crystals, 
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the electrical conductivities in the ab plane are higher than in the c direction, up to factors 

4.38 and 2.65 for Bi2Te2.6Se0.4 and Bi0.5Sb1.5Te3 respectively.11, 12 Similarly, two-fold 

higher thermal conductivities are measured within the ab plane. Even though the Seebeck 

coefficient is nearly isotropic, overall, higher thermoelectric figures of merit, up to factors 

2.17 and 1.42 for Bi2Te2.6Se0.4 and Bi0.5Sb1.5Te3, are measured in the ab plane when 

compared with the c direction. Such strong anisotropy requires producing 

crystallographically textured Bi2Te3-xSex and BixSb2-xTe3 nanomaterials to optimize their 

thermoelectric properties. 

 
Figure 5.1. Crystal structure of Sb2Te3. 

 

To generate crystallographically textured polycrystalline materials, severe plastic 

deformation approaches, such as particular extrusion strategies13, 14 and high pressure 

torsion15 have been used with some success. More conventional processes, such as hot 

press and spark plasma sintering, have been also effective in producing Bi2Te3-xSex and 

BixSb2-xTe3 polycrystalline materials with significant degrees of crystallographic 

alignment.16-18 Combining these methodologies with micropowders produced by ball 

milling, polycrystalline pellets with relatively thick layered structures, ca. 0.5-1 μm, have 

been obtained. To optimize such consolidation processes, most parameters have been 

investigated, but some controversy has arisen. As an example, it is generally assumed that 

anisotropy is stimulated by severe pressures and temperatures, but in some cases, less 

orientation at higher processing temperatures have been reported.17 In other works the 

size of the die was considered as the main parameter determining the degree of 
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crystallographic texture.16 Overall, three main conclusions have been generally accepted: 

i) crystallographically aligned Bi2Te3-xSex and BixSb2-xTe3 alloys are produced with the c 

direction oriented along the pressing direction; ii) in such materials, improved 

thermoelectric properties are measured or assumed within the ab plane when compared 

with the c direction; and iii) much room is left for improvement through optimizing these 

processes.  

Here, we detail a liquid phase sintering strategy to systematically produce 

crystallographically textured BixSb2-xTe3 materials with thin layered structures. We 

further prove that these nanomaterials are characterized by record thermoelectric figures 

of merit, although not in the ab plane, but in the c direction.  

5.3 Experimental Section 

Chemicals and solvents: Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O, ≥99.99%), 

bismuth (III) chloride (BiCl3, ≥99%). antimony (III) chloride (SbCl3, 99%), potassium 

hydroxide (KOH, ≥98%), Polyvinylpyrrolidone ((C6H9NO)n, average mol wt ~55,000), 

tellurium dioxide (TeO2, ≥99%), hydrazine monohydrate (NH2NH2·H2O, 64~65%) and 

diethylene glycol ((HOCH2CH2)2O, DEG, ≥99%) were purchased from Sigma Aldrich. 

Sodium tellurite (Na2TeO3, 99.5%) and ethylene glycol (HOCH2CH2OH, EG, 99%) were 

purchased from Fisher. Analytical grade acetone and ethanol were obtained from various 

sources. All chemicals were used as received, without further purification. 

Synthesis of BixSb2-xTe3 nanoplatelets: To produce around 5 g of BixSb2-xTe3 (x= 0, 0.4, 

0.5 and 0.6) nanoplatelets with a nominal 25% mol excess tellurium, 7.2x mmol of 

Bi(NO3)3·5H2O, [7.2·(2-x)] mmol of SbCl3, 27 mmol Na2TeO3, 72 mmol KOH and 1.44 

g PVP as stabilizing agent were dissolved in 280 mL DEG in a 500 mL three-neck flask. 

The mixture was stirred under argon atmosphere at room temperature for 20 min. Then 

the solution was heated to 190 °C, and during the heating up, at 110 °C, 10.8 mL hydrazine 

monohydrate was swiftly injected. Upon hydrazine injection, the color of the solution 

immediately changed from slightly brown to dark. The mixture was kept at 190 °C for 4 
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h and then it was naturally cooled to room temperature by removing the heating mantle. 

The solid product was collected by adding acetone to the solution and centrifuging it. In 

a second step, ethanol was used to redisperse the particles and acetone 

(Vethanol/Vacetone=1:2) to precipitate them again. In a third step, deionized water was added 

to solubilize remaining impurities and NCs were precipitated by slow centrifugation. This 

procedure was repeated twice. In a last step, particles were redispersed with ethanol and 

precipitated with acetone, like in step two. Finally, particles were dried under vacuum at 

room temperature. This synthesis protocol was optimized to produce more than 5 g of 

nanoplatelets per batch, which was the amount required for a complete characterization 

of the material at the laboratory scale. 

Synthesis of tellurium and Bi2Te3 nanowires: Tellurium and Bi2Te3 nanowires were 

prepared following the approach developed by Yue Wu et al.19 In a typical synthesis of 

tellurium nanowires, 5.6 mmol of TeO2, 37 mmol of KOH, 1.5 g of PVP, and 56 mL of 

EG were added into a 250 mL three-neck flask. The mixture was stirred and heated to 

140 °C. At this temperature, 0.87 mL of a 64~65% N2H4·H2O solution was injected into 

the flask. The reaction mixture was maintained at 140 °C for 1 h to allow all tellurium to 

be reduced. 

Bi2Te3 nanowires were produced by adding bismuth to the just formed tellurium 

nanowires produced as described in the previous paragraph. Briefly, after 1 h of reaction 

at 140 ºC to form the tellurium nanowires, the temperature of the solution was raised to 

160 °C. At this point, a hot BiCl3/EG solution was injected into the flask. This BiCl3/EG 

solution was produced by adding 3.6 mmol of BiCl3 into 15 mL of EG in a glass vial that 

was heated to 100−120 °C. The BiCl3/EG solution was allowed to react with the tellurium 

nanowires for 1 h at 160 °C. Then, the solution was naturally cooled to room temperature. 

Both, tellurium and Bi2Te3 nanowires were purified using the same procedure as 

described above for BixSb2-xTe3 NCs. 

Bulk nanomaterial consolidation: Dried BixSb2-xTe3 (x=0.4, 0.5 and 0.5) nanoplatelets 

were annealed at 350 °C for 60 min under an argon flow inside a tube furnace. The 

annealed particles, in the form of a powder, were loaded into a graphite die and compacted 
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into cylinders (Ø 10 mm×10 mm) in an argon atmosphere using a custom-made hot press. 

The hot press temperature was set at 480 ºC and pressure to 80 MPa and the amount of 

time that the material was kept in these conditions was 210 s. From these cylinders, 

rectangular bars of about 8 × 6 × 1 mm3 were cut in two directions, along the press axis 

and within the plane normal to this axis. The relative densities of the compacted pellets 

were measured by the Archimedes’ method and found to be above 90% of the theoretical 

value, when materials with an excess of tellurium where hot pressed in these conditions. 

Structural and chemical characterization: X-ray diffraction (XRD, 2θ: 20° to 80°; 

scanning rate: 5 °/min) analyses were carried out on a Bruker AXS D8 ADVANCE X-ray 

diffractometer with Cu–Kα radiation (λ= 1.5406 Å). Size and morphology of the initial 

NCs and the consolidated materials were examined by transmission electron microscopy 

(TEM) using a ZEISS LIBRA 120, operating at 120 kV and field-emission scanning 

electron microscopy (SEM) using a Zeiss Auriga at 5.0 kV. High resolution TEM 

(HRTEM) micrographs were obtained using a Tecnai F20 field-emission gun microscope 

with a 0.19 nm point-to-point resolution at 200 keV with an embedded Gatan 

QUANTUM image filter for EELS analyses. Compositions were analyzed using an 

Oxford energy dispersive X-ray spectrometer (EDX) attached to the Zeiss Auriga SEM 

at 20.0 kV. TGA-DSC was done using the NETZSCH STA 409 C/CD Instrument in the 

temperature range from 40°C to 900°C with a heating rate of 3.0 K/min under argon 

atmosphere. 

Thermoelectric property measurements: Seebeck coefficients were measured using a 

static DC method. Electrical resistivity data was obtained by a standard four-probe 

method. Both the Seebeck coefficient and the electrical resistivity were measured 

simultaneously in a LSR-3 LINSEIS system in the temperature range between room 

temperature and 498 K under helium atmosphere. All samples were measured at least 3 

consecutive times during heating up to around 498 K. Taking into account the system 

accuracy and the measurement precision, an error of ca. 4 % in the measurement of the 

electrical conductivity and Seebeck coefficient was estimated. Thermal conductivities (κ) 

were calculated from the thermal diffusivity (λ), the heat capacity (Cp) and the mass 
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density of the material (ρ), using κ= λCpρ. A Xenon Flash Apparatus XFA600 was used 

to determine the thermal diffusivities of the samples with an estimated error of ca. 5 %. 

The constant pressure heat capacity was estimated from empirical formulas by the 

Dulong–Petit limit (3R law). The density values were calculated using the Archimedes’ 

method. To avoid cluttering the plots, error bars were not included in the figures. The Hall 

carrier concentration (n) and mobility (μ) at room temperature (298 K) were measured 

with a Physical Property Measurement System (PPMS-9T, 10 % error, Quantum Design 

Inc., USA) using a magnetic field of 2 T. Values provided correspond to the average of 5 

consecutive measurements. 

5.4 Results and discussion 

BixSb2-xTe3 NCs with controlled composition were used as precursor building blocks 

to produce bulk nanocrystalline pellets. Figure 5.2a shows a representative SEM 

micrograph of the disk-shaped BixSb2-xTe3 NCs produced in diethylene glycol from 

bismuth (III) nitrate, antimony (III) chloride and sodium tellurite in the presence of 

hydrazine and PVP at 190 °C. Over 5 g of NCs per batch were produced using this 

synthetic protocol (Figure 5.3a). Composition could be easily tuned around its optimum 

value for thermoelectric applications (x=0.5) by adjusting the initial ratios of the bismuth 

and antimony precursors (Figure 5.2b and Table 5.1). In all samples, excess amounts of 

tellurium, nominally Te/(Bi+Sb) =1.875, were introduced in the reaction mixture. The 

produced nanocrystal ensemble systematically conserved the nominal Bi/Sb ratios and an 

excess of tellurium: Te/(Bi+Sb)1.7. Excess tellurium was found in the form of thin 

tellurium nanorods, segregated from BixSb2-xTe3 nanodisks, as pointed out by red arrows 

in Figure 5.2a. 
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Figure 5.2. Representative SEM micrographs (a,c) and XRD patterns (b,d) of the BixSb2-xTe3 

disk-shaped NCs used in this work, before (a,b) and after (c,d) annealing. Tellurium nanorods 

were present in samples prepared with a nominal excess of tellurium and are pointed out by arrows 

in the SEM images of the sample before and after annealing. The presence of large tellurium 

nanorods in the annealed sample is also evidenced from the XRD peak at 2θ=27.6°. 

 

 

Figure 5.3. a) NCs produced per batch. b-d) SEM images of BixSb2-xTe3 (x=0.4, 0.5 and 0.6) 

nanoplatelets with 25% excess tellurium after annealing at 350 ºC for 1 h. 

 

BixSb2-xTe3 NCs were purified by multiple precipitation and redispersion steps. 

Subsequently, they were dried and annealed at 350 °C for 60 min under argon flow inside 

a tube furnace to remove remaining organics. The annealed nanopowders still consisted 

of disk-shaped BixSb2-xTe3 NCs (Figure 5.2c and Figure 5.3b-d) and contained large 

tellurium nanorods grown during the annealing step from the excess amounts of this 

element in the original sample, as observed by SEM (Figure 5.2c) and x-ray diffraction 
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(XRD, Figure 5.2d). 

Table 5.1. SEM-EDX composition of BixSb2-xTe3 (x=0.4, 0.5 and 0.6) NCs, annealed 

nanopowders and consolidated pellets. Data was obtained from averaging 5 analyses, resulting in 

an estimated error of ca. 3 %. 

    Nominal 

 

Material 

x = 0.4 x = 0.5 x = 0.6 

Bi Sb Te Bi Sb Te Bi Sb Te 

NCs 0.43 1.57 3.42 0.52 1.48 3.26 0.61 1.39 3.38 

Nanopowder 0.42 1.54 3.39 0.52 1.48 3.25 0.60 1.39 3.33 

Pellet 0.41 1.57 3.03 0.53 1.47 2.96 0.61 1.38 297 

 

The annealed nanopowders were hot-pressed for 210 s within an inert atmosphere 

into cylindrical pellets (10 mm in diameter and 10 mm length) using 80 MPa of pressure. 

The whole procedure, lasting less than 5 minutes and requiring no vacuum and moderate 

processing temperatures, resulted in BixSb2-xTe3 cylinders with relative densities ca. 90% 

of the theoretical value, as measured by the Archimedes’ method. From these cylinders, 

rectangular bars of about 8×6×1 mm3 were cut in two directions, along the press axis, i.e. 

the cylinder length, and within the plane normal to this axis, i.e. the cylinder disk plane 

(Figure 5.4). 

 

Figure 5.4. a) Photograph of one of the cylindrical pellet produced by hot pressing and to measure 

the thermoelectric properties of the materials in the two directions. b-c) Schematic illustrations 

and photographs of the samples obtained from the cylindrical pellets and used to measure 

thermoelectric properties in both direction, parallel (b) and normal (c) to the press direction. 
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Electrical conductivities and Seebeck coefficients were always measured using rectangular 

samples. Thermal conductivities were measured from disk-shaped samples in the direction of the 

press axis and from rectangular samples in the direction normal to the press axis. 

 

The uniaxial hot press of the materials at temperatures below 400 °C resulted in 

relatively isotropic pellets containing small nanograins with random orientations (Figure 

5.5f, g). On the other hand, when hot pressing the annealed nanopowders at temperatures 

above 450 °C, pellets with strong crystallographic texture, with the [001] crystallographic 

direction oriented along the press axis, were produced (Figures 5.5a-d). Figures 5.5a-5c 

show top-view and cross-section SEM micrographs of a pellet produced from hot pressing 

BixSb2-xTe3 nanodisks at 480 °C. A laminar structure, with layer thicknesses of around 40 

nm and extending several tens and even hundreds of microns in the disk plane, was 

systematically observed in all the samples produced at this temperature.  

These layers displayed a homogeneous distribution of Bi and Sb and contained 

numerous stacking faults as observed from STEM-EELS and HRTEM characterization 

of a pellet cross-section (Figures 5.6 and 5.7). In order to study the crystal structure of the 

pellets, we obtained cross-sectional samples by using conventional mechanical thinning 

and ion milling. HRTEM analyses such as those shown in Figures 5.6 and 5.7 show the 

layered structure of a Bi0.5Sb1.5Te3 pellet. The material was found to crystallize in the 

monoclinic C12-M phase with lattice constants a=15.705 Å, b = 4.305 Å, c = 9.395 Å, α 

= γ = 90.00º and β = 90.05º,20 presenting a layered pattern along the c-axis as commonly 

found in Bi2Te3
21 or other BixSb2-xTe3 composites.22 Notice that in the later cases, the 

structure tends to crystallize in the trigonal R3-M structure instead of the monoclinic C12-

M found here. Nevertheless, both structures show clear layered patterns along the c-axis. 

Compositional analyses were performed with STEM-EELS. Bi, Te and Sb were found to 

be homogeneously distributed through the pellet. 

Figures 5.5d and 5.8 display the XRD patterns measured in two perpendicular 

orientations of the cylinder, along and normal to the press axis. The XRD pattern of the 

pellet held with the press axis normal to the support, showed a clear increase of the 

diffraction peaks corresponding to the [001] crystallographic directions with respect to 

the pattern obtained from the cylinder held planar (Figure 5.5d). 
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Figure 5.5. a) Top-view SEM micrograph of a BixSb2-xTe3 pellet produced at 480 °C. b) Cross-

section SEM micrograph of the same pellet. c) Detail of the cross-section SEM micrograph. d) 

XRD patterns of the pellet placed to have the press axis within the diffraction plane (green) and 

normal to it (blue). e) Cartoon of the liquid-assisted sintering of the NCs under uniaxial pressure. 

f) Cross-section SEM micrograph of a pellet hot-pressed at 300 °C. g) XRD patterns of the pellet 

hot-pressed at 300 °C placed to have the press axis within the diffraction plane (green) and normal 

to it (blue). 

 

 

Figure 5.6. a) HRTEM micrograph obtained on a region of the pellet showing the multiple layered 

structure of the Bi0.5Sb1.5Te3 along its [100] zone axis. The region observed presents several 

crystalline domains oriented along the basal planes. Details of the squared area and the 

corresponding indexed power spectrum are also shown. Notice that the structure present stacking 

faults. b) Areal density of Bi, Te and Sb obtained through STEM-EELS signal integration after 

background removal using Bi (N-edge), Te (M-edge) and Sb (M-edge), respectively.  
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Figure 5.7. HRTEM micrographs of two areas within the pellet cross section showing the layered 

monoclinic structure of Bi0.5Sb1.5Te3 along its [100] zone axis.  

 

 

Figure 5.8. a) XRD patterns of consolidated BixSb2-xTe3 (x=0.4, 0.5 and 0.6) pellets measured in 

the two directions, parallel and normal to the press direction. b) Detail of the same XRD patterns 

showing the systematic shift of the (0 1 5) peak with the bismuth composition (x). 

 

The excess of tellurium in the initial nanopowder was essential to produce highly 

crystallographically textured nanomaterials (Figure 5.9). During the hot press process at 

480 ºC, the excess of tellurium, ca. 8% in volume, liquefied (tellurium melting point is 

449.5 °C), creating a solid-liquid interface with two main potential consequences. 

The liquid interface reduced the interparticle friction, potentially facilitating the 
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final pellet would consist of disk-shaped NCs identical to those observed in the precursor 

nanopowders, but all aligned in one preferential direction dictated by the press axis. 

However, this was not the observed pellet nanostructure (Figures 5.5a-c). 

 

Figure 5.9. a-b) Cross-section SEM micrographs of the Bi0.5Sb1.5Te3 pellets produced without (a) 

and with (b) an excess of tellurium in the initial nanoplatelets. c) and d) XRD pattern of the 

Bi0.5Sb1.5Te3 pellet produced without and with an excess of tellurium, respectively. Red vertical 

lines correspond to the reference literature data for Sb2Te3, JCPDS NO. 01-071-0393.  

 

The tellurium liquid phase could also dissolve the randomly oriented BixSb2-xTe3 

NCs, allow a fast-atomic diffusion of the alloy elements, and feed, when oversaturated, 

the nucleation and growth of new BixSb2-xTe3 crystals oriented in a preferential direction 

dictated by the press axis. In the liquid phase sintering literature, this sintering mechanism 

is known as the solution-reprecipitation stage.23 Indeed, at 480 °C, liquid tellurium can 

dissolve around 15% of Sb and 25% of Bi. Actually, both the Sb-Te and Bi-Te systems 

have eutectic points: at 422 °C for Sb-Te with a 7.4% of Sb and at 413 °C with 10% of 

Bi in the Bi-Te system.24, 25 The dissolution of the solid in the liquid phase varies inversely 
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with the crystal size, thus smaller grains and higher energy surfaces preferentially dissolve, 

contributing to the formation of larger grains. In this Ostwald ripening scenario, randomly 

oriented small disk-shaped NCs are rapidly dissolved and larger and crystallographically 

oriented structures are produced, strongly reducing the material porosity.23, 26 Such 

nanostructure matched well with the results obtained. 

The presence of a uniaxial hydrostatic pressure during the liquid phase sintering 

decisively influenced the orientation of the growing crystals. During the solution and 

reprecipitation step, the preferred orientation of the precipitating crystals is the one that 

minimizes chemical potential required for equilibrium across the plane normal to the 

pressure axis.27 Such orientation depends on the elasticity of the material in each 

crystallographic direction, in such a way that in rather elastically anisotropic materials, 

such as BixSb2-xTe3, crystals align with the weakest crystallographic plane normal to the 

pressure axis. The layered structure of BixSb2-xTe3 crystals, with a strong bonding 

between atoms inside the ab plane and weak bonding between the layers in the c direction, 

results in a rather strong anisotropy of the elastic constants.28 In particular, the Young 

modulus of Bi2Te3 crystals in the a and b axes are close to 30% larger than in the c axis.29, 

30 Thus, during the liquid phase sintering under a uniaxial pressure, reprecipitated crystals 

would be oriented with the c direction parallel to the press axis, as we observed 

experimentally. 

The presence of a uniaxial pressure during the liquid phase sintering may not only 

introduce a preferential orientation of the reprecipitated crystals, but it may also influence 

their geometry.27, 28 In the presence of a liquid phase able to partially dissolve and 

reprecipitate the crystals, the uniaxial pressure promotes growth in its normal directions 

and aids the dissolution of the crystal in the directions parallel to this axis.27, 28 In the 

particular case of BixSb2-xTe3, already in solution, at moderate temperatures and in the 

absence of a uniaxial pressure, NCs grow faster in the ab plane than in the c-axis, thus 

acquiring flat, disk-shaped, morphologies. During the hot press process, the relative 

growth in the ab plane is much more accentuated and plates with much higher aspect 

ratios are finally obtained.  

The initial shape of the pressed NCs could influence the direction and even existence 
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of a predominant orientation of the crystal domains in the final material.31 Actually, in a 

previous work, no significant crystallographic texture was observed in pellets obtained 

from the hot press of ball milled BixSb2-xTe3 containing an excess of tellurium, even when 

using processing temperatures above the tellurium melting point.32 To determine the role 

of the geometry of the precursor nanocrystal, we hot-pressed Bi2Te3 nanorods with the 

same excess of tellurium, Te/Bi1.7, and following the exact same steps as in the case of 

BixSb2-xTe3 nanodisks (Figure 5.10).33 The polycrystalline material produced had a 

significant crystallographic texture (I(0015)/I(110)=5.6, Figures 5.11 and 5.12), but lower 

than that obtained with the BixSb2-xTe3 nanodisks (I(0015)/I(110)=7.3, Figure 5d). We also 

produced pellets by hot pressing a powder obtained from the ball milling of a commercial 

ingot and adding an excess of elemental tellurium to it. These pellets also showed some 

crystallographic alignment (I(0015)/I(110)=3.1, Figures 5.13 and 5.14), but also lower than 

the pellets produced from nanodisks (Figure 5.5d). 

 

Figure 5.10. a) Representative SEM micrograph of Bi2Te3 nanowires and the corresponding XRD 

pattern including a Bi2Te3 reference (JCPDS NO. 01-089-2009). b) TEM micrograph of tellurium 

nanowires and the corresponding XRD pattern, including a tellurium reference (JCPDS NO. 00-

004-0555). 
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Figure 5.11. XRD patterns of the Bi2Te3 (a) and Bi2Te3+Te (b) pellets placed to have the x-ray 

diffraction plane in two perpendicular directions as marked within the graph. Pellets were 

consolidated by hot pressing the nanowires at 480 °C for 210 s. Red vertical lines correspond to 

the reference literature data for Bi2Te3, JCPDS NO. 01-089-2009.   

 

 

Figure 5.12. Cross-section SEM micrographs of Bi2Te3 (a) and Bi2Te3+Te (b) nanowires hot-

pressed at 480 °C.  
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Figure 5.13. XRD patterns of a ball milled and later consolidated (hot press at 480 ºC during 210 

s) commercial ingot. a) Pellet produced from the consolidation of a Bi0.5Sb1.5Te3 nanopowder 

obtained by ball milling a commercial ingot. b) Pellet produced from the consolidation of a 

Bi0.5Sb1.5Te3+Te nanopowder obtained by ball milling a commercial ingot and adding tellurium 

nanowires to it. Red vertical lines correspond to the reference literature data for Sb2Te3, JCPDS 

NO. 01-071-0393. 

 

 

Figure 5.14. Cross-section SEM micrographs of a ball milled and later consolidated (hot press at 

480 ºC during 210 s) commercial ingot. a) Pellet produced from the consolidation of a Bi0.5Sb1.5Te3 

nanopowder obtained by ball milling a commercial ingot. b) Pellet produced from the 

consolidation of a Bi0.5Sb1.5Te3+Te nanopowder obtained by ball milling a commercial ingot and 

adding tellurium nanowires to it.  
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release step, the tellurium excess was not completely removed from the sample, probably 

due to the blocking of the escape paths within the layered structure or the plunger rod 

(Figures 5.16-5.18). Only upon multiple pressure and release steps the excess of tellurium 

could be totally ejected. Specifically, we used 5 pressure and release steps during the 210 

s that the temperature was set at 480 °C to completely get rid of the tellurium excess. A 

similar cycling uniaxial pressure was previously reported to improve crystal alignment in 

spark plasma sintered BixSb2-xTe3, having no tellurium excess.18 No inside of the involved 

mechanism was reported in this previous work. 

 

Figure 5.15. Photographs of the graphite dies and the carbon rod covered with a graphite foil after 

hot press. As indicated by the yellow and red arrows, some material was expelled out from the 

graphite die during the hot press. XRD and EDX analysis of the material spilled out confirming 

that between 70-90% of this material is tellurium. 

 

 

Figure 5.16. TGA-DSC of a Bi0.5Sb2.5Te3+Te pellet hot pressed at 480 ºC for 210 s using just one 

pressure and release step. Besides the large exothermic peak at 605 ºC associated to the melting 

of the Bi0.5Sb2.5Te3 alloy, a weak exothermic peak at ~411 ºC associated to a tellurium-rich phase 

is observed. 

 

Element Weight Atomic

Sb 22.73 24.64

Te 65.93 68.20

Bi 11.34 7.16

Sb2Te3   

Te    

In
te

ns
ity

 (
a.

u.
)

2 (Degree)

 

 

20 40 60 80
 

 

(1
 1

 0
)

(1
 0

 1
)

 

(1
 0

 0
)

Element Weight Atomic

Bi 2.55 1.57

Te 93.94 94.72

Sb 3.51 3.71



Chapter 5 

131 

 

Figure 5.17. a) SEM micrograph and SEM-EDX composition of a Bi0.5Sb2.5Te3+Te pellet hot 

pressed at 480 ºC for 210 s using just one pressure and release step. b) XRD patterns of the same 

pellet showing the presence of a weak tellurium peak at 27.5º, according to the tellurium reference 

pattern JCPDS NO. 00-004-0554.  

 

 

Figure 5.18. Temperature dependence of electric conductivity, σ (a); Seebeck coefficient, S (b); 

power factor, PF (c); thermal diffusivity, λ (d); thermal conductivity, κ (e); and thermoelectric 

figure of merit, ZT (f) of the Bi0.5Sb2.5Te3+Te pellet hot pressed at 480 ºC for 210 s using just one 
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pressure and release step.  

 

 

Figure 5.19. Temperature dependence of electric conductivity, σ (a); Seebeck coefficient, S (b); 

power factor, PF (c); thermal diffusivity, λ (d); thermal conductivity, κ (e); electrical thermal 

conductivity, κe (f); lattice and bipolar thermal conductivities, κL+κbi (g); bipolar component to 

the thermal conductivity, κbi, estimated as the difference between κ- κe and a linear fitting of κ-κe 

as a function of 1/T in the low temperature range (h) and thermoelectric figure of merit, ZT (i) of 

BixSb2-xTe3 (x=0.4, 0.5 and 0.6) samples measured in the direction parallel to the press axis. The 

plotted data values were obtained by averaging the experimental data measured from five samples 

having approximately the same composition. 
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fact to a more optimum charge carrier concentration in this sample. This result is 
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devices. Figure 5.21 shows the electrical conductivity, σ; Seebeck coefficient, S; power 

factor, PF; thermal conductivity, κ; lattice and bipolar thermal conductivity, κL + κbi = κ
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－ κe, and overall thermoelectric figure of merit, ZT=S2σT/κ, of the Bi0.5Sb1.5Te3 

nanomaterial hot pressed at 480 °C and measured in two directions, parallel and normal 

to the press axis (Figure 5.4). Displayed results were obtained from averaging 

experimental data from five different pellets (Figure 5.25). These results are compared in 

Figure 5.21 with those obtained from a pellet produced with the exact same material, but 

hot pressed at a lower temperature, 300 °C, and a commercial ingot measured in the 

cleavage plane (ab) and its normal direction (c). 

The nanomaterials hot pressed at 300 °C showed relatively low electrical 

conductivities (Figure 5.21a). Such low electrical conductivities were associated to a 

strong scattering of charge carriers at the ubiquitous grain interfaces of these materials. 

Additionally, these materials had lower relative densities than materials hot pressed at 

higher temperatures and contained an excess amount of tellurium which had not been 

expelled during the hot-press step.  

On the other hand, nanomaterials hot-pressed at 480 °C showed very high electrical 

conductivities, comparable to those of the commercial sample. As expected, the electrical 

conductivities measured in the disk plane where higher than those obtained in the press 

direction (σab/σc = 1.6 at 320 K). Such high electrical conductivities have been previously 

measured in samples processed in an excess of tellurium and were related to two main 

factors:31, 34 i) an increase (over materials with similar Bi/Sb ratios) of the hole 

concentration associated to a modification of the antisite and vacancy defects due to the 

tellurium excess;33 ii) formation during the liquid phase sintering of semicoherent grain 

boundaries having a minimal effect on hole scattering.31  

Hall measurements of a series of five hot-pressed Bi0.5Sb1.5Te3 nanomaterials 

measured three times showed the average charge carrier concentrations to be p = 5  3 

x1019 cm-3, i.e. sensibly higher than that of the commercial material p = 1.0  0.5 x1019 

cm-3. The mobilities measured in the plane normal to the press axis were on average a 

factor 1.6 higher than those measured in the press axis direction.  
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Figure 5.20 Temperature dependence of electric conductivity, σ (a); Seebeck coefficient, S (b); 

power factor, PF (c); thermal diffusivity, λ (d); thermal conductivity, κ (e); electrical thermal 

conductivity, κe (f); lattice and bipolar thermal conductivities, κL+κbi (g); bipolar component to 

the thermal conductivity, κbi, estimated as the difference between κ- κe and a linear fitting of κ-κe 

as a function of 1/T in the low temperature range (h) and thermoelectric figure of merit, ZT (i) of 

BixSb2-xTe3 (x=0.4, 0.5 and 0.6) samples measured in the plane normal to the press axis. The 

plotted data values were obtained by averaging the experimental data measured from five samples 

having approximately the same composition. 
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associated to the higher charge carrier concentration, the excess of tellurium during the 

consolidation step could also reduce the density of tellurium vacancies, an n-type defect, 

thus additionally decreasing the extent of the bipolar effect and shifting to even higher 

temperature the ZT maximum. 

Seebeck coefficients measured in each of the two directions were very similar (Sc/Sab 

= 1.07 at 320 K), as expected from the reduced anisotropy of this parameter already 

reported for single crystals (Sc/Sab = 1.02).11 Nevertheless, the coefficients measured in 

the press axis direction were slightly higher, which could point at some extend of selective 

scattering of the minority carriers at the crystal interfaces in the c direction. 

 

Figure 5.21. Thermoelectric properties of Bi0.5Sb1.5Te3 nanomaterial hot pressed at 480 °C (blue 

squares) measured in two directions, parallel (open squares) and normal (solid squares) to the 

press axis (data were obtained from averaging the data values experimentally measured from 5 

samples); Bi0.5Sb1.5Te3 nanomaterial hot pressed at 300 °C (red triangles); and a commercial ingot 

(black circles) measured in two directions, parallel (solid circles) and normal (open circles) to the 

cleavage direction. a) Electrical conductivity, σ; b) Seebeck coefficient, S; c) power factor, PF, d) 

thermal conductivity, κ; e) lattice and bipolar thermal conductivity, κL+ κbi = κ- κe; and f) 

thermoelectric figure of merit, ZT. 
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pressed at 480 °C, the thermal conductivity was particularly low in the direction of the 

press axis (κab/κc = 1.64 at 320 K), where a higher density of interfaces and stacking faults 

existed. In this direction, the thermal conductivity of this nanomaterial became 

comparable to that measured on the pellet hot pressed at 300 °C containing a random 

distribution of very small crystals. When taking into account the correction for the 10% 

porosity measured, i.e.a factor 1.33, the lowest lattice thermal conductivities that we 

measured at room temperature (0.43 Wm-1 K-1) were slightly above the amorphous limit 

for Bi2Te3 (0.31 Wm-1 K-1),35 and clearly above those estimated for highly defective 

Bi2Te3 (ca. 0.17 Wm-1K-1),36 or for very small Bi2Te3 nanograins (0.12 Wm-1K-1) 37 and 

those measured for stacked Bi2Te3 2D films at room temperature (0.1 Wm-1K-1).37  

Thermal conductivities decreased with increasing temperature in the low 

temperature range and stabilized or increased in the high temperature range, when the 

bipolar contribution became significant (Figures 5.21e). Consistently with previous 

observations,38 the bipolar contribution to the thermal conductivity was lower in the 

nanomaterial than in the commercial sample, which was attributed to a combination of 

the higher majority carrier concentration, the suppression of a source of minority carriers, 

such as tellurium vacancies, and the scattering of minority carriers at crystal interfaces or 

planar defects such as stacking faults.  

Overall, the thermoelectric figures of merit of the nanomaterial hot pressed at 480 °C 

were significantly higher than those of the commercial sample (Figure 5.21f). In particular, 

in the direction of the press axis, i.e. c, the combination of a high electrical conductivity, 

a notable Seebeck coefficient and a very low thermal conductivity resulted in 

thermoelectric figures of merit up to ZT = 1.96 at 420 K for the record material and ZT = 

1.83 when averaged for 5 pellets. Dispersion of results provided from a dispersion of the 

charge carrier concentration in the samples. These values are the highest thermoelectric 

figure of merit reported in the ambient temperature range (Figure 5.22). Importantly, these 

high thermoelectric figures of merit were sustained in an extended temperature range. The 

average ZT, calculated over 180 K, from 320 K to 500 K, was ZTave=1.77 for the record 

material and ZTave=1.65 when averaging for 5 pellets. These values translated in potential 

energy conversion efficiencies up to 60% higher than those of commercial materials as 
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shown in the following39, 40 

 

Figure 5.22. State-of-the-art ZT values and average ZT values for p-type Bi2Te3-based alloys.32, 

34, 38, 41-56 Our data is named as “average ab”, “average c” and “record c”, corresponding to the 

values obtained from averaging the experimental data measured from five different samples in 

the two directions (perpendicular (ab) and parallel (c) to the press axis), and to the record materials 

(among the five samples) measured in the direction parallel to the press axis, respectively. 
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systematically lower than those in the c direction (Figure 5.21f). This was somehow 

unexpected, since higher ZT values have been generally measured or assumed in the ab 

plane for single crystals and partially oriented polycrystalline materials.11, 15 The general 

assumption that the figures of merit in the ab plane must be higher than those in the c 

direction explain that in several previous works only the thermoelectric properties in the 

ab plane were measured, when possibly higher figures of merit would have been obtained 

in the normal direction.38, 57 

Finally, we want to highlight that the nanocrystalline BixSb2-xTe3 materials presented 

here showed good stability even when heated up to relatively high temperature (500 K) 

and during prolonged periods of time, as can be seen in Figures 5.23 and 5.24. 

 

Figure 5.23. Time evolution of the electric conductivity (σ), Seebeck coefficient (S), power factor 

(PF) and temperature (T) of Bi0.5Sb1.5Te3 during a 60 h test. 

 

 

Figure 5.24. Temperature dependence of the electrical conductivity, σ (a), Seebeck coefficient, S 

(b), and power factor, PF (c) of Bi0.5Sb1.5Te3 pellets measured in 5 consecutive up-down cycles 

during the heating up from room temperature to 498 K. No pre-stabilization treatment was carried 

out before the first measurement.  
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Figure 5.25. Temperature dependence of electric conductivity, σ (a); Seebeck coefficient, S (b); 

thermal conductivity, κ (c); and TE figure of merit, ZT (d) of five Bi0.5Sb1.5Te3 pellets measured 

in the direction parallel and normal to the pressing direction. Data from the 5 samples is plotted 

with black crosses, and red and blue color lines display the average values. 
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In this work, average ZT values were calculated in the range from 320 K to 500 K 

by integrating the ZT values curve interpolated with a spline function and dividing the 

obtained area by the temperature difference (180 K). For this calculated we used the mean 

values from the experimental data measured from five samples having approximately the 

same composition. 

𝑍𝑇𝑎𝑣𝑒 =
∫ 𝑍𝑇𝑑𝑇

𝑇𝑓

𝑇0

∆𝑇
 

From this calculation, the average ZT obtained in the c direction from the bottom-up 

nanomaterial was:  

ZTave=1.65. 

The average ZT obtained from the commercial sample was: 

ZTave=0.84 

The maximum efficiency based on cumulative temperature-dependent properties was 

calculated from:39, 40 

𝑚𝑎𝑥 = 𝑐

√1 + 𝑍𝑇𝑒𝑛𝑔(𝛼 𝑐
⁄ − 1 2⁄ ) − 1

𝛼 (√1 + 𝑍𝑇𝑒𝑛𝑔(𝛼 𝑐
⁄ − 1 2⁄ ) + 1) − 𝑐

 

with 

ZT𝑒𝑛𝑔 =
(∫ 𝑆(𝑇)𝑑𝑇

𝑇ℎ

𝑇𝑐
)

2

∫ 𝜌(𝑇)𝑑𝑇
𝑇ℎ

𝑇𝑐
∫ (𝑇)𝑑𝑇

𝑇ℎ

𝑇𝑐

∆𝑇 

𝑐 =
𝑇ℎ − 𝑇𝑐

𝑇ℎ
 

α =
𝑆(𝑇ℎ)∆𝑇

∫ 𝑆(𝑇)𝑑𝑇
𝑇ℎ

𝑇𝑐

 

From these equations, the maximum efficiency obtained in the c direction from the 

bottom-up nanomaterial considering Th=500 K and Tc=320 K was: 


𝑚𝑎𝑥

= 10.4 %. 

The maximum efficiency from the commercial sample considering Th=500 K and Tc=320 

K was: 


𝑚𝑎𝑥

= 7.1% 
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5.5 Conclusions 

In this chapter, we demonstrated the production of crystallographically textured 

BixSb2-xTe3 bulk nanomaterials with record thermoelectric figures of merit: ZT = 1.96 for 

the record sample and ZT = 1.83 when averaged over five materials at 420 K. These high 

ZT values also extended over a larger temperature range, resulting in ZT values averaged 

over 180 K as high as: ZTave = 1.77 for the record material and ZTave = 1.65 as the mean 

value from 5 samples. These unprecedented figures of merit were obtained in the c 

direction, in contrast with most previous works measuring or assuming better 

thermoelectric performances in the ab plane. Our procedure was based on several key 

parameters: i) the use of p-type BixSb2-xTe3 disk-shaped NCs having controlled 

composition; b) the uniaxial hot press of the NCs containing an excess of tellurium 

homogeneously distributed across the material; and c) the use of a proper hot press 

temperature and processing steps to ensure a proper liquid-assisted sintering and the 

complete removal of the tellurium excess. 
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Chapter 6 

High Thermoelectric Performance in Crystallographically 

Textured n-type Bi2Te3-xSex Produced from Asymmetric 

Colloidal Nanocrystals 

 

6.1 Abstract 

In this chapter, we demonstrate n-type Bi2Te3-xSex alloys with record thermoelectric 

(TE) figures of merit by consolidating disk-shaped Bi2Te3-xSex colloidal nanocrystals 

(NCs) with controlled composition into crystallographically textured nanomaterials. 

Crystallographic texture was achieved by hot pressing the asymmetric NCs in the 

presence of an excess of tellurium which acted both as lubricant to facilitate rotation of 

NCs lying mostly normal to the pressure axis and as solvent that habilitate the dissolution 

and reprecipitation of the NCs aligned in the pressing direction. NC-based Bi2Te3-xSex 

nanomaterials showed very high electrical conductivities associated to large charge 

carrier concentrations, n. Such large n resulted from the presence of an excess of tellurium 

during processing, which introduced a high density of donor TiBi anitistes. Additionally, 
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the presence of traces in between grains of elemental Te, a narrow band gap 

semiconductor with a work function well below Bi2Te3-xSex, might further contribute to 

increase n, though spillover over of electrons, while at the same time blocking phonon 

propagation and hole transport through the nanomaterial. NC-based Bi2Te3-xSex 

nanomaterials were also characterized by very low thermal conductivities in the pressing 

direction, which resulted in ZT values up to 1.31 at 438 K in this direction. This 

corresponds to a ca. 40 % enhancement in ZT compared to commercial ingots. 

Additionally, high ZT values were extended over larger temperature ranges due to 

reduced bipolar contribution to the Seebeck coefficient and the thermal conductivity. Thus, 

ZT values of up to 1.15 when averaged over a wide temperature range, 320 k to 500 K, 

were measured, what represents a 50 % increase over commercial materials in the same 

temperature range. Contrary to most previous works, higher ZT values were obtained in 

the pressing direction, corresponding to the c crystallographic axis, due to the 

predominance of the thermal conductivity reduction over the electrical conductivity 

difference when comparing the two crystal directions.  

 

6.2 Introduction 

The recovery of the huge amounts of energy wasted in the form of heat in 

transportation and in all industrial and domestic processes is an extremely appealing 

pursuit both from economic and environmental points of view.1, 2 This goal requires the 

use of a distributed network of modular and cost-effective systems that convert 

temperature gradients into electricity. With the steam turbines being not suitable for small 

scale and portable generation, solid state thermoelectric (TE) devices become a 

worthwhile alternative. TE devices contain n-type and p-type semiconductors connected 

thermally in parallel and electrically in series. They can be manufactured with virtually 

any size, are highly durable and can be adapted to harvest energy from any temperature 

gradient.1, 3 However, their widespread implementation requires improving their cost-

effectiveness by increasing energy conversion efficiency and/or reducing manufacturing 
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costs. 

The energy conversion efficiency of a TE device can be analytically expressed in 

terms of the temperature at the hot and cold sides and a unique dimensionless TE figure 

of merit, ZT=σS2T/κ, where T is the absolute temperature, σ - the electrical conductivity, 

S - the Seebeck coefficient and κ-the thermal conductivity.2, 4-6 Nanostructured materials 

have been proven successful in meeting the very demanding set of interrelated properties 

that maximize this figure of merit, i.e. high σ and S, and low κ. An additional advantage 

of nanomaterials is their superior mechanical robustness as compared to fragile single 

crystals.7, 8 

NC-based bottom-up strategies allow combining a delicate control over material 

parameters with high production throughputs suitable for cost-effective bulk 

manufacturing.4, 9-12 In this regard, they might offer certain advantages over current 

nanomaterial fabrication methods, which lack sufficient control over material parameters 

(e.g. ball milling)13 and/or are eventually too costly for industrial manufacturing (e.g. 

vacuum-based thin film technologies).14  

Bi2Te3-based alloys are the most widely used TE materials for operation at ambient 

temperatures, being commercialized for refrigeration and used in radioisotope TE 

generation systems since several decades ago.15, 16 In recent years, great progress has been 

made in improving the figure of merit of the p-type Bi2Te3-based alloy,3, 13, 17-21 reaching 

record ZT values up to 1.96 at 420 K and of 1.77 when averaged over a wide temperature 

range 320﹣500 K.17 On the other hand, the performance of n-type Bi2Te3-based materials 

lags substantially behind, with ZT values just above 1.22-26  

Structurally, Bi2Te3 crystallizes in a rhombohedral crystal phase (𝑅3̅𝑚 space group) 

and can be viewed as a layered material consisting of stacked quintuple layers Te-Bi-Te-

Bi-Te along the c-axis.27 Quintuple layers are bonded together by weak van der Waals 

interactions. Such structure is characterized by highly anisotropic transport properties. In 

n-type Bi2Te2.6Se0.4 single crystals, the electrical and thermal conductivities in the ab 

plane are ~4.38 times and over 2 times higher than along the c axis, respectively.28  

The strong anisotropy of its transport properties requires producing Bi2Te3-xSex 
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nanomaterials with proper crystallographic texture. Such textured Bi2Te3-xSex samples 

have been produced using a variety of strategies, 24, 29-33 but without significantly 

increasing the material figure of merit over un-textured samples, probably due to a lack 

of the simultaneous optimization of the microstructure, composition and point defects. 

In this chapter, we demonstrate that using asymmetric colloidal Bi2Te3-xSex NCs with 

controlled composition (x = 0, 0.2, 0.3, 0.4, 0.5 and 0.7) and a proper consolidation 

process, highly textured nanomaterials with high relative densities and record TE figures 

of merit can be produced.  

6.3 Experimental Section 

Chemicals and solvents: Bismuth (III) nitrate pentahydrate (Bi (NO3)3·5H2O, ≥99.99%), 

sodium selenite (Na2SeO3, ≥98%), potassium hydroxide (KOH, ≥98%), and 

polyvinylpyrrolidone (PVP, (C6H9NO) n, average mol wt ~55,000) were purchased from 

Sigma Aldrich. Sodium tellurite (Na2TeO3, 99.5%) and ethylene glycol (EG, 

HOCH2CH2OH, 99%) were purchased from Fisher. Analytical grade acetone and ethanol 

were obtained from various sources. All chemicals were used as received without further 

purification. Syntheses were carried out using a standard vacuum/dry argon Schlenk line. 

Synthesis of Bi2Te3-xSex NCs with Te excess: In a typical synthesis of 5 mmol of Bi2Te3-

xSex (x=0, 0.2, 0.3, 0.4, 0.5) NCs with a 25 mol% excess of Te, 10 mmol Bi(NO3)3·5H2O, 

5x mmol of Na2SeO3, [5×(3-x)×(1+0.25)] mmol of Na2TeO3, 50 mmol of KOH and 0.5 

g of PVP were dissolved in 200 ml of EG within a 500 ml three-neck flask by stirring 

under argon atmosphere at room temperature for 20 min. Then the solution was heated to 

185 ºC. During this process, above 150 ºC, the color of the solution gradually changed 

from slightly brown to black. Finally, the reaction mixture was kept at 185 °C for 3 h. 

After this time, the solution was naturally cooled to room temperature by removing the 

heating mantle. NCs were purified in a multi-step process using various solvents to 

remove the different impurities. Notice that a proper NC purification was essential to 

produce nanomaterials with optimized TE properties. In a first step, the solid product was 
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collected by adding acetone to the solution and centrifuging it. In a second step, ethanol 

was used to redisperse the NCs and acetone (Vethanol/Vacetone=1:2) to precipitate them again. 

In a third step, deionized water was added to solubilize remaining impurities and NCs 

were precipitated by slow centrifugation. This 3rd step was repeated twice. In a last step, 

NCs were redispersed with ethanol and precipitated with acetone, like in step two. Finally, 

NCs were dried under vacuum at room temperature. This synthesis protocol was 

optimized to produce almost 4 g of NCs per batch, which was the amount required for a 

complete characterization of their TE properties at the laboratory scale. 

Bulk nanomaterial consolidation: Dried Bi2Te3-xSex (x=0, 0.2, 0.3, 0.4, 0.5 and 0.7) NCs 

were annealed at 350 °C for 60 min under an Ar flow inside a tube furnace. The annealed 

NC, in the form of a powder, were loaded into a graphite die and compacted into cylinders 

(Ø 10 mm×10 mm) using a custom-made hot press. This process was carried out within 

a glove box having an argon atmosphere. The hot press temperature was set at 480 ºC and 

pressure was increased up to 70 MPa and released for 5 times during the 210 s that the 

material was kept at 480 ºC. This pressure cycling was found fundamental to remove the 

excess of tellurium from the sample and to reach proper crystal texture. When materials 

with an excess of tellurium were hot pressed in these conditions, the relative densities of 

the compacted pellets were measured by the Archimedes’ method and found to be around 

92 % of the theoretical value. From these cylinders, rectangular bars of about 8 × 6 × 1 

mm3 were cut in two normal directions, along the pressing direction and within the 

cylinder plane.  

Structural and chemical characterization: X-ray diffraction (XRD, 2θ angle: 20° to 80°; 

scanning rate: 5 °/min) analyses were carried out on a Bruker AXS D8 ADVANCE X-ray 

diffractometer with Cu–Kα radiation (λ= 1.5406 Å). Size and morphology of initial NCs 

were examined by transmission electron microscopy (TEM) using a ZEISS LIBRA 120, 

operating at 120 kV, and field-emission scanning electron microscopy (SEM) on an 

Auriga Zeiss operated at 5.0 kV. Electron energy loss spectroscopy (EELS) analysis were 

carried out using a Tecnai F20 field-emission gun microscope at 200 keV with an 

embedded Gatan QUANTUM image filter. The material composition was analyzed using 
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an Oxford energy dispersive X-ray spectrometer (EDX) attached to a Zeiss Auriga SEM 

at 20.0 kV.  

Thermoelectric property measurement: Seebeck coefficients were measured by using a 

static DC method. Electrical resistivity data was obtained by a standard four-probe 

method. Both the Seebeck coefficient and the electrical resistivity were measured 

simultaneously in a LSR-3 LINSEIS system in the temperature range between room 

temperature and 498 K, under helium atmosphere. At each temperature, 3 measurements 

were taken. Taking into account the system accuracy and the measurement precision, an 

error of ca. 4 % in the measurement of the electrical conductivity and Seebeck coefficient 

was estimated. The thermal conductivity was calculated by κ= λCpρ, where λ is the 

thermal diffusivity, Cp is the heat capacity, and ρ is the mass density of the specimen. A 

XFA 600 Xenon Flash Apparatus was used to determine the thermal diffusivities (λ) of 

the samples with an estimated error of ca. 5 %. The constant pressure heat capacity (Cp) 

was estimated from empirical formulas by the Dulong–Petit limit (3R law), and the 

density (ρ) values used here were calculated using the Archimedes’ method. To avoid 

cluttering the plots, error bars were not included in the figures. Hall charge carrier 

concentrations (nH) and mobilities (μH) at room temperature (300 K) were measured with 

a Physical Property Measurement System (PPMS-9T, 10 % error, Quantum Design Inc., 

USA) using a magnetic field of 2 T. Values provided correspond to the average of 5 

consecutive measurements. 
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6.4 Results and discussion 

 

Figure 6.1. Representative SEM micrographs of Bi2Te3-xSex NCs synthesized at the 25 mol% 

excess of Te: (a), (b) x = 0; (c), (d) x = 0.2; (e), (f) x = 0.3; (g), (h) x = 0.4; (i), (j) x = 0.5 and (k), 

(l) x = 0.7.  

  

Bi2Te3-xSex NCs with variable composition (x=0, 0.2, 0.3, 0.4, 0.5 and 0.7) were 

produced in EG at 185 °C by reacting bismuth (III) nitrate with sodium selenite and 

sodium tellurite in the presence of PVP. NC composition could be conveniently tuned by 

adjusting the initial ratios of Se and Te precursors (Table 6.1). This synthetic protocol, 

including the purification step, was characterized by material yields above 95 % and it 

was optimized to produce ca. 4 g of NCs per batch. Figure 6.1 shows representative SEM 
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micrograph of the disk-shaped Bi2Te3-xSex NCs obtained following this procedure. As 

measured from SEM, NCs had average lateral dimensions of around 480  100 nm and 

an average thickness of 35  8 nm. Excess amounts of Te, nominally 25 mol%, were 

introduced in the reaction mixture. This Te excess was found in the form of thin Te 

nanorods segregated from Bi2Te3-xSex nanodisks (Figure 6.1). 

Bi2Te3-xSex NCs were purified by multiple precipitation and redispersion steps using 

different solvents, as detailed in the experimental section. Subsequently, they were dried 

and, to remove any remaining trace of surfactant, were annealed at 350 °C for 60 min 

under argon flow inside a tube furnace. The annealed nanopowders still consisted of disk-

shaped Bi2Te3-xSex NCs (Figure 6.2), but the NC edges became smoother and the lateral 

size and thickness slightly increased with the thermal treatment. The size of the Te 

nanorods particularly increased as observed in Figures 6.2d and 2f.  

 

Figure 6.2. a-f) SEM images of Bi2Te3-xSex (x=0, 0.2, 0.3, 0.4, 0.5 and 0.7) NCs with 25% excess 

tellurium after annealing at 350 ºC for 1 h. 

 

SEM-EDX analysis showed the NC composition, particularly the Bi:Se ratios, to 

precisely follow the nominal values (Table 6.1), both before and after the annealing 

treatment. However, the excess of Te was measured at around 20 mol% instead of the 

nominal 25 mol% also both before and after annealing. 
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Table 6.1. SEM-EDX composition (related to Bi = 2) of Bi2Te3-xSex (x=0, 0.2, 0.3, 0.4, 0.5 and 

0.7) NCs, annealed nanopowders and consolidated pellets. Data was obtained from averaging 

several analyses, resulting in an estimated error of ca. 2 %. 

Nominal 

 

Material 

x = 0 x = 0.2 x = 0.3 x = 0.4 x = 0.5 x = 0.7 

Te Se Te Se Te Se Te Se Te Se Te Se 

NCs 3.60 0.0 3.19 0.19 3.12 0.29 3.09 0.40 3.01 0.50 2.90 0.71 

Nanopowder 3.58 0.0 3.20 0.20 3.11 0.29 3.08 0.39 3.00 0.51 2.89 0.72 

Pellet 3.04 0.0 2.79 0.20 2.73 0.30 2.61 0.39 2.48 0.46 2.30 0.73 

 

XRD analyses of the initial NCs and the annealed nanopowder showed no secondary 

phases (Figure 6.3), not even elemental Te. XRD patterns clearly shifted to higher 

diffraction angles when increasing the Se concentration, as it corresponds to a lattice 

contraction due to the substitution of Te by Se atoms, which evidenced the presence of 

increasing amounts of Se within the alloy crystal lattice.   

 

Figure 6.3. XRD patterns of Bi2Te3-xSex (x=0, 0.2, 0.3, 0.4, 0.5 and 0.7) NCs before (a) and after 

(b) annealing at 350 °C for 60 min. Detail of the same XRD patterns showing the systematic shift 

of the (0 1 5) peak with the Se composition (x) is also provided. The standard Bi2Te3 diffraction 

pattern (JCPDS NO. 01-089-2009) is also included as reference. 

 

Annealed Bi2Te3-xSex nanopowders were hot-pressed within an inert atmosphere into 

cylindrical pellets (10 mm in diameter and 10 mm height). The process temperature was 

set at 480 °C. Pressure, 70 MPa, was applied and released for 5 times during the 210 s 

that the material was kept at 480 ºC. This overall process resulted in Bi2Te3-xSex cylinders 
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with relative densities of ca. 92 % of the theoretical value, as measured by the Archimedes’ 

method.  

XRD analysis of the cylindrical pellets hold in two perpendicular directions, with the 

cylinder plane normal and parallel to the diffraction plane, demonstrated the consolidated 

material to be characterized with a significant crystallographic texture, with the [001] 

crystallographic direction oriented along the pressing direction (Figure 6.4).  

 

Figure 6.4. Left: XRD patterns of consolidated Bi2Te3-xSex (X=0, 0.2, 0.3, 0.4, 0.5 and 0.7) pellets 

measured in the two directions, parallel and normal to the press direction; Right: detail of the same 

XRD patterns showing the systematic shift of the (0 0 15) and (0 1 5) peaks with the Se composition 

(x). 

 

SEM micrographs of the pellet cross-section along the pressing direction showed the 

consolidated material to have a laminar microstructure, with Bi2Te3-xSex layers extending 

several microns in the cylinder plane directions and with thicknesses of ca. 50 nm (Figure 

6.5). Top-view, from the pressing direction, SEM micrographs showed the grains to 

partially conserve the precursor disk-like geometry, but to have significantly grown in the 

lateral direction during the hot press process. 
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Figure 6.5. Top-view (a) and cross-section (b) SEM micrographs of a Bi2Te2.7Se0.3 pellet. c) 

Cartoon of the mechanism of formation of the crystallographically textured polycrystalline 

material from the hot pressing of Bi2Te3-xSex nanodisks under an excess of Te. The rotation of the 

disks aligned close to normal to the pressure axis and the dissolution and reprecipitation within 

the liquid Te of the disks aligned close to the pressing direction is represented. 

  

The presence of an excess of Te during the hot press step was essential to produce 

highly textured nanomaterials. Te liquified during the consolidation process, aiding both 

the rotation of the Bi2Te3-xSex disks and their dissolution and reprecipitation. 

Under a uniaxial pressure, the alignment of the disks with the c direction along the 

pressure axis is driven by a minimization of both the system entropy and the energy 

related to the stress accommodation, being the c direction the one with the lowest elastic 

modulus.  

On the other hand, Bi has a relatively high solubility within liquid Te at the hot 

pressing temperature (480 ºC), which promotes the dissolution and reprecipitation of the 

disks.34 Dissolution takes place preferentially at the highest energy facets, i.e. those 

normal to the ab plane, and is aided in the pressing direction by the created stress.35-36 

When reprecipitating, Bi2Te3-xSex crystals naturally grow forming plates that extend 

along the ab crystal plane. The presence of a uniaxial pressure favors growth in the 

direction normal to the pressure axis. At the same time, to minimize energy under the 
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uniaxial pressure, reprecipitating crystals align with their minimum elastic modulus, i.e. 

the c direction, along the direction of the stress. Thus, plates with the c direction along 

the pressure axis are produced. 

Overall, both mechanisms might have taken place simultaneously. Disk-shaped NCs 

already lying close to normal to the pressure axis might rotate and grow in the ab 

directions from ions present in the liquid tellurium that provide from the dissolution of 

NCs that lied mostly parallel to the pressure axis (Figure 6.5c). 

While the presence of liquid Te was essential to obtain highly textured nanomaterials, 

materials with close to stoichiometric cation: anion ratios are required to achieve optimum 

TE properties. Therefore, the removal of the excess of Te during the consolidation process 

was critical. Conveniently, the excess amount of Te was expelled through the die-plunger 

interface during the hot pressing, as observed by careful analysis of the plunger insertion 

region of the die (Figure 6.6). However, the complete removal of Te required cycling up 

and down the pressure several times during the 210 s that the material was at 480 °C. This 

pressure cycling and Te removal also aided texturization. That is, higher texture degrees 

were obtained when cycling pressure than when maintaining it fixed. We hypothesize that 

better texturing with cycling and proper Te removal might be in part associated to a lower 

amount of liquid material randomly crystallizing during the cooling down process. 

Additionally, the overall compression and decompression of the pellet during each cycle, 

extending ca. 1 μm, could also help in the rotation and reorientation of the NCs. 

Within its experimental error, EDX analysis of the consolidated samples showed 

them to have close to stoichiometric cation: anion ratios (Table 6.1) with Te: Se ratios 

closely following the nominal compositions once the excess of Te was removed. However, 

careful STEM-EELS analysis of a thinned cross section of the pellet demonstrated the 

presence of abnormally large amounts of Te at a significant number of crystal interfaces 

(Figure 6.7). 
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Figure 6.6. a) Photograph of the graphite die and the carbon rod after hot press. As indicated by 

the red square, some material was expelled out from the die during the process. a-b) XRD (b) and 

EDX (b) data of the expelled material, confirming that, in a ~90%, consisted of tellurium. 

 

 

Figure 6.7. a) HRTEM image of a Bi2Te2.7Se0.3 crystal within a consolidated pellet, with its 

corresponding powder spectrum as an inset, and detail of the squared region of the HRTEM image 

overlaid with the structure of Bi2Te2.7Se0.3: Bi in purple, Se and Te in green, with partial 

occupations on the same sites. b) ADF-STEM (top) and STEM-EELS Te composition map 

(bottom) of the interface between two crystals. An inset displays the relative Te intensity profile 

calculated along the cyan arrow in the EELS map. c) ADF-STEM (top) and STEM-EELS Te 
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composition map (bottom) of an interface between two crystals within the consolidated pellet.  

 

From the consolidated cylinders, rectangular bars were cut in two directions, along 

the pressing direction, i.e. the cylinder length, and within the plane normal to this axis, 

i.e. the cylinder disk plane (Figure 6.8).  

 

Figure 6.8. a) Photograph of a cylindrical pellet produced by hot pressing. b-c) Schematic 

illustrations and photographs of the samples obtained from the cylindrical pellets and used to 

measure TE properties in both direction, parallel (b) and normal (c) to the pressing direction. 

Electrical conductivities and Seebeck coefficients were always measured using rectangular 

samples. Thermal conductivities were measured from disk-shaped samples in the direction of the 

pressing direction and from rectangular samples in the direction normal to the pressing direction. 

 

Figures 6.9 and 6.10 display the electrical conductivity (σ), Seebeck coefficient (S), 

power factor (PF), total thermal conductivity (κ), the total thermal conductivity once 

subtracted the electronic contribution (κ – κe), and the TE figure of merit (ZT) of the 

Bi2Te3-xSex (x=0, 0.2, 0.3, 0.4, 0.5 and 0.7) pellets measured in the two directions. Figure 

6.11 displays the dependence of the same parameters on the Se concentration, x. 

Additionally, Figure 6.12 displays the comparison between the TE properties of the best 

performing nanomaterial, Bi2Te2.7Se0.3, and a commercial ingot measured in two normal 

directions, the cleavage plane and its normal. 

All compositions displayed a degenerated semiconductor behavior, with σ 

monotonically decreasing with temperature in all the temperature range measured 

(Figures 6.9a and 6.10a). Te-rich Bi2Te3 has an n-type character because σ is dominated 

by positively charged antisite defects, TeBi.
37 Such defects are abundant due to the similar 

ionic radius of Te and Bi, what provides the material with large charge carrier 
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concentrations, in the range 1018-1020 cm-3.37 σ decreased with the amount of Se 

introduced (Figure 6.11a), which was related to a decrease of the concentration of the 

dominant n-type point defect, TeBi. This decrease is associated with the smaller radius of 

Se compared with Te and Bi, which makes the formation of SeBi antisites much less 

energetically favorable than TeBi. Actually, the dominant point defects in n-type Bi2Se3 

are positively charged Se vacancies, which are not favored in an ambient with an excess 

of chalcogen as the one used to process our nanomaterials. 

As expected, all samples exhibited much higher σ in the cylinder plane (σ⊥) than in 

the pressing direction (σ⁄⁄), e. g. σ⊥/σ⁄⁄ = 2.3 for Bi2Te2.7Se0.3 at 320 K, which was related 

to the higher charge carrier mobility in the ab crystal plane than in the c direction (Figures 

9a and 10a). At first view surprisingly, σ was higher for nanomaterials than commercial 

samples (Figure 6.12a). This result was related to the higher charge carrier concentrations 

obtained in our nanomaterials compared with the commercial ingot. Hall measurements 

at room temperature showed the charge carrier concentration of Bi2Te2.7Se0.3 

nanomaterials, nH = 7  2 x 1019 cm-3, to be a 3.5 fold higher than in the commercial 

sample, nH = 2.0  0.5 x 1019 cm-3. These higher charge carrier concentrations were related 

to the tellurium excess environment where they were processed. The excess of tellurium 

introduced a large concentration of TeBi antisites. Additionally, Te traces in the final pellet 

could contribute to further increase n through the spillover of charge from Te domains to 

the Bi2Te3-xSex matrix taking into account the lower work function of Te compared with 

Bi2Te3-xSex (Figure 6.13). As expected, charge carrier mobilities in the commercial 

samples were sensibly higher than in the nanomaterial: μH = 286 cm2V-1s-1 for the 

commercial sample in the cleavage plane; μH = 136 cm2V-1s-1 for the nanomaterial in the 

direction normal to the pressure axis; μH = 71 cm2V-1s-1 for the commercial sample in the 

plane normal to the cleavage; μH = 61 cm2V-1s-1 for the nanomaterial in the pressing 

direction. 

 Negative S values were measured for all samples in the whole temperature range, 

in agreement with the n-type character of the materials. The absolute value of S increased 

gradually up to 450 K and flattened at higher temperatures, with the emergence of the 

bipolar contribution. S absolute values increased with the amount of Se, consistently with 
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the decrease of the charge carrier concentration associated to the replacement of Te with 

Se. S values measured in the two directions were very similar, e.g. S⁄⁄ /S⊥ = 1.1 for 

Bi2Te2.7Se0.3 at 320 K, which was consistent with the low anisotropy of this parameter 

(Figure 6.12b).28 Absolute S values of the nanomaterials were significantly lower than 

those of commercial ingots, consistently with their higher charge carrier concentrations. 

These higher charge carrier concentrations also explained the lower absolute S decrease 

observed for the nanomaterial than for the commercial ingot in the high temperature 

region measured. That is, the bipolar contribution became significant at much higher 

temperature in the nanomaterials than in the commercial samples. 

For nanomaterials, PFs calculated in the pressing direction were lower than those 

calculated in its normal (Figures 6.9c, 6.10c and 6.11c). In this last direction PFs up to 

2.86 Wm-1K-2 at 350 K were reached. The highest PFs measured in the pressing direction 

were obtained for Bi2Te2.7Se0.3 and Bi2Te2.8Se0.2, and in the cylinder plane for Bi2Te3, 

Bi2Te2.8Se0.2 and Bi2Te2.7Se0.3. Compared with commercial ingots (Figure 6.12c), PFs of 

nanomaterials were lower than those measured in the cleavage plain of commercial ingots, 

due to the higher S of the later, but higher than in direction normal to the cleavage plane, 

due to the low σ of the commercial sample in this direction.  

As expected from the microstructure of the nanomaterial pellet, κ in the pressing 

direction was much lower than in the cylinder plane for all samples, e.g. κ⊥/κ⁄⁄ = 2.5 for 

Bi2Te2.7Se0.3 at 320 K (Figure 6.112d). In the low temperature range, κ decreased with 

temperature to later slightly rise with the emergence of the bipolar contribution. This 

bipolar contribution strongly decreased with the amount of Se introduced due to the band 

gap increase, as observed in Figures 9e and 10e. κ also decreased with Se due to the higher 

lattice disorder.  

After having subtracted the electronic contribution, thermal conductivities decreased 

with temperature in the low temperature range and stabilized or increased at higher 

temperatures, when the bipolar contribution, κbi, became significant (Figure 6.11e). 

Above the Debye temperature, ca. 145 K for Bi2Te3,
42 phonon scattering by Umklapp 

mechanism leads to a T−1 temperature dependence of κL. On the other hand, κbi displays 

an exponential relation with temperature and the material band gap, Eg:
43 
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 κ𝑏𝑖 ∝ exp (−
𝐸𝑔

2𝜅𝐵𝑇
)                       (1) 

To estimate κbi, we linearly fitted (κ - κe) vs. T−1 in the low temperature range and 

extrapolated data to higher temperatures (Figure 6.12e). 

At room temperature, compared with commercial ingots, with κL ~1.1 Wm-1K-1 

along the cleavage direction and κL ~ 0.43 Wm-1K-1 normal to this direction (Figure 6.12e), 

nanocrystalline Bi2Te3-xSex samples displayed significantly lower κL, even when 

correcting for the smaller relative densities, ca. 92 %. Taking into account the porosity 

correction, i.e. ca. 20% modification, Bi2Te3-xSex samples displayed κL~0.74 Wm-1K-1 in 

the cylinder plane and κL~0.25 Wm-1K-1 in its normal direction. These low κL were 

associated to the large density of grain boundaries, interphase Te and crystal defects such 

as stacking faults. Notice that the κL values obtained were still above the theoretical 

minimum calculated using the half-wavelength model proposed by Cahill κLmin =0.14-

0.18 Wm-1K-1,38 and values reported for Bi2Te2.7S0.3/Bi2Te3 hetero-nanosheets (0.2 Wm-

1K-1 at 300 K),39 highly defective Bi2Te3 (ca. 0.17 Wm-1K-1),40 small Bi2Te3 nanograins 

(0.12 Wm-1K-1) and stacked Bi2Te3 2D films (0.1 Wm-1K-1).41 

In commercial ingots, κbi became significant at ~350 K. In Bi2Te3-xSex nanomaterials 

the κbi contribution was substantially lower and started to be appreciated at ~400 K 

(Figure 12e). The lower κbi contribution in Bi2Te3-xSex nanomaterials and particularly 

Bi2Te2.7S0.3 compared with commercial ingots was mainly attributed to the larger density 

of majority charge carriers of the former.44-45 Potentially, a slightly higher Se 

concentrations in Bi2Te2.7S0.3,
44, 46 and the selective scattering of minority carriers at 

intergrain energy barriers, particularly in the presence of elemental Te (Figure 6.13), could 

also contribute to the reduction of the bipolar contributions and particularly κbi in Bi2Te3-

xSex nanomaterials.13, 47  
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Figure 6.9. Thermoelectric properties of Bi2Te3-xSex (x = 0, 0.2, 0.3, 0.4, 0.5 and 0.7) 

nanomaterials measured in the pressing direction (//): (a) electrical conductivity, σ//; (b) Seebeck 

coefficient, S//; (c) power factor, PF//; (d) total thermal conductivity, κ//; (e) thermal conductivity 

after subtraction of electronic component, κ //- κe //; and (f) TE figure of merit, ZT//. 

 

 

Figure 6.10. Thermoelectric properties of Bi2Te3-xSex (x = 0, 0.2, 0.3, 0.4, 0.5 and 0.7) 

nanomaterials measured in the plane normal to the pressing direction (⊥): (a) electrical 

conductivity, σ⊥; (b) Seebeck coefficient, S⊥; (c) power factor, PF⊥; (d) total thermal conductivity, 

κ⊥; (e) thermal conductivity after subtraction of electronic component, κ⊥- κe ⊥; and (f) TE figure 

of merit, ZT⊥.. 
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Figure 6.11. Dependence with the Se concentration (x) of the electrical conductivity, σ (a); 

Seebeck coefficient, S (b); power factor PF (c); total thermal conductivity κ (d); thermal 

conductivity after subtraction of electronic component, κ-κe (e), and TE figure of merit ZT (f), of 

Bi2Te3-xSex pellets measured in the two directions, parallel (//) (open symbols, ) and normal (⊥) 

(solid symbols, ◼) to the pressing direction at 438 K. 

 

 

Figure 6.12. TE properties of Bi2Te2.7Se0.3 nanomaterials hot pressed at 480 °C measured in two 

directions, parallel (//) (open blue circles, ) and normal (⊥) (solid blue circles, ⚫) to the pressing 

direction; and a commercial ingot measured in two directions, parallel (solid black squares, ◼) 
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and normal (open black squares, ) to the cleavage direction: (a) σ; (b) S; (c) PF; (d) κ; (e) κ-κe; 

and (f) ZT. Nanomaterial data was obtained from averaging the experimental results from 5 

samples with the same composition. 

 

 

Figure 6.13. Scheme of the energy band alignment between Te (= 4.7 eV; Eg = 0.33-0.36 eV)48-

50 and Bi2Te3-x,Sex (Bi2Te3: = 5.30 eV; Eg = 0.17 eV),51-52 underlying the charge injection from 

Te to Bi2Te3-xSex and the barrier for hole transport that Te introduce within Bi2Te3-x,Sex. 

 

Overall, among the different compositions tested, Bi2Te2.7Se0.3 displayed the highest 

ZT values (Figures 6.9f, 6.10f and 6.11f), which was consistent with the use of 

approximately this composition in commercial devices. ZT values in the pressing 

direction, that is in the direction of preferential c crystallographic orientation, were 

systematically higher than in its normal direction, the ab plane, due to the predominance 

of κ suppression in c over σ gain in ab (Figures 6.9d and 6.10d). Averaging the data 

measured from 5 pellets with very similar compositions, the highest ZT was reached at 

438 K, ZT = 1.31, for Bi2Te2.7Se0.3 in the pressing direction (Figure 6.14). This is the 

highest value reported for bulk n-type Bi2Te3-xSex alloys (Figures 6.15a and 6.15b). Even 

more important, very high ZT values were sustained in an extended temperature range in 

nanomaterials, due to the lower bipolar contributions. The average ZT for Bi2Te2.7Se0.3, 

calculated over 180 K, from 320 K to 500 K, was ZTave=1.15 (Figure 6.15c), which is 50% 

above the value calculated for the commercial ingot, ZTave=0.77. Additionally, 

nanocrystalline Bi2Te3-xSex also showed good stability when maintained at relatively high 

temperature, 420 K, for long periods of time (﹥60 h, Figure 6.16) or when cycling it 

between the room temperate and 500 K (Figure 6.17). 
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Figure 6.14. Temperature dependence of electrical conductivity, σ (a); Seebeck coefficient, S (b); 

thermal conductivity, κ (c); and TE figure of merit, ZT (d) of five Bi2Te2.7Se0.3 pellets measured 

in the direction parallel and normal to the pressing direction. Data from 5 samples is plotted with 

black crosses, and red and blue lines display the average values in the parallel and normal 

directions, respectively. 

 

 
Figure 6.15. State-of-the-art ZT values and average ZT values for n-type Bi2Te3-based alloys.22-
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25, 31, 53-58 Our data is named as “this work ⊥”, “this work //”, orresponding to the values obtained 

from averaging the experimental data measured from 5 different samples in the two directions: 

perpendicular and parallel to the pressing direction, respectively. Average ZT values were 

calculated on the temperature range from 320 K to 500 K, except for reference 55 (320-465 K).  

 

 
Figure 6.16. Evolution of the electrical conductivity (σ), Seebeck coefficient (S) and power factor 

(PF) of the Bi2Te2.7Se0.3 sample measured in the // direction during a 60.2 h test at 420 K. 

 

 

Figure 6.17. Temperature dependence of the electrical conductivity, σ (a), Seebeck coefficient, S 

(b), and power factor, PF (c) of a Bi2Te2.7Se0.3 pellet measured in the // direction for 5 consecutive 

up-down cycles heating-cooling cycles from room temperature to 498 K. No pre-stabilization 

treatment was carried out before the first measurement.  
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6.5 Conclusions 

In this chapter, n-type Bi2Te3-xSex NCs with disk-like asymmetric shapes and tuned 

composition (x=0, 0.2, 0.3, 0.4, 0.5 and 0.7) were produced in solution. Excess amounts 

of Te were incorporated at the NC synthesis step. Such NCs were used to produce high 

density Bi2Te3-xSex bulk nanomaterials with marked crystallographic texture through hot-

pressing them at a temperature above Te melting point. The TE properties of NC-based 

bulk nanomaterials were measured in two perpendicular directions, along the pressure 

axis and normal to it. Nanomaterials were characterized by higher electrical 

conductivities but lower Seebeck coefficients than commercial materials, which was 

associated to the higher charge carrier concentrations of the former due to their processing 

in an excess of tellurium. Nanomaterials also showed notably lower bipolar contributions, 

which was in most part also related to the higher charge carrier concentrations, but it 

could be also influenced by a preferential scattering of minority charge carriers at Te-

containing grain boundaries. Record TE figures of merit, ZT ~1.31 at 438 K were 

measured from the Bi2Te2.7Se0.3 nanomaterial in the pressing direction. In addition, the 

high ZT values also extended over a larger temperature range, from 320 K to 500 K, 

resulting in ZT average values as high as ZTave = 1.15.  
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Conclusions 

In this thesis, I detailed the bottom-up production and characterization of TE 

nanomaterials with significantly enhanced performances using colloidal NCs as 

building blocks. Development of TE nanomaterials with significantly improved figure 

of merit ZT come up not only from a precise control of the influence of each 

nanomaterial parameter on TE performance, but also a further accurate control over the 

crystallographic alignment of nanograins for highly anisotropic materials. The main 

results and conclusions reached are: 

I–V–VI NCs at the gram scale with narrow size, shape and composition 

distributions could be produced using bottom-up approach. A simple and general 

process to displace the organic ligands from these ternary Ag/Cu-based NCs surface 

that use a low concentration of inorganic salt solution was developed. NCs were used 

as building blocks to produce high density nanomaterials. The influence of doping level 

during the synthesis on the TE performance of AgSbSe2 and Cu3SbSe4 nanomaterials 

obtained was discussed. In Cu3SbSe4 system, Sn was demonstrated to be a p-type 

dopant which effectively helped to control charge carrier concentration, the 

replacement of Sb by Bi conveniently modified the electronic band structure of the 

compound leading to higher Seebeck values. Moreover, we optimized the amount of Sn 

in a Bi-doped material and finally the maximum ZT value was up to 1.26 at 673 K for 

Cu3Sb0.88Sn0.10Bi0.02Se4. We further fabricated innovative ring-shaped TE generators, 

which provided 1 mW of electric power per TE element with a 160 °C temperature 

gradient. In AgSbSe2 system, a preliminary optimization of the charge carrier 

concentration by 2% Bi-doping resulted in the maxmum ZT reaching ZT=1.1 at 640 K. 

Both of the results are among the best ZT values obtained with a Pb- and Te-free 

material in this middle temperature range, with the additional advantage of the high 

versatility and low cost associated to solution processing technologies. 

The TE performances of PbS can be strongly improved by combining it with low 
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work function nanoparticles, consistent with a spillover of electrons from the low work 

function metal to the semiconductor. So, in this work PbS-metal composites revealed 

much higher electrical conductivities and negative Seebeck coefficients in the whole 

temperature range. Furthermore, we compared the TE properties of PbS-Cu composites 

with commercial micrometer scale crystal domain sizes with our nanocomposites, it 

could be observed that with the same metal adding, higher electrical conductivities were 

obtained in the nanocomposite, but higher Seebeck coefficients were maintained in the 

commercial microcomposite. Correspondingly, the nanocomposite possessed much 

lower thermal conductivities. Finally, a 2-fold increase of figure of merit ZT in both 

composites were obtained over pristine PbS, but the nanocomposites showed higher ZT 

values in the higher temperature range. 

P-type BixSb2-xTe3 and n-type Bi2Te3-xSex NCs with disk-like asymmetric shapes 

and tuned composition were produced by bottom-up engineering. Excess amount of Te 

were incorporated at the NC synthesis step. In this work, Bi–Sb–Se–Te nanomaterials 

with crystallographic texture could be obtained by the liquid phase sintering using an 

excess of Te. Orientation and solution-reprecipitation mechanisms under a uniaxial 

pressure were found to be responsible of the crystal texture. Nanomaterials were 

characterized by higher electrical conductivities but lower Seebeck coefficients than 

commercial ingots, which was associated to the much higher charge carrier 

concentrations of the former due to their processing in an excess of Te. Record ZT 

values, up to 1.96 for p-type Bi0.5Sb1.5Te3 and 1.31 for n-type Bi2Te2.7Se0.3 were reached 

in the press direction, thus potentially allowing up to more than 50% higher energy 

conversion efficiencies than that of commercial ingots. 

Overall, the different strategies to improve the TE performance of bulk 

nanostructured materials produced from bottom-up engineering building blocks have 

been intensively revealed in this thesis. Additionally, it has been proven that the 

solution-processed synthesis approach is simple, low-cost, compatible with the scale up 

engineering, and also versatile in tuning the composition, microstructure or other 

parameters of TE materials to optimize their TE properties
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Future Work 

While the bottom-up engineering of TE nanomaterials using NCs is a well suited 

approach to reach high efficiencies, there is still much work and challenges to be 

completed to fully access the extremely exciting possibilities offered. As far as I am 

concerned, I will continue my research in the future in the following 3 main areas: 

i) To accelerate the development of new TE materials based on metal chalcogenides, 

overcoming restrictions of the solution-based synthesis strategy. 

ii) To fabricate bulk TE modules with versatile form factors. To develop organic – 

inorganic flexible composites for potential application in wearable TE devices 

based on high-performance p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.7Se0.3 NCs 

developed in the last two chapters of this thesis. 

iii) To further improve the Bi2Te3-based TE performance. To produce n-type Bi2Te3-

xSex nanocomposites from the combination of this n-type host with low work 

function metal nanoparticles, e.g. Ag, Cu, etc. Additionally, the effectivity of p-

type BixSb2-xTe3 nanocomposites potentially produced by combining this p-type 

host with metal nanoparticles characterized by a large enough work function that 

need to be proven and revealed. 
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Colloidal AgSbSe2 nanocrystals: surface analysis,
electronic doping and processing into
thermoelectric nanomaterials†

Yu Liu,a Doris Cadavid,*a Maria Ibáñez,bc Jonathan De Roo,d Silvia Ortega,a

Oleksandr Dobrozhan,a Maksym V. Kovalenkobc and Andreu Cabot*ae

We present a high-yield and scalable colloidal synthesis to produce monodisperse AgSbSe2 nanocrystals

(NCs). Using nuclear magnetic resonance (NMR) spectroscopy, we characterized the NC surface chemistry

and demonstrate the presence of surfactants in dynamic exchange, which controls the NC growth

mechanism. In addition, these NCs were electronically doped by introducing small amounts of bismuth.

To demonstrate the technological potential of such processed material, after ligand removal by means of

NaNH2, AgSbSe2 NCs were used as building blocks to produce thermoelectric (TE) nanomaterials. A

preliminary optimization of the doping concentration resulted in a thermoelectric figure of merit (ZT) of

1.1 at 640 K, which is comparable to the best ZT values obtained with a Pb- and Te-free material in this

middle temperature range, with the additional advantage of the high versatility and low cost associated

with solution processing technologies.

1. Introduction

I–V–VI2 semiconductors, particularly AgSbSe2, show very attrac-
tive and yet to be exploited functional properties. AgSbSe2, with
a rock-salt crystal structure, is highly suitable, for instance,
as a phase change recording material in rewritable optical
memories due to drastic resistance drop upon crystallization
from an amorphous state.1–6 Within the AgSbSe2 structure, Ag
and Sb are generally assumed to randomly occupy the Na sites
of the NaCl-type lattice,7–10 which is consistent with ab initio
calculations showing the total energies of the various ordered
structures to be very close, thus allowing the presence of a
significant density of disorder defects and mixed phases. A
careful structural characterization has shown domains of order-
ing, not only in AgSbSe2,11 but also in the related AgSbTe2,12

correlating well with calculations showing a rhombohedral

ordering to be the most energetically favorable in AgSbSe2.13

Atomic ordering within the AgSbSe2 crystal has a significant
impact on the electronic structure near the band gap, which
dominates the electronic properties14 and provides the material
with ferroelectric properties.11

AgSbSe2 is a narrow, indirect band-gap semiconductor
(0.03–0.10 eV) showing p-type conductivity.15 However, an
apparent optical bandgap of 0.6–1.1 eV2,15–18 and a high optical
absorption coefficient (104 cm�1) have also motivated the use of
AgSbSe2 for photovoltaic applications.2,17,19–21

The AgSbSe2 band structure is characterized by a multi-peak
valence band maximum, which potentially results in a high
effective mass for holes and thus a high Seebeck coefficient. In
addition, AgSbSe2 features a strong anharmonic bonding
arrangement associated with the Sb 5s2 lone pair, which
translates into strong phonon–phonon interactions that reduce
the lattice thermal conductivity to values close to the amorphous
limit. This intrinsically low thermal conductivity and the appro-
priate electronic band structure make AgSbSe2 and AgSbTe2

promising candidates for TE applications in the intermediate
temperature range (500–700 K).16,22–28 While AgSbTe2 exhibits
higher electrical conductivity, and its nanostructured alloys with
GeTe (TAGS)29 and PbTe (LAST-m)30 are well known for their
remarkable ZT values, AgSbSe2 is advantageous in terms of
thermal stability, abundance of constituting elements and cost.
Bulk AgSbSe2 is typically produced by the solid state reaction of
its highly purified elements at temperatures above 1000 K. A
relatively large variety of extrinsic electronic dopants, introduced
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Dübendorf, CH-8600, Switzerland
d Ghent University, Department of Inorganic and Physical Chemistry,

Krijgslaan 281 S3, 9000 Gent, Belgium
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as pure elements in the reaction mixture, have been tested,
including the substitution of Sb3+ by monovalent Na+,28 divalent
Pb2+,16 Zn2+,23 Sn2+,24 Cd2+,26 Mg2+,27 Ba2+,27 and peculiarly by
trivalent Bi3+.16 Extrinsic dopants can also introduce additional
disorder and point defect scattering reducing the material
thermal conductivity. In some cases, e.g. Na+, Zn2+ and Ba2+

can also introduce nanoprecipitates with modified stoichio-
metry, e.g. Na-rich AgSbSe2 or even of secondary phases, e.g. ZnSe
and BaSe3, which further reduce thermal conductivity and allow
reaching ZT values of up to B1.1.23,27 Besides, intrinsic doping
strategies based on tuning the material stoichiometry by modifying,
for instance, the Sb content25 and reaching ZT values of up to B1
have also been tested by solid state reaction methods.

The preparation of AgSbSe2 with controlled properties by
means of solution processing methods is especially appealing
to investigate the structural and compositional dependent
functional properties, optimize the material for relevant appli-
cations and develop high performance cost-effective products.
In particular, the availability of AgSbSe2 NCs with tuned size,
shape, composition and phase would allow high density data
storage systems, cost-effective photovoltaic devices and high
performance thermoelectric modules to be produced by highly
versatile, low-cost, high-throughput and high-yield solution-
based bottom-up technologies.31–36 However, to the best of
our knowledge, no synthesis protocol to produce colloidal
AgSbSe2 NCs is currently available.

Here, we detail the first colloidal synthesis of monodisperse
AgSbSe2 NCs on the gram scale, determine the NC surface
composition by NMR analysis and demonstrate the possibility
of electronically doping this material with controlled amounts
of bismuth. Finally, we elaborate upon a procedure to remove
organic ligands and demonstrate the suitability of these NCs to
produce high performance thermoelectric nanomaterials.

2. Experimental section
2.1. Chemicals and solvents

Silver nitrate (AgNO3, Z99%), antimony(III) chloride (SbCl3, 99%),
selenium powder (Se, 99.5%), bismuth(III) acetate (Bi(CH3CO2)3,
499.99%), sodium amide (NaNH2, 95%), 1-dodecanethiol (DDT,
Z98%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%), and
oleylamine (OLA, 70%) were purchased from Sigma-Aldrich.
Analytical grade acetone and chloroform were obtained from
various sources. All chemicals were used as received without
further purification. Syntheses were carried out using a standard
vacuum/dry argon Schlenk line.

2.2. Selenium precursor stock solution

A 0.5 M selenium stock solution was prepared by dissolving
selenium powder (1.5792 g, 20 mmol) in 20 ml OLA and 20 ml
DDT at room temperature, cycled between vacuum and argon
to remove the oxygen in the flask, and then stirred under an Ar
atmosphere until Se powder was completely dissolved.

2.3. Synthesis of AgSbSe2 NCs

In a typical synthesis, AgNO3 (5 mmol, 0.849 g), SbCl3 (5 mmol,
1.141 g), 70 ml OLA and 10 ml OA were mixed in a 250 ml three-
neck flask at room temperature under magnetic stirring for
30 min in order to remove low boiling point impurities. After-
wards, the solution was maintained at 80 1C under vacuum for
60 min. At around 70 1C the solution became yellowish and
changed from ivory yellow to yellowish-brown during the time
at 80 1C. Then the solution was heated to 120 1C for another
10 min under vacuum. After these steps, argon was introduced
and the reaction was rapidly heated to 220 1C. At this tempera-
ture, 20 ml of a 0.5 M selenium solution were quickly injected.
After injection, the color of the solution changed immediately
from yellowish-brown to dark brown, indicating the NC nuclea-
tion. NCs were allowed to grow for 30 min at 220 1C. Afterwards,
the colloidal solution was rapidly cooled to room temperature
through a water bath. The resultant dark brown solution was
cleaned by centrifugation at 6000 rpm for 5 min using chloro-
form as a solvent and acetone as a non-solvent.

2.4. Synthesis of Bi-doped AgSbSe2 NCs

Bi-doped AgSbSe2 NCs were synthesized by using the same
process as the pristine NCs, but replacing the desired amount
of SbCl3 by Bi(CH3CO2)3. To produce AgSb0.98Bi0.02Se2, the
precursor molar ratio was SbCl3/Bi(CH3CO2)3 = 0.98/0.02
(4.9 mmol/0.1 mmol).

2.5. Nuclear magnetic resonance (NMR)

NMR measurements were recorded on a Bruker Avance III HD
spectrometer operating at a 1H frequency of 500.26 MHz and
equipped with a BBFO-Z probe. The sample temperature was
set to 298.2 K. One dimensional (1D) 1H and 2D NOESY
(Nuclear Overhauser Effect Spectroscopy) spectra were acquired
using standard pulse sequences from the Bruker library. For
the quantitative 1D 1H measurements, 64k data points were
sampled with the spectral width set to 20 ppm and a relaxation
delay of 30 s. The NOESY mixing time was set to 300 ms and
4096 data points in the direct dimension and 512 data points in
the indirect dimension were sampled, with the spectral width
set to 12 ppm. Diffusion measurements (2D DOSY) were
performed using a double stimulated echo sequence for con-
vection compensation and with monopolar gradient pulses.37

Smoothed rectangle gradient pulse shapes were used through-
out. The gradient strength was varied quadratically from 2–95%
of the probe’s maximum value in 64 increments, with the
gradient pulse duration and diffusion delay optimized to
ensure a final attenuation of the signal in the final increment
of less than 10% relative to the first increment. For 2D proces-
sing, the spectra were zero filled until a 4096–2048 real data
matrix. Before Fourier transformation, the 2D spectra were
multiplied with a squared cosine bell function in both dimen-
sions, and the 1D spectra were multiplied with an exponential
window function. Concentrations were obtained using the
Digital ERETIC method, as provided in the standard software
of Bruker. The diffusion coefficients were obtained by fitting
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the appropriate Stejskal–Tanner equation to the signal intensity
decay.38

2.6. NC ligand displacement (LD)

NaNH2 was used to displace organic ligands from the AgSbSe2

and AgSb0.98Bi0.02Se2 NC surface. In a typical procedure,
AgSbSe2 NCs (500 mg) were dispersed in 15 ml of chloroform
and mixed at room temperature with 5 ml of NaNH2 solution
(0.02 M) in methanol. The solution was shaken for 1–2 min to
displace the organic ligands attached to the NC surface. This
process was repeated twice. Afterward, NCs were precipitated by
centrifugation and they were thoroughly purified using chloro-
form and acetone to remove the remaining organic surfactants
and excess NaNH2. Finally, AgSbSe2 NCs were precipitated and
dried under vacuum to obtain a fine nanopowder.

2.7. Bulk nanomaterials

AgSbSe2 and AgSb0.98Bi0.02Se2 nanopowders obtained from
drying 15 nm NCs were loaded into graphite dies and com-
pacted into pellets (Ø10 mm �B1.5 mm) in an Ar atmosphere
using a custom-made hot press. The process temperature was
maintained between 350 1C and 360 1C for 30 min and the
pressure was set to 70 MPa. In this system, heat is provided by
an induction coil operated in the RF range applied directly to a
graphite die, which acts as a susceptor, resulting in a heating
ramp of about 20 1C per second. The density of the pressed
pellets was always higher than 93% of their theoretical value.

2.8. Structural and chemical characterization

X-ray diffraction analyses were carried out on a Bruker AXS
D8 ADVANCE X-ray diffractometer using Cu-Ka radiation
(l = 0.15406 Å). The size and shape of initial NCs were
examined by transmission electron microscopy (TEM) using a
ZEISS LIBRA 120, operating at 120 kV. High resolution TEM
(HRTEM) images were recorded using a JEOL JEM-2200FS
microscope operated at 200 kV. For TEM analysis colloidal
nanoparticles in chloroform were supported by drop-casting
the solution on a carbon-coated copper grid at room tempera-
ture and ambient atmosphere. For HRTEM characterization of
the pellets, we manually ground a piece of the measured pellet
and mixed the obtained powder with TCE (tetrachloroethylene).
The powder suspension was drop casted onto a carbon coated
copper grid at room temperature and ambient atmosphere.
Field-emission scanning electron microscopy (SEM) was carried
out on an Auriga Zeiss at 5.0 kV. Quantitative elemental
analysis was made by means of an energy dispersive X-ray
spectroscopy (EDX) detector attached to a SEM.

2.9. Thermoelectric measurements

Seebeck coefficient was measured by using a static DC method.
Electrical resistivity data were obtained by a standard four-
probe method. Both the Seebeck coefficient and the electrical
resistivity were measured simultaneously in a LSR-3 LINSEIS
system in the range between room temperature and 700 K,
under a helium atmosphere. XFA 600 xenon flash equipment
was used to determine the thermal diffusivities of the samples.

The carrier concentration and mobility were measured using
the Hall measurement system (PPMS-9T, Quantum Design Inc.,
USA) at room temperature under a magnetic field of 2 T.
The thermal conductivity was calculated using k = lCpr, where
l is the thermal diffusivity, Cp is the heat capacity, and r is
the mass density of the specimen. The specific heat capacity
(Cp) was measured by means of a differential scanning calori-
metry method (DSC model T2000, TA Instruments), and the
density (r) values used here were calculated using Archimedes’
method.

3. Results and discussion

Fig. 1a shows a representative TEM micrograph of the spherical
15 � 1 nm AgSbSe2 NCs obtained following the above proce-
dure. NCs could be dispersed in non-polar solvents such as
toluene, hexane or chloroform to form a stable, dark brown
dispersion (Fig. 1b). XRD analysis showed AgSbSe2 NCs to have
a cubic structure with a Fm%3m space group (a = 5.78 Å) (Fig. 1d,
JCPDS card No. 00-012-0379). No order between the Ag and Sb
ions could be discerned from the XRD patterns, which is
consistent with the similar scattering factors of Ag and Sb ions.
Importantly, no secondary phases were detected in the XRD
pattern, pointing towards the phase purity of the synthesized
NCs. EDX analysis showed the composition of silver, antimony,
and selenium to be consistent with stoichiometric AgSbSe2,
within the experimental error of B2% (Fig. S1, ESI†).

The presence of OLA and OA in the precursor solution
was required to dissolve AgNO3 and SbCl3, respectively.39 The
absence of OA prevented the incorporation of Sb and thus
the formation of stoichiometric AgSbSe2 NCs. Likewise, the
absence of OLA resulted in a polydisperse mixture of AgSbSe2

and Ag2Se (Fig. S2 and S3, ESI†).
Although the reaction mixture already turned dark brown

upon injection of the selenium precursor, relatively long reac-
tion times were necessary to produce monodisperse NCs (Fig. 2
and Fig. S4, ESI†). Within the first 15 min, NCs with a bimodal
size distribution were obtained. This bimodal distribution
possibly originates from an extended nucleation time due to
a relatively low reactivity of the precursor complexes, which

Fig. 1 (a) TEM micrograph of the AgSbSe2 NCs. (b) NCs dispersed in
chloroform. (c) The amount of NCs produced per batch. (d) The XRD
pattern of AgSbSe2.
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translates into a slow NC growth that prevents a rapid monomer
reduction in the supersaturation.40 A focusing of the size
distribution, most probably mediated by an Ostwald ripening
process, was observed up to 30 min of reaction time, when the
narrowest size distribution was obtained. Larger reaction times
resulted in a non-uniform growth of the NCs, increasing the
size distribution width.

Consistent with this growth mechanism, an increase of the
injection and reaction temperature and thus of the monomer
reactivity resulted in larger NCs. Therefore, fixing the reaction
time, the AgSbSe2 NC size could be easily tailored in the range
from 7 � 1 nm to around 17 � 2 nm by just adjusting the
reaction temperature in the range from 180 to 240 1C (Fig. 2
and Fig. S5, ESI†). Reaction temperatures below 180 1C did not
allow the growth of AgSbSe2 NCs. Higher reaction temperatures
resulted in highly polydisperse NCs.

In the 1H nuclear magnetic resonance (NMR) spectrum of
the resulting NC dispersion in deuteroform, slightly broadened

resonances are observed which correspond to an oleyl chain
(Fig. 3a). Since the integrations from the alkene resonance (5)
and the CH3 resonance (6) fit the expected 2 : 3 ratio we
conclude that fully saturated molecules are not present. How-
ever, it is difficult to distinguish OA from OLA since the
characteristic CH2 resonances (1 and 2) next to the functional
group are not detected, presumably due to the interaction of
the ligand with the NC surface. The nuclear Overhauser effect
spectrum (NOESY) (Fig. 3b) indeed confirms that the oleyl
species interact with the surface since negative (black) nOe
cross peaks are observed.41 The total ligand concentration was
determined to be 4.5 mM (based on resonance 6) and with the
NC concentration and NC size, a rather low ligand density of
1.2 nm�2 was calculated. The diffusion ordered NMR spectrum
(DOSY, Fig. 3c) features two sets of resonances (apart from
acetone), with a different diffusion coefficient, D. This indicates
that two species are present which diffuse with a different
speed. However, none of the two species diffuses slow enough

Fig. 2 (a–c) TEM micrographs of AgSbSe2 NCs prepared at a fixed temperature, 220 1C, and different reaction times: (a) 15 min; (b) 30 min; and
(c) 60 min. (d) Histogram of the particle size distribution for NCs produced at increasing reaction times. (e and f) TEM micrographs of AgSbSe2 NCs
prepared at different reaction temperatures and a fixed reaction time, 30 min: (e) 180 1C; (f) 200 1C; and (g) 240 1C (5 min). (h) Histogram of the measured
particle size distribution for NCs produced at increasing reaction temperatures.

Fig. 3 (a) 1H NMR spectrum of AgSbSe2 15 � 2 nm NCs (4 mM) and the corresponding (b) NOESY and (c) DOSY spectra.
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to correspond to a 15 nm nanocrystal plus a tightly bound
ligand shell, which would yield a solvodynamic diameter,
ds = 19 nm. We thus infer that the ligands are not tightly
bound but are in a dynamic exchange regime between a free
state and a bound state. Therefore, the ligand density that was
calculated earlier is a maximum value and, in reality, the
ligands only spend part of their time on the surface. A low
bond strength of the ligands to the NC surface and the observed
ligand dynamic exchange are consistent with the NC growth
not being limited by the surfactant concentration, but by the
growth kinetics.

To elucidate the nature of the two species in DOSY, we
stripped the ligands from the NC surface by the addition of
TFA. After removal of the NCs by centrifugation, the super-
natant was again measured using NMR (Fig. S6, ESI†) and the
characteristic resonances of both OA and OLA were observed
with a relative abundance of 18% and 82% respectively.

Controlled amounts of bismuth were incorporated within
the AgSbSe2 NCs by replacing a small amount of SbCl3 by an
equivalent amount of Bi(CH3COO)3 in the precursor solution.
At relatively low Bi concentrations, [Bi] o 5%, EDX analysis
showed the final Bi composition in the NCs to match, within
the experimental error, the nominal concentration of intro-
duced Bi(CH3COO)3. The incorporation of Bi ions within the
AgSbSe2 lattice was confirmed by a slight peak shift toward
lower angles in the XRD pattern (Fig. 4b), pointing towards
an increase of the lattice parameters. Bi-doping had also an
evident influence on the size and shape distribution of the
produced NCs (Fig. 4a).

To use AgSbSe2 NCs in solid-state devices that require an
efficient transport of charge carriers, original insulating
organic ligands have to be removed. Among the different ligand
displacement agents tested, NaNH2 was the most effective one,
as characterized by Fourier-transform infrared spectroscopy
(FTIR). After ligand removal with a 0.02 M NaNH2 solution,
AgSbSe2 could not be re-dispersed in non-polar solvents and the
strong C–H vibration modes (2850–3000 cm�1) and the bands
corresponding to C–C, C–N and NH2 (700–1650 cm�1) had
completely disappeared from the FTIR spectrum (Fig. 5), proving
the effective removal of OLA and OA from the NC surface.

After ligand displacement, dried 15 nm AgSbSe2 NCs were
hot-pressed into 10 mm diameter and 1.5 mm thick pellets at
350 1C under 70 MPa pressure for 30 min. All pellets produced

had a metallic lustre, were mechanically robust and had relative
densities above 93% as measured by Archimedes’ method. No
secondary phases or changes in composition of the AgSbSe2

and AgSb0.98Bi0.02Se2 materials during the hot press process
were detected by EDX and XRD (Fig. S7 and S8, ESI†). SEM and
TEM characterization showed a very low porosity and large
grains, up to several hundred nanometers, during the thermal
processes (Fig. 6a and Fig. S9, ESI†). However, HRTEM char-
acterization allowed discerning crystallographic order domains
in the nanometer size regime (Fig. 6b).

Fig. 7 shows the electrical conductivity (s), Seebeck coeffi-
cient (S), thermal conductivity (k), and thermoelectric figure of
merit (ZT = sS2T/k) of AgSbSe2 and AgSb0.98Bi0.02Se2 pellets.
Both materials showed a p-type electronic character. AgSbSe2

was characterized by a relatively low s, which increased from
1380 S m�1 at ambient temperature up to 1700 S m�1 at 600 K.
It showed high Seebeck coefficients reaching up to 462 mV K�1

at 695 K, which relates with its flat valence band maximum and
multipeak valence band structure.16 The introduction of an
atomic 0.5% Bi significantly enhanced the electrical conductivity,
which increased from 4520 S m�1 at room temperature to
5970 S m�1 at 618 K in AgSb0.98Bi0.02Se2. These values are slightly
above those previously reported for bulk AgSb0.98Bi0.02Se2 pro-
duced by solid state methods.16 With Bi doping, the Seebeck
coefficient decreased to values below 360 mV K�1, which is
consistent with an increase of carrier concentration. Overall, the

Fig. 4 (a) TEM micrograph of AgSb0.98Bi0.02Se2 NCs and (b) their XRD
pattern including the reference JCPDS 00-012-0379. The inset shows
details of the (200) peak.

Fig. 5 From top to down, FTIR spectra of pure OA, DDT, OLA, as-produced
AgSbSe2 NCs (AgSbSe2-OL) and AgSbSe2 NC after ligand removal with
NaNH2 (AgSbSe2-LD).

Fig. 6 (a) SEM micrograph of the fractured surface of a AgSbSe2 pellet
(inset); (b) HRTEM micrograph of the same AgSbSe2 pellet showing several
crystal nanodomains.
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AgSb0.98Bi0.02Se2 power factor (PF) was higher than that of
AgSbSe2, up to B0.74 mW m�1 K�2 at 580 K (Fig. S10, ESI†),
and slightly higher than previously reported for bulk
AgSb0.98Bi0.02Se2 (Fig. S12, ESI†).16

Room temperature Hall measurements provided hole con-
centrations p = 4 � 2 � 1019 cm�3 in AgSbSe2 and 5-fold higher
for AgSb0.98Bi0.02Se2, p = 2 � 1 � 1020 cm�3. As in related
Cu2SbSe3

42,43 and AgSbTe2
44–47 compounds, the origin of the

p-type conductivity in AgSbSe2 is found in its defect structure
and non-stoichiometry, and it is generally associated with Ag
vacancies. The introduction of a small amount of an impurity
may perturb the AgSbSe2 lattice and modify this defect concen-
tration. In the particular case of substituting Sb3+ ions by the
larger Bi3+ ions a compressive strain is introduced, which we
hypothesize can in part be alleviated by a larger density of Ag
vacancies and thus an increase of the hole concentration. The
confirmation of this hypothesis needs in all cases a careful analysis
of the defect formation energies within this compound in the
presence of Bi, which is out of the scope of the present work.
Besides, the relatively low Hall mobilities measured, 2.5 cm2 V�1 s�1

and 1.9 cm2 V�1 s�1 for AgSbSe2 and AgSb0.98Bi0.02Se2, respectively,
are consistent with the large degree of disorder, the nanoscale
precipitates and the intrinsically large effective mass of holes in this
system. The mobility decrease with the introduction of Bi ions
is also consistent with the presence of additional point defects
scattering charge carriers.

Very low thermal conductivities (ktotal = lCpro 0.5 W m�1 K�1)
were measured for both AgSbSe2 and AgSb0.98Bi0.02Se2 compounds
in the whole studied temperature range of 300 to 700 K (Fig. 7c).
These low thermal conductivities can be explained by an efficient
multi-level phonon scattering; that is by nanometer scale pre-
cipitates, by the highly disordered lattice and by the strong

phonon–phonon interactions from the high degree of anharmo-
nicity of the Sb–Se bonds in this material.18 In spite of the higher
density of defects associated with the presence of Bi, thermal
conductivities were slightly higher for AgSb0.98Bi0.02Se2 due to
the larger contribution from the electronic thermal conductivity
(Fig. 7c inset).

As a result, ZT values of up to 1.1 at 640 K were obtained for
AgSb0.98Bi0.02Se2 (Fig. 7d), which represents a two-fold increase
over pristine AgSbSe2, and is among the best values obtained for
a Pb- and Te-free material at this temperature (Table S1, ESI†).

4. Conclusions

In summary, a scalable colloidal synthesis of monodisperse
AgSbSe2 NCs and Bi-doped AgSb1�xBixSe2 NCs was developed.
We showed OLA and OA to be present in dynamic exchange at
the surface of the NCs, rendering them soluble in non-polar
solvents while allowing kinetic control of their growth. After
displacing these surfactants, NCs were used as building blocks
to produce 93% relative density nanomaterials. A preliminary
optimization of the doping level resulted in AgSb0.98Bi0.02Se2

nanomaterials reaching ZT = 1.1 at 640 K. This figure of merit is
among the largest values reported for a tellurium-free material
in the middle temperature range, with the additional advantage
of the low-cost and convenient solution processability of the
materials and related devices.
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Solution-based synthesis and processing of Sn- and
Bi-doped Cu3SbSe4 nanocrystals, nanomaterials
and ring-shaped thermoelectric generators†

Yu Liu,a Gregorio Garćıa,bc Silvia Ortega,ad Doris Cadavid,*a Pablo Palacios,be
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Sánchez,l Ignasi Cabezas,dk Maŕıa de la Mata,l Zhishan Luo,a Chaochao Dun,m

Oleksandr Dobrozhan,a David L. Carroll,m Wenqing Zhang,h José Martins,j

Maksym V. Kovalenko,fg Jordi Arbiol,ln German Noriega,d Jiming Song,*o

Perla Wahnón*bc and Andreu Cabot*an

Copper-based chalcogenides that comprise abundant, low-cost, and environmental friendly elements are

excellent materials for a number of energy conversion applications, including photovoltaics, photocatalysis,

and thermoelectrics (TE). In such applications, the use of solution-processed nanocrystals (NCs) to produce

thin films or bulk nanomaterials has associated several potential advantages, such as high material yield and

throughput, and composition control with unmatched spatial resolution and cost. Here we report on the

production of Cu3SbSe4 (CASe) NCs with tuned amounts of Sn and Bi dopants. After proper ligand removal,

as monitored by nuclear magnetic resonance and infrared spectroscopy, these NCs were used to produce

dense CASe bulk nanomaterials for solid state TE energy conversion. By adjusting the amount of extrinsic

dopants, dimensionless TE figures of merit (ZT) up to 1.26 at 673 K were reached. Such high ZT values are

related to an optimized carrier concentration by Sn doping, a minimized lattice thermal conductivity due to

efficient phonon scattering at point defects and grain boundaries, and to an increase of the Seebeck

coefficient obtained by a modification of the electronic band structure with Bi doping. Nanomaterials were

further employed to fabricate ring-shaped TE generators to be coupled to hot pipes, which provided 20

mV and 1 mW per TE element when exposed to a 160 �C temperature gradient. The simple design and

good thermal contact associated with the ring geometry and the potential low cost of the material solution

processing may allow the fabrication of TE generators with short payback times.

1. Introduction

Tetrahedrally coordinated copper-based chalcogenides have
emerged as realistic alternative materials for a number of

energy conversion applications, including photovoltaics,
photocatalysis and thermoelectricity.1–7 Beyond the best
studied ternary and quaternary Cu–Ga–In,8–10 Cu–Zn–Sn,11–15

and Cu–Zn–Ge16,17 compounds, some I–V–VI tetrahedrally
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coordinated semiconductors also offer excellent functional
properties, but remain largely underexplored. In particular,
Cu3SbSe4 (CASe) is a semiconductor with a relatively small
direct band gap of 0.3 eV and a defect-related carrier density
on the order of 1018 cm�3 at ambient temperature.18 It crys-
tallizes in a zinc blende-type tetragonal superstructure that
can be viewed as a three-dimensional Cu–Se framework of
distorted [CuSe4] tetrahedra with inserted one dimensional
array of [SbSe4] tetrahedra. It features two Cu sites with
different Cu–Se bond lengths. The valence band maximum
(VBM) is mainly formed by a hybridization of Cu-3d and Se-4p
states, while the conduction band minimum (CBM) has
a strong contribution from the Sb-5s and Se-4p hybridization.
In such a structure, the Cu–Se framework provides avenues
for hole transport with relatively high mobility, up to 135 cm2

V�1 s�1 for undoped and 49 cm2 V�1 s�1 for highly doped
materials.19–21 Furthermore, such a complex lattice structure
is not effective for phonon propagation, resulting in low
thermal conductivities. The high hole mobility and the low
phonon mean free path combined with a suitable electronic
band structure (including a large degeneracy at the VBM)19,20

render CASe an excellent thermoelectric (TE) material.
However, to maximize its TE performance, it is strictly
necessary to optimize its charge carrier concentration either
by adjusting the density of intrinsic defects that control hole
concentration or by introducing an extrinsic p-type dopant,
preferably in the non-conducting sub-lattice, i.e. by
substituting Sb, to minimize the adverse effects on the hole
mobility.

Nanoparticle-based bottom-up strategies offer several
advantages to produce thin lms and bulk nanostructured
materials for a wide range of applications. From an engineering
viewpoint, the unmatched compositional and interfacial
control makes this route very robust and versatile, allowing the
establishment of structure–property relationships and subse-
quently enabling the rational design of superior materials.
From a commercial viewpoint, facile and inexpensive solution
synthesis and processing allow for a low-cost and high
throughput production with high material yields.22–27 However,
twomajor challenges in this technology are the incorporation of
controlled amounts of electronic dopants and the removal of
organics. Both of them are critical to optimize transport prop-
erties within such nanomaterials.26

Thus far, colloidal Cu3SbS4 28–30 and Cu12Sb4S13 29–31 nano-
crystals (NCs) have been primarily used for photo-
electrochemical studies. Few reports have also detailed the
production of bulk nanostructured CASe.32–34 However, bottom-
up strategies to cost-effectively produce efficient CASe NCs,
nanomaterials and CASe-based devices remain to be demon-
strated. Here, we report a solution-based scalable synthesis
approach to produce several grams of monodisperse CASe NCs
doped with controlled amounts of Sn and Bi. We demonstrate
their bottom-up processing into bulk nanostructured materials
with high relative density and excellent TE performances. We
further use this material to fabricate ring-shaped TE devices,
which provide improved thermal contact for heat recovery from
pipes.

2. Experimental section
2.1. Chemicals and solvents

Copper(I) chloride (CuCl, $99%), antimony(III) chloride (SbCl3,
99%), bismuth(III) acetate (Bi(CH3CO2)3, 99.99%), selenium
powder (Se, 99.5%), ammonium thiocyanate (NH4SCN, $99%),
dodecanethiol (DDT, 98%), 1-octadecene (ODE, technical grade
90%), oleic acid (OA, technical grade 99%), decanoic acid (DAc,
$98%), and oleylamine (OLA, technical grade 70%) were
purchased from Sigma Aldrich. Tin(II) chloride (SnCl2, 98%) was
purchased from Strem. Analytical grade methanol, ethanol and
chloroform were obtained from various sources. All chemicals
were used as received without further purication.

2.2. Se precursor solution

Se powder (23.69 g, 300 mmol) was dissolved in 300 ml OLA and
300 ml DDT at room temperature, cycled between vacuum and
Ar to remove oxygen, and then stirred under an Ar atmosphere
until Se powder was completely dissolved.

2.3. Synthesis of Cu3SbSe4 NCs

In a typical synthesis, 10.0 mmol CuCl, 4.0 mmol SbCl3, 15 ml
OLA, 10 ml OA and 100 ml ODE were mixed in a 500 ml three-
neck ask and stirred for 20 min at room temperature. The
solution was kept at 130 �C under vacuum and vigorous stirring
for 30 min, and then heated to 180 �C. The colour of the solu-
tion changed from light green to yellowish-brown at�170 �C. At
180 �C, 50 ml of the Se precursor solution was swily injected
and the color of the solution changed immediately from brown
to dark green, indicating the nucleation and subsequent growth
of CASe NCs. Aer injection, the temperature of the reaction
mixture dropped to around 165 �C, but it was allowed to recover
to 180 �C. The overall reaction time aer recovering to 180 �C
was 30 min. Then the sample was rapidly cooled to room
temperature using a water bath. NCs were collected by precip-
itation with ethanol. The nal product could be dispersed in
relatively non-polar solvents such as toluene or chloroform,
forming a stable, dark-green dispersion (inset of Fig. S1b†). For
subsequent chemical, structural and functional characteriza-
tion, NCs were puried by multiple precipitation (6000 rpm for
5 min) and redispersion steps using chloroform as a solvent
and ethanol as a non-solvent. The resulting powder was re-
suspended in chloroform and stored for subsequent charac-
terization and use. This synthesis protocol was optimized to
produce more than 2.0 g of NCs per batch (Fig. S1a†), which was
the amount required for a complete characterization of the
material at the laboratory scale, including the fabrication of
a ring-shaped prototype device.

2.4. Synthesis of Cu3Sb1�xSnxSe4, Cu3Sb1�xBixSe4 and
Cu3Sb1�x�ySnxBiySe4 NCs

Cu3Sb1�xSnxSe4, Cu3Sb1�xBixSe4 and Cu3Sb1�x�ySnxBiySe4 NCs
were produced following the above procedure, but replacing the
desired amount of SbCl3 by SnCl2 and/or Bi(CH3CO2)3.

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 2592–2602 | 2593
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2.5. Ligand displacement

Cu3SbSe4, Cu3Sb1�xSnxSe4, Cu3Sb1�xBixSe4 and Cu3Sb1�x�y-
SnxBiySe4 NCs produced in one batch were divided into 6
centrifuge tubes. In each of the tubes, containing�350mg in 10
ml of chloroform, 2 ml of a 50 mM NH4SCN solution in acetone
was added. Then the solution was shacked during 1–2 min to
displace the organic ligands attached to the NC surface, fol-
lowed by precipitation of the NCs by centrifugation. This
process was repeated several times, adding chloroform and
NH4SCN in each step. Finally, NCs were precipitated and dried
under vacuum to obtain a ne powder.

2.6. Bulk nanomaterial consolidation

The dried NCs were loaded into a graphite die and compacted
into pellets (Ø 10 mm � �1.5 mm). The process was carried out
in an Ar atmosphere, using a custom-made hot press to
simultaneously apply a pressure of 70 MPa and a temperature of
370–380 �C for 30 min. In this system, the heat was provided by
an induction coil operated at 30–80 kHz and it was applied
directly to a graphite die acting as a susceptor. Fast heating
ramps of 20 �C s�1 were reached by this method with a 25 kW
induction heater. The relative densities of all the pressed pellets
were measured by the Archimedes' method and found to be
�90% of the theoretical values.

2.7. Ring thermoelectric generators

TE rings with an overall internal diameter of 28 mm and an
external diameter of 39 mmwere fabricated by placing the dried
NCs between two concentric copper rings with 2 mm in thick-
ness and hot-pressing the material at a temperature of 370–380
�C for 30 min and 20 MPa of pressure using a custom-made die.

2.8. Structural and chemical characterization

Crystallographic phases were characterized by X-ray diffraction
(XRD, 2q angle: 20� to 80�; scanning rate: 1� min�1) on a Bruker
AXS D8 ADVANCE X-ray diffractometer with Cu-Ka radiation
(l ¼ 0.15406 Å). X-ray photoelectron spectroscopy (XPS) was
performed on a VG ESCA scientic theta probe spectrometer in
constant analyser energy mode with a pass energy of 28 eV and
Al Ka (1486.6 eV) radiation as the excitation source. The size and
shape of initial NCs were examined by transmission electron
microscopy (TEM) using a ZEISS LIBRA 120, operating at 120
kV. In depth TEM analyses were performed in a FEI Tecnai F20
microscope operated at 200 keV with a point to point resolution
of 0.19 nm. High-resolution TEM (HRTEM) analyses were
combined with high angle annular dark eld (HAADF) scanning
TEM (STEM). We also examined elemental composition using
spectroscopy analyses with nanometer resolution by means of
electron energy loss spectroscopy (EELS) and energy dispersive
X-ray spectroscopy (EDX) with a Gatan Quantum EELS and an
Oxford EDX detector, respectively, both coupled to the FEI TEM.
The grain size and morphology of the hot-pressed materials
were characterized using eld-emission scanning electron
microscopy (SEM, Auriga Zeiss) at 5.0 kV. The overall material
composition was analyzed by using an Oxford energy dispersive

X-ray spectrometer (EDX) attached to the Zeiss Auriga SEM and
by optical emission spectroscopy by means of inductively
coupled plasma (ICP) on a Perkin Elmer Optima 3200 RL
system. Fourier-transform infrared spectra (FTIR) were acquired
by using an Alpha Bruker FTIR spectrometer with the platinum
attenuated total reectance (ATR) single reection module.

2.9. Nuclear magnetic resonance (NMR)

NMR measurements were recorded on a Bruker Avance III
Spectrometer operating at a 1H frequency of 500.13 MHz and
equipped with a BBI-Z probe. The sample temperature was set
to 298.2 K. One dimensional (1D) 1H and 2D NOESY (Nuclear
Overhauser Effect Spectroscopy) spectra were acquired using
standard pulse sequences from the Bruker library; zg and noe-
sygpphpp respectively. For the quantitative 1D 1H measure-
ments, 64k data points were sampled with the spectral width set
to 16 ppm and a relaxation delay of 30 s. The NOESY mixing
time was set to 300 ms, with 2048 data points sampled in the
direct dimension for 512 data points in the indirect dimension,
with the spectral width set to 11.5 ppm. For 2D processing, the
spectra were zero lled to a 4096 � 2048 real data matrix, fol-
lowed by multiplication with a squared cosine bell function in
both dimensions prior to Fourier transformation. The 1D
spectra were apodized with an exponential window function.
Concentrations were obtained using the Digital ERETIC
method. Diffusion measurements (2D DOSY) were performed
using a double stimulated echo sequence (dstegp2s)35 for
convection compensation and with monopolar gradient pul-
ses.35 Smoothed rectangle gradient pulse shapes were used
throughout. The gradient strength was varied linearly from 2–
95% of the probe's maximum value (calibrated at 50.2 G cm�1)
in 64 steps, with the gradient pulse duration and diffusion delay
optimized to ensure a nal attenuation of the signal in the nal
increment of less than 10% relative to the rst increment. The
diffusion coefficients were obtained by tting the Stejskal–
Tanner (ST) equation to the signal intensity decay. For the pulse
sequence at hand, the appropriate ST equation is:36

I ¼ I0e
�(gdgx)2D(D�0.6d) (1)

with the gyromagnetic ratio of the observed 1H nucleus g, the
gradient pulse length d, the gradient strength g, the diffusion
time D and the diffusion coefficient D. The shape factor x

depends on the gradient shape but this is usually already cor-
rected for in the gradient strength value by the Bruker soware,
TOPSPIN. The ST equation for other pulse programs is only
slightly different and the impact on the diffusion coefficient is
very small in the case of long diffusion times (D > 250 ms). In
a real DOSY experiment, values ofD and d are set while varying g
to derive the decay curve.36

2.10. Thermoelectric property measurements

Seebeck coefficients were measured using a static DC method.
Electrical resistivity data were obtained by a standard four-
probe method. Both the Seebeck coefficient and the electrical
resistivity were measured simultaneously in a LSR-3 LINSEIS
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system in the temperature range between room temperature
and 673 K, under a helium atmosphere. At each temperature, 3
measurements were generally taken. Taking into account the
system accuracy and the measurement precision, we estimate
an error of ca. 4% in the measurement of the electrical
conductivity and Seebeck coefficient. The thermal conductivity
was calculated by k¼ lCpr, where l is the thermal diffusivity, Cp

is the heat capacity, and r is the mass density of the specimen. A
XFA 600 Xenon Flash apparatus from Linseis was used to
determine the thermal diffusivities of the samples with an
estimated error of 5%. The specic heat (Cp) was measured by
means of the differential scanning calorimeter method (DSC
model T2000 TA Instruments) with an associated error of ca.
2%. The density (r) values used here were calculated using the
Archimedes' method with a measurement error of ca. 2%.

2.11. Hall measurement

Hall carrier concentrations and mobilities at room temperature
were measured using a magnetic eld of 2 T with a PPMS-9T
(Quantum Design Inc., USA). Values reported correspond to the
average of 5 consecutive measurements, from which an error of
ca. 10% was estimated.

2.12. Device test

TE rings were tested in a custom-made test station. Tempera-
ture was monitored by two thermocouples attached at the
copper electrodes and the open circuit voltage was measured by
using a Keithley 2400. A heating cartridge within a cylindrical
metal block was used to increase the temperature of the internal
part of the ring, while the external part of the ring was kept at
lower temperature by means of TE coolers. The maximum
temperature reached at the hot side was 250 �C. At this point,
the temperature at the cold side was 90 �C, which provided
a maximum temperature gradient of 160 �C.

2.13. Density functional theory (DFT)

It is well known that common DFT methods fail to correctly
predict the bandgap.37,38 Unfortunately, accurate methods such
as screened hybrid functional or quasi particle energy calcula-
tions are extremely time-consuming and computationally
expensive.37 D. Do et al. carried out electronic structure calcu-
lations for Cu3SbSe4 using GGA, GGA+U, m-BJ exchange
potential and HSE06 exchange–correlation potential.39–41 Only
bandgap values calculated by using HSE06 and GGA+U were in
agreement with experimental values (0.1–0.4 eV),42,43 and
a large effective value of U (Ueff ¼ 15 eV) was necessary to get an
accurate bandgap. Based on these results and to minimize
computational cost, total energy calculations were carried out
using the GGA+U approach. The PBE exchange correlation
functional44 along with the formalism proposed by Dudarev
et al. was applied.45 We use Ueff ¼ 15 eV for the Cu-3d states.
Total energy calculations were carried out with the plane-wave
based Vienna ab initio simulation package (VASP),46,47 along
with projector augmented wave (PAW) potentials to represent
the inert core electrons.48,49 We used a plane-wave energy cutoff
of 400 eV, an energy convergence criterion of 10�4 eV, and

a Methfessel–Paxton rst-order scheme with 0.1 eV of smearing
to extract the occupations of Kohn–Sham eigenvalues.50 For the
Brillouin zone integration, we used a 12 � 12 � 12 Monkhorst–
Pack scheme k-point mesh.51 All the calculations were per-
formed with the experimental lattice parameters of the native
compound. The model system Cu3SbSe4 was studied through
a tetragonal unit cell with 64 atoms (Cu24Sb8Se32). Structures
derived from Cu3SbSe4 due to the substitution with Bi or Sn
were obtained by replacing one Sb atom by one Bi or Sn atom. In
this way, the doping concentration was equal to x ¼ 0.125,
which is similar to the largest values experimentally produced
and measured (x ¼ 0.10). The transport properties were calcu-
lated using a semi-classical solution based on Boltzmann's
transport theory within the constant scattering time and the
rigid band approximations using the BoltzTraP code.52

3. Results and discussion

CASe NCs were produced from copper chloride, antimony
chloride and selenium powder dissolved in OLA and DDT, as
detailed in the experimental part. This synthesis protocol
enabled a high batch-to-batch reproducibility and a 94%
material yield. Fig. 1 and S2† show representative TEM and
HRTEM micrographs with the respective indexed power spec-
trum of the 18 � 2 nm CASe NCs produced following this
procedure. From HRTEM analysis, the NC crystallographic
phase was identied as tetragonal CASe (space group I�42m
(121), Table S1†) with lattice constants a¼ b¼ 0.566 nm and c¼
1.128 nm, which is in agreement with XRD data (Fig. 2a, JCPDS
card no. 85-0003). No secondary phases were detected by
HRTEM and XRD analysis, except for a minor peak at 2q � 34�

in the XRD pattern, which could correspond to Cu3SbSe3 (JCPDS
card no. 1-86-1751, Fig. S3†).

Within its experimental error, SEM-EDX analysis showed the
metal and chalcogen ratios to match those of stoichiometric
CASe (Cu3SbSe4, Fig. S4†). EELS was used for compositional

Fig. 1 (a) Representative TEM micrograph of CASe NCs. The inset
shows the histogram for the measured particle size distribution (18 �
2 nm). (b) Higher-magnification TEM micrograph; (c) HRTEM image of
a single CASe NC. (d) Its respective power spectrum fitting with the
CASe tetragonal phase. (e) Detail of the squared regions of the single
CASe NCs. (f) Annular dark field scanning TEM (ADF-STEM) image of
some CASe NCs and (g)–(i) areal density of each of the elements
extracted from the EELS spectrum image.
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analysis within each particle using Sb M4,5, Cu L2,3 and Se L2,3
edges (Fig. 1f–i and S5†). In the central region of the NC,
elemental quantication (in at%) showed the presence of
around 12% Sb, 30% Cu and 48% Se, which is compatible with
the CASe stoichiometry. In the outer part of the NCs, the relative
composition of Sb and Cu were found to be slightly higher than
that in the core and that of Se was slightly lower: 17% Sb, 40%
Cu and 43% Se (Fig. S5†).

Cu3Sb1�xSnxSe4 (Fig. S8†), Cu3Sb1�xBixSe4 (Fig. S9†) and
Cu3Sb1�x�ySnxBiySe4 (Fig. S10†) NCs showed quasi-spherical
morphologies with an average size of around 18 nm. Increas-
ingly broader size and shape distributions were obtained as the
amount of doping was augmented (Fig. S8 and S9†). Doped
CASe NCs were characterized by larger a and c lattice parame-
ters, as evidenced by a slight peak shi toward lower angles in
the XRD patterns (Fig. 2b–d). The lattice expansion is attributed
to the substitution of Sb5+ (0.6 Å) by larger Sn4+ (0.69 Å) or Bi3+/
Bi5+ ($0.76 Å) cations.53,54 TEM-EDX analysis evidenced the
presence of Sn and Bi in all Sn- and Bi-doped NCs, respectively.
However, Sn and Bi signals were too weak to quantify
(Fig. S11†). The overall NC composition was studied by ICP
(Tables S2 and S3†). The composition of the consolidated
materials used for TE characterization (see below) was also
analysed by SEM-EDX (Tables S4–S6†). Within their experi-
mental errors, both ICP and SEM-EDX results matched the
nominal Bi and Sn concentrations.

CASe NCs were synthesized in the presence of OLA, OA and
DDT. In order to identify which surfactants were nally
present on the NC surface and establish their bonding nature,
NMR analysis was performed. Fig. 3a shows a 1H NMR

spectrum of the as-synthesized NCs (unpuried) and the 1H
NMR spectrum of NCs puried four times by precipitation/
redispersion with acetonitrile as a non-solvent and toluene as
a solvent. In the spectrum of unpuried NCs we observe the
characteristic resonances of a terminal alkene at 5.0 and 5.8
ppm, associated with ODE. The resonance around 5.5 ppm is
associated with an internal alkene, from OLA and/or OA. The
ODE resonances possess a ne structure, indicating the
unbound nature of ODE. In contrast, the alkene resonance is
a superposition of sharp and broad resonances, associated
with free and bound ligands respectively.55 Aer purication,
the ODE features disappear completely together with the
majority of the sharp resonance corresponding to the free
molecules OLA or OA, indicating a successful purication of
the NC solution. Further purication to remove the remaining
free ligands in solution render the NCs completely insoluble
in any solvent. The NOESY spectrum (Fig. S13†) contains
negative (black) NOE cross peaks conrming the interaction of
OLA/OA with the surface.55 To discriminate whether OLA or OA
(or both) is stabilizing the NC surface, we reproduced the exact
same synthesis described above but instead of OA we used
DAc. Although DAc and OA are both fatty acids and are ex-
pected to interact identically with NC surfaces, DAc has no
alkene group and this allows us to distinguish OLA from OA.
Fig. 3b shows the NMR spectra of CASe NPs synthesized with
DAc. Since the 1H NMR spectra are almost identical to spectra
of the dispersions prepared with OA and because OLA is now
the only molecule with an alkene resonance, we identify OLA
as a ligand. Additionally, the intensity of the alkene resonance
and CH3 resonance features a 2 : 3 ratio. This excludes any
other (fully saturated) ligands such as DDT or DAc, proving
that OLA is the only ligand present. Since OLA is an L-type
ligand and the NCs were found to be stoichiometric (vide
supra), this NC system belongs to the earlier established class
of binding motifs; NC (L).56 To assess the dynamics of inter-
action, DOSY experiments were performed. A good tting of
the CH3 signal decay was only obtained with two exponentials,
indicating two populations (Fig. S14†). The small fraction with
a high diffusion coefficient (552 mm2 s�1) is attributed to free
OLA while the fraction with a low diffusion coefficient (45 mm2

s�1) is associated with bound OLA. Using the Stokes–Einstein
equation, a solvodynamic diameter of 16.5 nm is calculated
from the diffusion coefficient. Since this is close to the
diameter from TEM (16–20 nm), we conclude that OLA is
rmly attached to the NC surface and diffuses together with
the NC. Considering the L-type nature of OLA,56 it is usually
involved in a more dynamic stabilization of the NC surface.57

However, it was repeatedly reported that Cu-based NCs typi-
cally have tightly bound amines bound to the surface.13,58 It
should however be noted that OLA is quite easily desorbed
during purication suggesting only a moderate binding
affinity for the NC surface, in line with L-type ligand
behaviour.

To facilitate charge transport/transfer, CASe NCs were thor-
oughly puried by multiple precipitation/re-dispersion steps
and subsequently treated with NH4SCN, which could efficiently
displace remaining OLA. Fig. S15† shows FTIR spectra of dried

Fig. 2 (a) XRD pattern of CASe NCs including the JCPDS 85-0003
reference. The inset shows a unit cell of tetragonal CASe. (b) XRD
patterns of Cu3Sb1�xSnxSe4 (x ¼ 0.00, 0.01, 0.02, 0.05, 0.10) NCs. (c)
XRD patterns of Cu3Sb1�xBixSe4 (x ¼ 0.00, 0.01, 0.02, 0.04, 0.10) NCs.
(d) XRD patterns of Cu3Sb1�x�ySnxBiySe4 (x ¼ 0.02, 0.05, 0.10 and y ¼
0.02) NCs. The insets in graphs (b) and (c) show a detail of the (112)
peak, at around 2q ¼ 27.5�.
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CASe NCs before (CASe–OL) and aer (CASe–LD) organic ligand
displacement with a 50 mM NH4SCN solution. The CASe–OL
spectrum showed the characteristic features of OLA: C–H
vibration modes have a strong band in the high-frequency
region (2850–3000 cm�1) and various peaks in the lower
frequency region, between 700 cm�1 and 1650 cm�1. These
features completely disappeared from the CASe–LD spectrum,
proving the effective organic ligand displacement.

Nanocrystalline disk-shaped CASe pellets (Ø 10 mm � �1.5
mm) were prepared under an Ar atmosphere by hot-pressing
�700 mg of ligand-displaced NCs at�380 �C, 70 MPa and for 30
min. The pellets had a metallic luster and were mechanically
robust enough to endure polishing. Relative densities �90% of
the theoretical value were measured for all samples. XRD
analysis of the CASe pellets showed no crystallographic or
related compositional change aer the hot-press process
(Fig. S3 and S16†). However, during this process, CASe NCs
coalesced to form larger crystalline domains with sizes ranging
from tens to few hundred nanometers (Fig. S17†).

The electrical conductivity (s), Seebeck coefficient (S), thermal
conductivity (k), and the dimensionless TE gure or merit (ZT ¼
sS2T/k) of undoped and Sn- and Bi-doped CASe pellets are dis-
played in Fig. 4 and 5. Undoped CASe nanomaterials were char-
acterized by relatively low s, which increasedwith temperature up
to 6.2� 103 S m�1, and positive S in the whole temperature range
measured. Signicantly higher s, up to 9.0 � 104 S m�1 at room
temperature, was obtained for Sn-CASe (Fig. 4a), which showed
a degenerated semiconductor behavior with a decrease of s with
temperature. In contrast, S decreased with the Sn introduction
(Fig. 4b). The observed increase of s and decrease of S with the
amount of Sn indicated Sn ions to act as a p-type dopant within
CASe. This electronic role was conrmed by a one order of
magnitude increase in the Hall charge carrier concentration with
the Sn introduction, from p ¼ 5 � 1018 cm�3 in CASe to p ¼ 9 �
1019 cm�3 in Cu3Sb0.98Sn0.02Se4 (Table S7†). Overall, higher power
factors (PF ¼ sS2) were obtained for the Sn-doped samples, with
a maximum PF of 1.14 mW m�1 K�2 at 673 K for the sample
containing a 2% replacement of Sb by Sn, Cu3Sb0.98Sn0.02Se4
(Fig. S18a†).

Relatively low thermal conductivities, which as expected
decreased with temperature, were obtained for all the analyzed
materials. For undoped CASe, k dropped from 1.60 W m�1 K�1

to 0.81 Wm�1 K�1 (Fig. 4c) in the temperature range from 327 K

Fig. 3 1H NMR spectrum of CASe 18 � 2 nm NPs synthesized with (a) OA and (b) DAc shown before (bottom) and after (top) purification.

Fig. 4 (a–d) Temperature dependence of (a) electric conductivity (s),
(b) Seebeck coefficient (S), (c) thermal conductivity (k), and (d) TE figure
of merit (ZT) of Cu3Sb1�xSnxSe4 (x¼ 0.01, 0.02, 0.05 and 0.10). (e) Time
evolution of the electrical conductivity (s, ), Seebeck coefficient (S, )
and temperature (T, ) of Cu3Sb0.9Sn0.1Se4 during a 55 h test.
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to 653 K. These are lower k values than those previously reported
for bulk CASe,19,20,53,59 but slightly higher than those reported for
nanostructured CASe produced by co-precipitation,32 and much
higher than the estimated minimum k of this material (0.26 W
m�1 K�1).60,61 Lower lattice thermal conductivities (kL) were
obtained with the incorporation of Sn due to the introduced
lattice distortion and the increased density of point defects
(Fig. S18d†). However, the associated increase of the electronic
contribution to the thermal conductivity (ke) resulted in an
overall increase of k for most of the Sn-CASe pellets. Overall, ZT
signicantly increased with the introduction of relatively small
amounts of Sn, reaching ZT ¼ 0.97 at 673 K for Cu3Sb0.98-
Sn0.02Se4, which represents more than a 2-fold increase over
undoped CASe (Fig. 4d).

Nanocrystalline CASe showed good stability even when
maintained at relatively high temperatures for long periods of
time. Fig. S21† shows the results obtained from 5 consecutive
heating–cooling cycles. Minor differences were observed from
cycle to cycle and mainly from the rst cycle to the following
ones. To account for the minor variations obtained from the
rst to the following cycles, all samples were measured at least 3
consecutive times and results from the rst cycle were dis-
carded. Fig. 4e shows the results obtained from Cu3Sb0.9Sn0.1-
Se4 during a 55 h test involving the heating of the sample from
323 to 626 K at a rate of 10 K min�1 and then maintaining the
sample at 656 K for 54 h. During this time, the electrical
conductivity and Seebeck coefficient changed by around 1%
and 3%, respectively.

When replacing part of Sb by Bi, slightly lower s was ob-
tained (Fig. 5a), which correlated with a small decrease in the
Hall hole concentrations (p ¼ 2 � 1018 cm�3, Table S7†). This
was surprising experimental evidence if assuming Sb5+ to be
replaced by Bi3+ as it have to be the case taking into account the

very high energy required to oxidize Bi3+ to Bi5+. As no increase
of the hole concentration was observed, the difference in the
oxidation state between Sb and Bi is probably compensated with
the creation of an equivalent amount of Se2� vacancies. The
slight decrease in the measured charge carrier concentration
could be further associated with an indirect diminution of the
concentration of intrinsic defects acting as p-type dopants, e.g.
the presence of Cu+ at Sb5+ sites or Cu or Sb vacancies.

Signicantly larger S values were measured for all Bi-CASe
samples (Fig. 5b) when compared with CASe, which did not
correlate well with the small decrease in electrical conductivity
when just taking into account a slight modication of the
charge carrier concentration (Table S7†).

Combining s with S, the highest PF values for Bi-CASe were
obtained with a composition Cu3Sb0.98Bi0.02Se4 (�0.77 mWm�1

K�2 at 608 K, Fig. S19a†). Additionally, Bi-doped CASe was
characterized by lower k than CASe due to slightly lower ke and
kL contributions (Fig. 5c and S19d). Overall, higher ZT values, up
to 0.81 for Cu3Sb0.98Bi0.02Se4 at 648 K, were obtained for Bi-CASe
when compared with CASe (Fig. 5d).

To further determine the inuence of Sn and Bi on the
electronic band structure of CASe, DFT calculations were
carried out. Fig. 6 shows the band structure of pure CASe,
Cu3Sb0.875Sn0.125Se4 and Cu3Sb0.875Bi0.125Se4. Results indicate
that pure CASe is a semiconductor with a direct band gap of 0.27
eV measured at G point, which is consistent with experimental
values (0.1–0.4 eV).38,42,62 The calculated bandgap was also in
agreement with theoretical results from Do et al.63 using the
non-local exchange HS06 model (0.26 eV). As expected, the VBM
in CASe is mainly composed of Cu-3d and Se-4p states and the
CBM is mainly formed by Sb-5s and Se-4p states (Fig. 6a).

Fig. 7 shows the temperature dependence of the DFT-derived
S for different concentrations of the majority charge carrier. For
pure CASe, at moderate p levels (p < 5 � 1019 cm�3) the Seebeck
coefficient increases with temperature up to a maximum and
then rapidly decreases. At higher hole concentrations (p > 5 �
1019 m�3), S monotonously increases with temperature in the
analysed range (T # 700 K). Calculated values matched rela-
tively well with experimental results and qualitatively predicted
the measured temperature evolution.

The introduction of small amounts of Sn at the Sb sites
signicantly reduced the band gap, to 0.16 eV, and shied the
Fermi level to within the valence band due to the p-type doping
character of Sn4+ ions (Fig. 6b). Thus, only Seebeck coefficients
for relatively high carrier concentrations p $ 5 � 1019 cm�3

were reliably calculated. In agreement with experimental
measurements, such large charge carrier concentrations resul-
ted in an important diminution of S. A hole carrier concentra-
tion pz 1� 1020 cm�3 was needed to match the experimental S
values, which is consistent with the Hall charge carrier
concentrations measured for the Sn-doped materials.

The partial substitution of Sb by Bi had little effect on the
band structure at the VBM, but it signicantly affected the CBM,
decreasing the band gap and resulting in a divergence of the
multi-valleys (Fig. 6c). Taking into account only the contribu-
tion of majority carriers, the DFT-derived S just slightly changed
with the Bi introduction (Fig. 7) mainly due to the bandgap

Fig. 5 Temperature dependence of (a) electric conductivity (s), (b)
Seebeck coefficient (S), (c) thermal conductivity (k), and (d) TE figure of
merit (ZT) of Cu3Sb1�xBixSe4.
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reduction. However, the perturbation of the CBM associated
with the Bi presence certainly had a strong inuence on the
contribution of the conduction electrons to the transport
properties. In this regard, the splitting of the degeneratedmulti-
valleys at the CBM should translate in a reduction of a bipolar
effect on S, thus resulting in overall higher S values. In this
direction, our DFT analysis clearly showed a signicant dimi-
nution of the effective mass of electrons with the introduction
of Bi (Table S8, Fig. S22†). While the calculation of this effect is
beyond the present work, we qualitatively analyzed the bipolar
impact to S by calculating the contribution of thermally gener-
ated charge carriers (Fig. S23 and S24†).64 Results obtained
clearly showed that in spite of the lower bandgap of Bi-CASe,
and thus the higher charge carrier concentrations associated
with thermal generation, the reduced effective mass for elec-
trons in this compound should translate in a lower contribution
of the minority carriers to S and thus to an overall higher See-
beck coefficient. A bipolar contribution could also explain the

differences in the temperature dependence of kL between Bi-
CASe and pure CASe, but this point is to be conrmed.65

The introduction of Sn also translated into large differences
in the effective masses of holes and electrons which in spite of
the strong band gap decrease in this material also resulted in
higher S values at moderate doping levels. However, the modi-
cation of the electronic band structure by means of sufficient
amounts of Sn injected very large amounts of charge carrier,
which inevitably resulted in overall lower S. Thus the intro-
duction of both dopants, a small amount of Sn to control charge
carrier concentration and Bi to modify the band structure, was
necessary to optimize performance.

To take advantage of the carrier concentration control
provided by Sn doping and the relative increase of S with the
inclusion of Bi, we prepared a series of Sn,Bi-doped CASe
samples. Fig. 8 shows the temperature dependence of the
electrical and thermal transport properties of Cu3Sb0.98�xSnx-
Bi0.02Se4. These samples showed a degenerated electrical
conductivity behavior, associated with a large level of doping. s
increased with the Sn content as in the Sn-CASe series.
Surprisingly, s of co-doped Sn,Bi-CASe was systematically larger
than that of Sn-CASe samples with the same amount of Sn. Hall
measurements showed the presence of high charge carrier
concentrations, up to p ¼ 1 � 1020 cm�3 for Cu3Sb0.88Sn0.10-
Bi0.02Se4 (Table S7†). On the other hand, S decreased for all
Sn,Bi-CASe samples when compared with plain CASe due to the
large increase of charge carrier concentration. However, S
values of co-doped materials slightly increased when compared
with Sn-CASe with equivalent electrical conductivities, proving
the positive effect of the Bi addition.

Overall, the PFs of co-doped Sn,Bi-CASe were signicantly
higher than those of Sn- or Bi-CASe, and reached up to around

Fig. 6 Electronic band structure of (a) CASe, (b) Cu3Sb0.875Sn0.125Se4
and (c) Cu3Sb0.875Bi0.125Se4. The symbols stand for the main atomic
contributions of the bands. Band energies were plotted with respect to
the Fermi level.

Fig. 7 Temperature dependence of DFT-calculated Seebeck coeffi-
cients (S) of pure CASe, Cu3Sb0.875Bi0.125Se4 and Cu3Sb0.875Sn0.125Se4
at different hole concentrations (colored lines and symbols). Experi-
mental values for pure CASe, Cu3Sb0.9Bi0.1Se4 and Cu3Sb0.9Sn0.1Se4
are also plotted (in black).
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1.81 mW m�1 K�2 at 654 K for Cu3Sb0.88Sn0.10Bi0.02Se4
(Fig. S20a†). Like in the case of Sn-CASe, in Sn,Bi-CASe the
dependence of k with the dopant concentration showed
a competition between the decrease of kL associated with the
introduction of lattice defects and the increase of ke associated
with the much higher carrier concentrations (Fig. 8c and
S20d†). Overall, ZT values up to 1.26 at 673 K were obtained for
Cu3Sb0.88Sn0.10Bi0.02Se4, which is among the best ZT values
obtained with a Pb- and Te-free material in this middle
temperature range (Table S9†).

These materials were further employed to fabricate simple
TE generator prototypes with ring geometry (Fig. 9). When

compared with conventional at devices, the ring design opti-
mizes the thermal contact between the TE generator and the
walls of a hot or cold pipe, and at the same time minimizes
the module form factor and provides improved mechanical
stability. In a ring-based module, rings with n and p type
materials could be placed thermally in parallel and electrically
in series to harvest radial heat uxes (Fig. 9a). Alternatively,
multiple n and p elements could be integrated within each ring
(Fig. 9d). The module, containing multiple n- and p-type rings
or several multi-element rings, makes use of thin thermal and
electrical insulators between rings to alternatively contact the
outer and inner rings as shown in Fig. 9a.

Single p-type Cu3Sb0.88Sn0.10Bi0.02Se4 rings, with inner and
outer diameter of 28 mm and 39 mm, respectively, and with
copper ring thicknesses of 2 mm and thus a CASe thickness of
1.5 mm were assembled and tested in a custom made set-up
as detailed in the experimental part (Fig. 9b). The inner ring
temperature was increased up to 250 �C using a heat cartridge
within a cylindrical metal block, while maintaining the
outside ring at lower temperature using a metal block cooled
using commercial thermoelectric devices. Fig. 9c shows the
voltage obtained from a single p-type ring as a function of the
temperature gradient. Open circuit voltages close to 20 mV
were obtained for a single TE element exposed to a tempera-
ture gradient of 160 �C. Being the electrical resistance of the
ring <0.4 U, this voltage translates into a >1 mW of generated
electric power for each single TE element. The combination of
several TE p–n pairs in each ring (Fig. 9d) and of several rings
into a module (Fig. 9e) could provide electric powers on the
order of 100 W for 200–300 �C temperature gradients as those
available among other in exhaust gas pipes of vehicles with
combustion engines. Such power could suffice to supply all
the electric energy spent by the vehicle, allowing the alter-
nator replacement and thus improving the vehicle fuel
efficiency.

Fig. 8 Temperature dependence of (a) electric conductivity (s), (b)
Seebeck coefficient (S), (c) thermal conductivity (k), and (d) TE figure of
merit (ZT) of Cu3Sb0.98�xSnxBi0.02Se4.

Fig. 9 (a) Scheme of a basic ring-based TE module, (b) Cu3Sb0.88Sn0.10Bi0.02Se4-based ring, (c) voltage obtained from a single Cu3Sb0.88-
Sn0.10Bi0.02Se4 ring as a function of the temperature gradient when increasing the temperature at the hot side (top axis). Red open circles display
the effective Seebeck coefficient of the ring. (d) Scheme of a ring with multiple p and n type elements (in black and red). (e) Scheme of a multi-
ring system to be coupled to a hot pipe including a jacket for the circulation of cooling fluid.
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4. Conclusions

In summary, a novel solution-based strategy to produce
monodisperse CASe NCs and Sn- and Bi-doped CASe NCs at the
gram scale was presented. The effect of Sn- and Bi-doping on the
TE performance of CASe nanomaterials obtained via hot press
was discussed. Sn was demonstrated to be a p-type dopant
which effectively helped to control charge carrier concentration.
On the other hand, the introduction of Bi conveniently modied
the electronic band structure of the compound resulting in
higher S values. We tentatively associated the Bi effect to
a reduction of the negative contribution of conduction electrons
on the Seebeck coefficient, but further theoretical calculations
and detailed experimental results are required to clarify the
exact Bi role in such a complex system. Besides, the introduc-
tion of these impurities helped to reduce the material lattice
thermal conductivity. By optimizing the amount of Sn in
a Bi-doped material, ZT values up to 1.26 at 673 K were obtained
for Cu3Sb0.88Sn0.10Bi0.02Se4, which is among the best ZT values
obtained with a Pb- and Te-free material in this middle
temperature range, with the additional advantage of the high
versatility and low cost associated with solution processing
technologies. Taking advantage of this processability, we
fabricated innovative ring-shaped TE generators, which
provided 1 mW of electric power per TE element with a 160 �C
temperature gradient.
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V. Izquierdo-Roca, W. Li, A. Fairbrother, J. D. Prades,
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In the quest for more efficient thermoelectric material able to convert thermal to
electrical energy and vice versa, composites that combine a semiconductor host
having a large Seebeck coefficient with metal nanodomains that provide phonon
scattering and free charge carriers are particularly appealing. Here, we present our
experimental results on the thermal and electrical transport properties of PbS-metal
composites produced by a versatile particle blending procedure, and where the metal
work function allows injecting electrons to the intrinsic PbS host. We compare the
thermoelectric performance of composites with microcrystalline or nanocrystalline
structures. The electrical conductivity of the microcrystalline host can be increased
several orders of magnitude with the metal inclusion, while relatively high Seebeck
coefficient can be simultaneously conserved. On the other hand, in nanostructured
materials, the host crystallites are not able to sustain a band bending at its interface
with the metal, becoming flooded with electrons. This translates into even higher
electrical conductivities than the microcrystalline material, but at the expense of
lower Seebeck coefficient values. C 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4961679]

The cost-effective use of solid state thermoelectric devices to directly convert heat to electricity
and vice versa requires designing and engineering thermoelectric materials that provide higher
performance. In this direction, composites offer several advantages.1–8 The thermal conductivity of
composite materials can be strongly reduced with respect to their components by effective phonon
scattering at the interfaces of two dissimilar materials. Additionally, high charge carrier concen-
trations can be reached while conserving high carrier mobilities by modulation doping, that is, by
introducing electronic dopants in just one of the phases and spilling the carriers over from this
phase to the host semiconductor. This doping strategy minimizes the influence of ionized doping
impurities on charge carrier transport when this takes place through the other phase.9 Furthermore,
higher Seebeck coefficients can be obtained by selectively scattering low energy charge carriers at
interfaces.10 Alternatively, by properly selecting the constituent materials and precisely engineering
the composite, the minority phase can become invisible to charge carriers.11–13 Besides, in particular
cases, inclusions can even improve charge carrier mobility by reducing intergrain potential barriers
in the matrix material, as recently observed in semiconductor-metal nanocomposites.14
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This last type of composite, obtained from combining a semiconductor host having a large
Seebeck coefficient with metal inclusions, is particularly interesting. A potentially strong acoustic
impedance mismatch between the semiconductor and the metal provides a very efficient interface
phonon scattering. Besides, the very high density of free carriers in metals represents a conve-
nient charge pool to adjust the host charge carrier concentration if a proper band alignment for
charge spillover exists.14,15 Additionally, Schottky metal-semiconductor interfaces may effectively
and preferentially scatter low energy carriers.10,16 The interest that semiconductor-metal composites
has evoked is such that in the last decade a wide spectrum of experimental results, not always
obviously consistent between each other, has been reported for several different combinations
(Table I).

The proper design and engineering of a semiconductor-metal composite requires not only to
select materials with a suitable band alignment but also to use production approaches that allow
tuning the material composition and properly distributing the different phases. In this regard, the
blending of metal and semiconductor particles in a controlled atmosphere represents an extremely
simple methodology to produce composites with a huge compositional versatility and an excellent
control over a number of parameters, such as distribution and composition of the phases. Within
this approach, the particle sizes of both metal and semiconductor are the key parameters as they
determine the final metal and semiconductor domain size in the composite and the metal domain
density at a set overall composition. These parameters not only determine the extent of phonon
scattering, charge spillover, or potential energy filtering but also the extent that the metal influences
the host semiconductor Fermi level, especially when employing intrinsic semiconductors as those
required to take full advantage of the modulation doping strategy.

TABLE I. Effect of the metal on semiconductor-metal composites as re-
ported in the literature. Red: worsens; green: improves; yellow: unchanged;
blue: no data.14,15,17–35 κ is thermal conductivity, S the Seebeck coef-
ficient, σ the electrical conductivity and, n and p are the carrier density
according to the type of the semiconductor N or P.
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We recently demonstrated that low work function metals such as Ag are able to inject electrons
to a quasi-intrinsic and nanostructured PbS host.14 We also observed that the presence of Ag at
the interfaces allowed reducing the energy barriers for charge transport between PbS grains, thus
not only minimizing the influence over mobility, as in a conventional modulation-doping scenario,
but actually also improving it. In the present work, we demonstrate that combinations of intrinsic
PbS with low work function non-noble metals, such as copper and tin, can also provide higher
thermoelectric performances. Besides, here we compare the results obtained from a nanocrystalline
semiconductor host, which Fermi level may be pinned to the metal’s, with those of a microcrystal-
line host, which supports the band bending at the metal-semiconductor interface. We demonstrate
that while higher electrical conductivities can be reached with a more extensive distribution of metal
nanoparticles within the host semiconductor, larger Seebeck coefficients can be maintained with the
microcrystalline host.

Cubic PbS nanocrystals with a mean edge size of ∼10 nm were prepared following our previ-
ously reported procedure.36 Cu nanocrystals with an average diameter of ∼5 nm were prepared
following the approach developed by Yang et al.37 Sn nanocrystals with an average diameter of
∼13 nm were prepared using the method developed by Kovalenko et al.38

The blending of nanocrystals was performed by wetting 750 mg of dried PbS nanocrystals with
different amounts of a solution of metal nanocrystals in anhydrous chloroform. Subsequently, the
solvent was allowed to evaporate under the argon atmosphere.

Proper amounts of commercial PbS and Cu powders were mixed inside an argon-filled glove-
box by manually grinding them with an agate mortar.

PbS-metal blends were annealed at 450 ◦C for 60 min under an Ar flow inside a tube furnace.
Then, the annealed powder was loaded into a graphite die and compacted into pellets (Ø10 mm
× 1.5 mm) in an Ar atmosphere using a custom-made hot press for 5 min at 420 ◦C and under
70 MPa pressure. The relative density of the obtained pellets was higher than 85% of the theoretical
value in all cases.

X-ray diffraction (XRD) patters were obtained on a Bruker AXS D8 ADVANCE X-ray diffrac-
tometer with Cu–Kα radiation (λ = 0.154 06 Å). Transmission electron microscopy (TEM) char-
acterization was carried out on a Zeiss Libra 120, operating at 120 kV. High resolution TEM
(HRTEM) images were obtained using a Jeol 2010F field-emission gun microscope at 200 keV.
Field-emission scanning electron microscopy (SEM) micrographs were obtained on Zeiss Auriga
at 5.0 kV. Composition was analyzed by means of an Oxford energy dispersive X-ray (EDX)
spectrometer coupled to the SEM.

Both the Seebeck coefficient and the electrical resistivity were measured simultaneously in
a LSR-3 LINSEIS system under helium atmosphere. Thermal conductivities were calculated by
κ = λCpρ, where λ is the thermal diffusivity, Cp is the heat capacity, and ρ is the mass density
of the specimen. Thermal diffusivities were measured using XFA 600 Xenon Flash apparatus. The
specific heat (CP) was calculated by the Dulong-Petit approximation, and the density values used
were obtained using the Archimedes’ method. Error bars were estimated from the repeatability of
the experimental result obtained, calculated after measuring each parameter 3 times. Hall carrier
concentrations were measured using a PPMS-9T from Quantum Design, Inc. at room temperature
under a magnetic field of 2 T.

Figures 1(a)-1(d) display representative TEM micrographs and the corresponding particle size
histograms of the 10 nm cubic PbS, the 5 nm spherical Cu, and the 13 nm spherical Sn nanocrystals
obtained following the above procedures and used to produce semiconductor-metal nanocompos-
ites. Figure 1(e) shows the nanocrystals XRD patterns. Importantly, no secondary phases, including
the corresponding oxides, were detected when carefully producing, manipulating, and purifying the
nanocrystals in air-free conditions.

PbS-Cu and PbS-Sn nanocomposites with adjusted metal concentrations were produced by
combining purified PbS nanocrystals with different amounts of a suspension of colloidal Cu or Sn
nanocrystals, respectively. To remove residual organic compounds and chemically and structurally
stabilize the material, nanocomposites were annealed at 450 ◦C for 60 min under an Ar flow. Subse-
quently, the annealed powder was consolidated into disk-shaped pellets using a hot-press. EDX
analysis showed the amount of Cu and Sn in the final nanocomposite to be consistent, within the
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FIG. 1. (a)-(d) TEM micrographs of PbS (a), Cu (b), and Sn (c) nanocrystals and the corresponding size histograms (d).
(e) XRD patterns of PbS, Cu, and Sn nanocrystals. The respective reference patterns are also plotted as follows: PbS: JCPDS
00-005-0592; Cu: JCPDS 03-065-9026; Sn: JCPDS 01-086-2265. (f)-(g) XRD patterns for different concentrations of Cu
in the PbS-Cu (f) and PbS-Sn (g) nanocomposite pellets. (h) Representative SEM micrograph of a PbS-Sn nanocomposite
showing 100-200 nm grains. Inset shows an image of the actual pellet. (i) HRTEM micrograph and (j) power spectra of the
PbS-Sn nanocomposite showing the material polycrystallinity with crystal domain sizes in the range between 10 and 20 nm.

experimental error, with the nominal composition of the nanocomposites prepared. This result was
to be expected as no additional purification process was performed after the nanocrystal combina-
tion, and processing temperatures were not high enough for metal evaporation.

Figures 1(f) and 1(g) show the XRD patterns of PbS-Cu and PbS-Sn nanocomposite pellets,
respectively. Because of the low amount of metal introduced and the coincidence of the main x-ray
diffraction peaks of the metal with those of PbS, the presence of metallic Cu and Sn phases was
not detected by XRD. During the annealing processes, PbS grains were observed to grow from the
initial 10 nm to around 100-200 nm (Figure 1(h)). However, careful HRTEM analysis showed the
grains to be highly polycrystalline, with crystal domain sizes in the range 10–20 nm (Figures 1(i)
and 1(j)). The coincidence of interplanar spacings did not allow obtaining evidences of the presence
of metallic Cu or Sn crystals from HRTEM and electron diffraction.

The electrical conductivities (σ), Seebeck coefficients (S), thermal conductivities (κ), and
dimensionless thermoelectric figure of merit ZT = σS2T/κ of nanocrystalline PbS and a series of
PbS-Cu and PbS-Sn nanocomposites with metal concentrations up to 5 mol% are displayed in
Figure 2. The pristine PbS material was characterized by low electrical conductivity at ambient
temperature, which, as it corresponds to an intrinsic or poorly doped semiconductor, strongly

FIG. 2. Temperature dependence of the (a), (e) electrical conductivity, σ; (b), (f) Seebeck coefcient, S; (c), (g) thermal
conductivity, κ; and (d), (h) thermoelectric figure of merit (ZT) for PbS-Cu (a)-(d) and PbS-Sn (e)-(h) nanocomposites.
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increased with temperature. Consistently, relatively high Seebeck coefficients were measured for
PbS at ambient temperature. Besides, a sign inversion in the Seebeck coefficient was observed at
around 450 K, corresponding to a change from p-type to n-type conductivity. PbS–Cu and PbS-Sn
nanocomposites showed significantly higher electrical conductivities, which increased with the
metal content. For the nanocomposites with the highest metal contents, electrical conductivities
decreased with temperature, as it corresponds to a degenerated semiconductor. This result demon-
strates the important electronic role that Cu and Sn play on the final material. Over the entire
temperature range measured, both PbS–Cu and PbS-Sn nanocomposites exhibited negative Seebeck
coefficients and their absolute values increased with temperature. This n-type behavior pointed
towards an injection of electrons from the metal to the host semiconductor. Consistently with the
higher electrical conductivities measured, lower Seebeck coefficients were generally obtained for
the nanocomposites when compared with pristine PbS.

Hall charge carrier concentration measurements provided further evidence of the charge carrier
increase, of up to 3 orders of magnitude, obtained with the introduction of metal nanocrystals.
The Hall charge carrier concentrations at room temperature for PbS, PbS-Cu 4 mol%, and PbS-Sn
3.6 mol% were p = 2 × 1016 cm−3, n = 3 × 1019 cm−3, and n = 1 × 1019 cm−3, respectively. The
majority carrier mobilities directly calculated from the measured electrical conductivities were
µp = 14 cm2 · V−1 · s−1, µn = 130 cm2 · V−1 · s−1, and µn = 130 cm2 · V−1 · s−1, for PbS, PbS-Cu
4 mol%, and PbS-Sn 3.6 mol%, respectively.

With the metal addition, higher thermal conductivities, which increased with the metal content,
were obtained in the whole temperature range. This increase is associated with the higher electronic
component of the thermal conductivity. Overall, nanocomposites displayed significantly higher po-
wer factors (PF = σS2) and figures of merit than pristine PbS. Maximum ZT values were obtained
for PbS-Cu 4.0 mol% and PbS-Sn 3.6 mol% nanocomposites, which reached ZT values up to 0.86
and 0.88 at 855 K, respectively, which represents a twofold increase over pristine PbS. Higher metal
concentrations provided either a too large reduction in the Seebeck coefficient or a too large increase
on thermal conductivity, thus decreasing the overall thermoelectric figure of merit. To estimate
measurement accuracy and have a first assessment of the sample stability, all measurements were
repeated at least three times for each sample, providing minimal variations.

Figure 3 displays the results obtained from the thermoelectric characterization of microcrys-
talline PbS and PbS-Cu 4.0 mol% composites produced from commercial powders. Results are
compared with those obtained from nanocrystalline PbS and the PbS-Cu 4.0 mol% nanocomposite
produced from colloidal nanoparticles. Electrical conductivities of the pristine microcrystalline PbS
were low, similar to those of the PbS nanomaterial. In the high temperature range, higher electrical
conductivities were obtained for the nanocrystalline PbS, which we associate to a higher density of

FIG. 3. Temperature dependence of the (a) electrical conductivity; (b) Seebeck coefficient; (c) thermal conductivity; and
(d) thermoelectric figure of merit for microcrystalline PbS–Cu composites (blue squares) and PbS-Cu nanocomposites (black
circles). (e)-(f) Scheme of a semiconductor-metal nanocomposite and a microcomposite and the band alignments in three
scenarios depending on the relative position of the semiconductor (EF SC) and metal Fermi Energy levels (EF M).
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surface defects, susceptible to be ionized in the high temperature range and thus providing higher
charge carrier concentrations. With the Cu introduction, the electrical conductivities of the micro-
crystalline composite increased several orders of magnitude, up to 104 S m−1, but remained a factor
4 lower than those of the PbS-Cu nanocomposite.

On the other hand, the Seebeck coefficients of the pristine PbS microcrystalline material
showed a similar temperature evolution as the nanocrystalline PbS, but reached higher values in
the high temperature range, which is consistent with the relatively lower electrical conductivities
measured in this temperature range for the microcrystalline material. In the presence of copper,
negative Seebeck coefficients were measured in the whole temperature range, which, together with
the large increase of electrical conductivity, points toward a spillover of electrons from the metal to
the host semiconductor, as in the case of the PbS-Cu nanocomposite. In the microcrystalline com-
posite however, much higher Seebeck coefficients than in the nanocomposite were obtained, even
when comparing with nanocomposites having lower Cu loads and similar electrical conductivities.
We associate the relatively lower Seebeck coefficients obtained in the nanocrystalline material to the
nanocrystals charge flooding, not being able to sustain a sufficient band bending due to their small
size and low electronic doping. In the microcrystalline compound, the injection of charge from cop-
per to PbS introduces a band bending in the semiconductor, but still most of the PbS crystal remains
quasi-intrinsic, thus overall providing much larger Seebeck coefficients (Figures 3(e) and 3(f)).

In microcrystalline PbS, the measured Hall charge carrier concentration at room temperature
was p = 9 × 1015 cm−3, just slightly lower than for nanocrystalline PbS. The related charge carrier
mobility was µp = 28 cm2 · V−1 · s−1, twofold higher than in nanocrystalline PbS. When introducing
a 4 mol% of Cu, the microcrystalline PbS-Cu 4 mol% composite displayed a charge carrier concen-
tration of n = 2 × 1018 cm−3, which was one order of magnitude lower than when blending the
same amount of Cu with nanocrystalline PbS. From this carrier concentration value, the calculated
mobility in the microcrystalline composite was 3-fold larger than that of the nanocomposite, which
is consistent with the higher crystallinity of the former.

As expected, the thermal conductivities of the microcrystalline PbS and the PbS-Cu composite
were larger than those of the nanocrystalline PbS and PbS-Cu. Overall, while larger ZT values
were obtained for the microcrystalline compound in the low temperature range measured, due to
the much higher Seebeck coefficients provided, in the high temperature range, the nanocomposite
was characterized by higher ZT values related to the lower lattice thermal conductivity due to more
efficient phonon scattering and the higher electrical conductivities associated to a more efficient
charge carrier injection from the metal to the semiconductor.

PbS-Cu and PbS-Sn composites were prepared by a facile and extremely versatile approach
consisting on blending the proper amount of particles of each components and subsequently hot-
pressing the resulting mixture. Compared with pristine PbS, PbS-metal composites exhibited much
higher electrical conductivities and negative Seebeck coefficients in the whole temperature range,
consistent with a spillover of electrons from the low work function metal to the semiconductor. Due
to the strong contribution of the electronic thermal conductivity, the metal addition had associated
an increase of the thermal conductivity. When comparing the thermoelectric properties of PbS-Cu
composites with crystal domain sizes in the micrometer scale with those of nanocomposites with
dimensions of both components in the nanometer size regime, we observed that with the same metal
loading, higher electrical conductivities were reached in the nanocomposite, but higher Seebeck
coefficients were maintained in the microcomposite. Both results were associated to a more efficient
charge transfer from the metal to the semiconductor in the nanocrystalline materials. As expected,
lower thermal conductivities were also measured in the nanocomposite. Overall, higher ZT values
were measured on the microcomposite in the low temperature range, but higher ZT values were
measured from the nanocomposites in the higher temperature range. Both in microcomposites and
nanocomposites, a 2-fold increase of ZT was obtained over pristine PbS.
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ABSTRACT: Bottom-up approaches for producing bulk
nanomaterials have traditionally lacked control over the
crystallographic alignment of nanograins. This limitation has
prevented nanocrystal-based nanomaterials from achieving
optimized performances in numerous applications. Here we
demonstrate the production of nanostructured BixSb2−xTe3
alloys with controlled stoichiometry and crystallographic
texture through proper selection of the starting building
blocks and the adjustment of the nanocrystal-to-nanomaterial
consolidation process. In particular, we hot pressed disk-
shaped BixSb2−xTe3 nanocrystals and tellurium nanowires
using multiple pressure and release steps at a temperature above the tellurium melting point. We explain the formation of the
textured nanomaterials though a solution−reprecipitation mechanism under a uniaxial pressure. Additionally, we further
demonstrate these alloys to reach unprecedented thermoelectric figures of merit, up to ZT = 1.96 at 420 K, with an average value
of ZTave = 1.77 for the record material in the temperature range 320−500 K, thus potentially allowing up to 60% higher energy
conversion efficiencies than commercial materials.

KEYWORDS: BixSb2−xTe3, nanocrystal, crystal texture, liquid phase sintering, thermoelectric, energy conversion

Nanostructured materials hold the key to the cost-effective
use of thermoelectric devices in a broad range of

applications. Nanomaterials are characterized by reduced
thermal conductivities attributed to phonon scattering at
grain boundaries;1,2 the potential to simultaneously combine
high charge carrier concentrations with large charge carrier
mobilities through modulation doping;3−5 and the possibility to
maximize the Seebeck coefficient by modifying the electronic
band structure or through electron energy filtering at
interphases.6,7 However, to optimize all of these properties,
an exquisite control over nanomaterial parameters in three
dimensions is necessary. Such a level of control cannot be
reached by current high throughput bulk nanomaterial
fabrication technologies, such as mechanical grinding. Alter-
native vacuum-based thin film technologies are able to produce

compositionally tuned films but with limited thickness and at
expenses of high production costs and low throughputs.
Bottom-up assembly strategies that use nanocrystals as

starting building blocks allow producing bulk nanomaterials
with parameters tuned at the nanometer scale and in a cost-
effective manner. This approach has been successful to produce
a plethora of nanocrystalline materials with exceptional
thermoelectric properties.1,3,8−10 However, this methodology
faces limitations in the production of highly anisotropic
materials with proper crystallographic alignment, as required
in numerous application fields, including thermoelectrics.1
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In particular, n-type Bi2Te3−xSex and p-type BixSb2−xTe3
alloys, the most ubiquitous thermoelectric materials operated
at ambient temperature, have layered structures consisting of
stacks of covalently bonded quintuple atomic layers, Te−Bi/
Sb−Te−Bi/Sb−Te, that are held together by weak van der
Waals interactions (Figure S1). Such layered materials are
characterized by strongly anisotropic transport properties. In
single crystals, the electrical conductivities in the ab plane are
higher than those in the c direction, up to factors of 4.38 and
2.65 for Bi2Te2.6Se0.4 and Bi0.5Sb1.5Te3, respectively.11,12

Similarly, 2-fold higher thermal conductivities are measured
within the ab plane. Even though the Seebeck coefficient is
nearly isotropic, overall, higher thermoelectric figures of merit,
up to factors of 2.17 and 1.42 for Bi2Te2.6Se0.4 and Bi0.5Sb1.5Te3,
are measured in the ab plane when compared with the c
direction. Such strong anisotropy requires producing crystallo-
graphically textured Bi2Te3−xSex and BixSb2−xTe3 nanomaterials
to optimize their thermoelectric properties.
To generate crystallographically textured polycrystalline

materials, severe plastic deformation approaches, such as
particular extrusion strategies13,14 and high pressure torsion,15

have been used with some success. More conventional
processes, such as hot press and spark plasma sintering, have
also been effective in producing Bi2Te3−xSex and BixSb2−xTe3
polycrystalline materials with significant degrees of crystallo-
graphic alignment.16−18 Combining these methodologies with
micropowders produced by ball milling, polycrystalline pellets
with relatively thick layered structures, ca. 0.5−1 μm, have been
obtained. To optimize such consolidation processes, most
parameters have been investigated, but some controversy has

arisen. As an example, it is generally assumed that anisotropy is
stimulated by severe pressures and temperatures, but in some
cases, less orientation at higher processing temperatures has
been reported.17 In other works, the size of the die was
considered as the main parameter determining the degree of
crystallographic texture.16 Overall, three main conclusions have
been generally accepted: (i) crystallographically aligned
Bi2Te3−xSex and BixSb2−xTe3 alloys are produced with the c
direction oriented along the pressing direction; (ii) in such
materials, improved thermoelectric properties are measured or
assumed within the ab plane when compared with the c
direction; and (iii) much room is left for improvement through
optimizing these processes.
Here, we detail a liquid phase sintering strategy to

systematically produce crystallographically textured BixSb2−xTe3
materials with thin layered structures. We further prove that
these nanomaterials are characterized by record thermoelectric
figures of merit, although not in the ab plane but in the c
direction.
BixSb2−xTe3 nanocrystals with controlled composition were

used as precursor building blocks to produce bulk nanocrystal-
line pellets. Figure 1a shows a representative scanning electron
microscopy (SEM) micrograph of the disk-shaped BixSb2−xTe3
nanocrystals produced in diethylene glycol from bismuth(III)
nitrate, antimony(III) chloride, and sodium tellurite in the
presence of hydrazine and polyvinylpyrrolidone at 190 °C (see
details in the Supporting Information). Over 5 g of nanocrystals
per batch was produced using this synthetic protocol (Figure
S2a). Composition could be easily tuned around its optimum
value for thermoelectric applications (x = 0.5) by adjusting the

Figure 1. Representative SEM micrographs (a, c) and XRD patterns (b, d) of the BixSb2−xTe3 disk-shaped nanocrystals used in this work, before (a,
b) and after (c, d) annealing. Tellurium nanorods were present in samples prepared with a nominal excess of tellurium and some of them are pointed
out by arrows in the SEM images of the sample before and after annealing. The presence of large tellurium nanorods in the annealed sample is also
evidenced from the XRD peak at 2θ = 27.6°.
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initial ratios of the bismuth and antimony precursors (Figure 1b
and Table S2 and S3). In all samples, excess amounts of
tellurium, nominally Te/(Bi + Sb) = 1.875, were introduced in
the reaction mixture. The produced nanocrystal ensemble
systematically conserved the nominal Bi/Sb ratios and an excess
of tellurium: Te/(Bi + Sb) ∼ 1.7. Excess tellurium was found in
the form of thin tellurium nanorods, segregated from
BixSb2−xTe3 nanodisks, as pointed out by red arrows in Figure
1a.
BixSb2−xTe3 nanocrystals were purified by multiple precip-

itation and redispersion steps (Supporting Information).
Subsequently, they were dried and annealed at 350 °C for 60
min under argon flow inside a tube furnace to remove
remaining organics. The annealed nanopowders still consisted
of disk-shaped BixSb2−xTe3 nanocrystals (Figure 1c and Figure
S2b−d), and contained large tellurium nanorods, grown during
the annealing step from the excess amounts of this element in
the original sample, as observed by SEM (Figure 1c) and X-ray
diffraction (XRD, Figure 1d).
The annealed nanopowders were hot pressed for 210 s

within an inert atmosphere into cylindrical pellets (10 mm in
diameter and 10 mm length) using 80 MPa of pressure. The
whole procedure, lasting less than 5 min and requiring no
vacuum and moderate processing temperatures, resulted in
BixSb2−xTe3 cylinders with relative densities ca. 90% of the
theoretical value, as measured by the Archimedes method.
From these cylinders, rectangular bars of about 8 × 6 × 1 mm3

were cut in two directions: along the press axis, i.e., the cylinder
length, and within the plane normal to this axis, i.e., the cylinder
disk plane (Figure S6).
The uniaxial hot press of the materials at temperatures below

400 °C resulted in relatively isotropic pellets containing small
nanograins with random orientations (Figure 2f,g). On the
other hand, when hot pressing the annealed nanopowders at
temperatures above 450 °C, pellets with strong crystallographic

texture, with the [001] crystallographic direction oriented along
the press axis, were produced (Figure 2a−d). Figure 2a−c
shows top-view and cross-section SEM micrographs of a pellet
produced from hot pressing BixSb2−xTe3 nanodisks at 480 °C.
A laminar structure, with layer thicknesses of around 40 nm and
extending several tens and even hundreds of microns in the disk
plane, was systematically observed in all of the samples
produced at this temperature. These layers displayed a
homogeneous distribution of Bi and Sb and contained
numerous stacking faults as observed from STEM-EELS and
HRTEM characterization of a pellet cross-section (Figures S4
and S5). Figures 2d and S3 display the XRD patterns measured
in two perpendicular orientations of the cylinder, along and
normal to the press axis. The XRD pattern of the pellet held
with the press axis normal to the support showed a clear
increase of the diffraction peaks corresponding to the [001]
crystallographic directions with respect to the pattern obtained
from the cylinder held planar (Figure 2d).
The excess of tellurium in the initial nanopowder was

essential to produce highly crystallographically textured nano-
materials (Figure S7). During the hot press process at 480 °C,
the excess of tellurium, ca. 8% in volume, liquefied (tellurium
melting point is 449.5 °C), creating a solid−liquid interface
with two main potential consequences. The liquid interface
reduced the interparticle friction, potentially facilitating the
reaccommodation of the solid nanocrystals. In a pure
nanocrystal rearrangement scenario, the final pellet would
consist of disk-shaped nanocrystals identical to those observed
in the precursor nanopowders but all aligned in one preferential
direction dictated by the press axis. However, this was not the
observed pellet nanostructure (Figure 2a−c).
The tellurium liquid phase could also dissolve the randomly

oriented BixSb2−xTe3 nanocrystals, allow a fast atomic diffusion
of the alloy elements, and feed, when oversaturated, the
nucleation and growth of new BixSb2−xTe3 crystals oriented in a

Figure 2. (a) Top-view SEM micrograph of a BixSb2−xTe3 pellet produced at 480 °C. (b) Cross-section SEM micrograph of the same pellet. (c)
Detail of the cross-section SEM micrograph. (d) XRD patterns of the pellet placed to have the press axis within the diffraction plane (green) and
normal to it (blue). (e) Cartoon of the liquid-assisted sintering of the nanocrystals under uniaxial pressure. (f) Cross-section SEM micrograph of a
pellet hot pressed at 300 °C. (g) XRD patterns of the pellet hot pressed at 300 °C placed to have the press axis within the diffraction plane (green)
and normal to it (blue).
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preferential direction dictated by the press axis. In the liquid
phase sintering literature, this sintering mechanism is known as
the solution−reprecipitation stage.19 Indeed, at 480 °C, liquid
tellurium can dissolve around 15% of Sb and 25% of Bi.
Actually, both the Sb−Te and Bi−Te systems have eutectic
points: at 422 °C for Sb−Te with 7.4% of Sb and at 413 °C
with 10% of Bi in the Bi−Te system.20,21 The dissolution of the
solid in the liquid phase varies inversely with the crystal size;
thus, smaller grains and higher energy surfaces preferentially
dissolve, contributing to the formation of larger grains. In this
Ostwald ripening scenario, randomly oriented small disk-
shaped nanocrystals are rapidly dissolved and larger and
crystallographically oriented structures are produced, strongly
reducing the material porosity.19,22 Such a nanostructure
matched well with the results obtained.
The presence of a uniaxial hydrostatic pressure during the

liquid phase sintering decisively influenced the orientation of
the growing crystals. During the solution and reprecipitation
step, the preferred orientation of the precipitating crystals is the
one that minimizes the chemical potential required for
equilibrium across the plane normal to the pressure axis.23

Such an orientation depends on the elasticity of the material in
each crystallographic direction, in such a way that in rather
elastically anisotropic materials, such as BixSb2−xTe3, crystals
align with the weakest crystallographic plane normal to the
pressure axis. The layered structure of BixSb2−xTe3 crystals, with
a strong bonding between atoms inside the ab plane and weak
bonding between the layers in the c direction, results in a rather
strong anisotropy of the elastic constants.24 In particular, the
Young modulus of Bi2Te3 crystals in the a and b axes is close to
30% larger than that in the c axis.25,26 Thus, during the liquid
phase sintering under a uniaxial pressure, reprecipitated crystals

would be oriented with the c direction parallel to the press axis,
as we observed experimentally.
The presence of a uniaxial pressure during the liquid phase

sintering may not only introduce a preferential orientation of
the reprecipitated crystals, but it may also influence their
geometry.23,24 In the presence of a liquid phase able to partially
dissolve and reprecipitate the crystals, the uniaxial pressure
promotes growth in their normal directions and aids the
dissolution of the crystals in the direction parallel to this
axis.23,24 In the particular case of BixSb2−xTe3, already in
solution, at moderate temperatures and in the absence of a
uniaxial pressure, nanocrystals grow faster in the ab plane than
in the c-axis, thus acquiring flat, disk-shaped, morphologies.
During the hot press process, the relative growth in the ab
plane is much more accentuated and plates with much higher
aspect ratios are finally obtained.
The initial shape of the pressed nanocrystals could influence

the direction and even existence of a predominant orientation
of the crystal domains in the final material.27 Actually, in a
previous work, no significant crystallographic texture was
observed in pellets obtained from the hot press of ball milled
BixSb2−xTe3 containing an excess of tellurium, even when using
processing temperatures above the tellurium melting point.28

To determine the role of the geometry of the precursor
nanocrystals, we hot pressed Bi2Te3 nanorods with the same
excess of tellurium, Te/Bi ∼ 1.7, and following the exact same
steps as in the case of BixSb2−xTe3 nanodisks (Figure S8).29

The polycrystalline material produced had a significant
crystallographic texture (I(0015)/I(110) = 5.6, Figures S9 and
S10) but lower than that obtained with the BixSb2−xTe3
nanodisks (I(0015)/I(110) = 7.3, Figure 2d). We also produced
pellets by hot pressing a powder obtained from the ball milling

Figure 3. Thermoelectric properties of Bi0.5Sb1.5Te3 nanomaterial hot pressed at 480 °C (blue squares) measured in two directions, parallel (open
squares) and normal (solid squares) to the press axis (data were obtained from averaging the data values experimentally measured from five
samples); Bi0.5Sb1.5Te3 nanomaterial hot pressed at 300 °C (red triangles); and a commercial ingot (black circles) measured in two directions,
parallel (solid circles) and normal (open circles) to the cleavage direction. (a) Electrical conductivity, σ; (b) Seebeck coefficient, S; (c) power factor,
PF; (d) thermal conductivity, κ; (e) lattice and bipolar thermal conductivity, κL + κbi = κtotal − κe; and (f) thermoelectric figure of merit, ZT.
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of a commercial ingot and adding an excess of elemental
tellurium to it. These pellets also showed some crystallographic
alignment (I(0015)/I(110) = 3.1, Figures S11 and S12) but also
lower than the pellets produced from nanodisks (Figure 2d).
To produce consolidated nanomaterials with stoichiometric

composition and having the finest crystallographic texture and
optimum thermoelectric properties, it was essential to
completely remove the excess amount of tellurium. Conven-
iently, during the hot press, while the temperature was above
the tellurium melting point, the excess of this element was
expelled through the plunger rod (Figure S13). However, in
just one pressure and release step, the tellurium excess was not
completely removed from the sample, probably due to the
blocking of the escape paths within the layered structure or the
plunger rod (Figures S14−S16). Only upon multiple pressure
and release steps the excess of tellurium could be totally
ejected. Specifically, we used five pressure and release steps
during the 210 s that the temperature was set at 480 °C to
completely get rid of the tellurium excess. A similar cycling
uniaxial pressure was previously reported to improve crystal
alignment in spark plasma sintered BixSb2−xTe3, having no
tellurium excess.18 No inside of the involved mechanism was
reported in this previous work.
Among the different compositions tested, Bi0.5Sb1.5Te3

provided the highest thermoelectric figures of merit (Figures
S17−S20). We associated this experimental fact to a more
optimum charge carrier concentration in this sample. This
result is consistent with previous reports and with the use of
this composition in commercial devices. Figure 3 shows the
electrical conductivity, σ; Seebeck coefficient, S; power factor,
PF; thermal conductivity, κtotal; lattice and bipolar thermal
conductivity, κL + κbi = κtotal − κe, and overall thermoelectric
figure of merit, ZT = S2σT/κ, of the Bi0.5Sb1.5Te3 nanomaterial
hot pressed at 480 °C and measured in two directions, parallel
and normal to the press axis (Figure S6). Displayed results were
obtained from averaging experimental data from five different
pellets (Figures S25 and S26). These results are compared in
Figure 3 with those obtained from a pellet produced with the
exact same material but hot pressed at a lower temperature, 300
°C, and a commercial ingot measured in the cleavage plane
(ab) and its normal direction (c).
The nanomaterials hot pressed at 300 °C showed relatively

low electrical conductivities (Figure 3a). Such low electrical
conductivities were associated with a strong scattering of charge
carriers at the ubiquitous grain interfaces of these materials.
Additionally, these materials had lower relative densities than
materials hot pressed at higher temperatures and contained an
excess amount of tellurium which had not been expelled during
the hot press step. On the other hand, nanomaterials hot
pressed at 480 °C showed very high electrical conductivities,
comparable to those of the commercial sample. As expected,
the electrical conductivities measured in the disk plane were
higher than those obtained in the press direction (σab/σc = 1.6
at 320 K). Such high electrical conductivities have been
previously measured in samples processed in an excess of
tellurium and were related to two main factors:27,30 (i) an
increase (over materials with similar Bi/Sb ratios) of the hole
concentration associated with a modification of the antisite and
vacancy defects due to the tellurium excess;29 (ii) formation
during the liquid phase sintering of semicoherent grain
boundaries having a minimal effect on hole scattering.27

Hall measurements of a series of five hot pressed
Bi0.5Sb1.5Te3 nanomaterials measured three times showed the

average charge carrier concentrations to be p = (5 ± 3) × 1019

cm−3, i.e., sensibly higher than that of the commercial material,
p = (1.0 ± 0.5) × 1019 cm−3. The mobilities measured in the
plane normal to the press axis were on average a factor of 1.6
higher than those measured in the press axis direction.
The Seebeck coefficients of the bottom-up assembled

nanomaterials were significantly lower than those of the
commercial sample, especially for the nanomaterial hot pressed
at 480 °C (Figure 3b). These lower Seebeck coefficients were
associated with the higher charge carrier concentrations present
in the bottom-up nanomaterials. The higher charge carrier
concentrations also explained that the Seebeck coefficients
started to decrease at a higher temperature in the nanomaterial
hot pressed at 480 °C when compared with the commercial
sample. On top of this retard of the bipolar effect associated
with the higher charge carrier concentration, the excess of
tellurium during the consolidation step could also reduce the
density of tellurium vacancies, an n-type defect, thus addition-
ally decreasing the extent of the bipolar effect and shifting the
ZT maximum to an even higher temperature. Seebeck
coefficients measured in each of the two directions were very
similar (Sc/Sab = 1.07 at 320 K), as expected from the reduced
anisotropy of this parameter already reported for single crystals
(Sc/Sab = 1.02).11 Nevertheless, the coefficients measured in the
press axis direction were slightly higher, which could point at
some extent of selective scattering of the minority carriers at
the crystal interfaces in the c direction.
As expected, the thermal conductivities of the nanomaterials

were significantly lower than those of the commercial sample,
due to effective scattering at grain boundaries and crystal
defects such as stacking faults (Figure 3d). For the nanoma-
terial hot pressed at 480 °C, the thermal conductivity was
particularly low in the direction of the press axis (κab/κc = 1.64
at 320 K), where a higher density of interfaces and stacking
faults existed. In this direction, the thermal conductivity of this
nanomaterial became comparable to that measured on the
pellet hot pressed at 300 °C containing a random distribution
of very small crystals. When taking into account the correction
for the 10% porosity measured, i.e., a factor 1.33, the lowest
lattice thermal conductivities that we measured at room
temperature (0.43 W m−1 K−1) were slightly above the
amorphous limit for Bi2Te3 (0.31 W m−1 K−1),31 and clearly
above those estimated for highly defective Bi2Te3 (ca. 0.17 W
m−1 K−1),32 or for very small Bi2Te3 nanograins (0.12 W m−1

K−1)33 and those measured for stacked Bi2Te3 2D films at room
temperature (0.1 W m−1 K−1).33

Thermal conductivities decreased with increasing temper-
ature in the low temperature range and stabilized or increased
in the high temperature range, when the bipolar contribution
became significant (Figures 3e and S21). Consistent with
previous observations,34 the bipolar contribution to the thermal
conductivity was lower in the nanomaterial than in the
commercial sample, which was attributed to a combination of
the higher majority carrier concentration, the suppression of a
source of minority carriers, such as tellurium vacancies, and the
scattering of minority carriers at crystal interfaces or planar
defects such as stacking faults.
Overall, the thermoelectric figures of merit of the nanoma-

terial hot pressed at 480 °C were significantly higher than those
of the commercial sample (Figure 3f). In particular, in the
direction of the press axis, i.e., c, the combination of a high
electrical conductivity, a notable Seebeck coefficient, and a very
low thermal conductivity resulted in thermoelectric figures of
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merit up to ZT = 1.96 at 420 K for the record material and ZT
= 1.83 when averaged for five pellets. Dispersion of results was
provided from a dispersion of the charge carrier concentration
in the samples. These values are the highest thermoelectric
figures of merit reported in the ambient temperature range
(Figure S22). Importantly, these high thermoelectric figures of
merit were sustained in an extended temperature range. The
average thermoelectric figure of merit, calculated over 180 K,
from 320 to 500 K, was ZTave = 1.77 for the record material and
ZTave = 1.65 when averaging for five pellets. These values
translated in potential energy conversion efficiencies up to 60%
higher than those of commercial materials (Supporting
Information).35,36

Notice that the figures of merit measured from the
nanomaterial in the ab plane were systematically lower than
those in the c direction (Figure 3f). This was somehow
unexpected, since higher ZT values have been generally
measured or assumed in the ab plane for single crystals and
partially oriented polycrystalline materials.11,15 The general
assumption that the figures of merit in the ab plane must be
higher than those in the c direction explains that in several
previous works only the thermoelectric properties in the ab
plane were measured, when possibly higher figures of merit
would have been obtained in the normal direction.34,37

Finally, we want to highlight that the nanocrystalline
BixSb2−xTe3 materials presented here showed good stability
even when heated up to relatively high temperature (500 K)
and during prolonged periods of time, as can be seen in Figures
S23 and S24.
Conclusions. We demonstrated the production of crystallo-

graphically textured BixSb2−xTe3 bulk nanomaterials with
record thermoelectric figures of merit: ZT = 1.96 for the
record sample and ZT = 1.83 when averaged over five materials
at 420 K. These high ZT values also extended over a larger
temperature range, resulting in ZT values averaged over 180 K
as high as ZTave = 1.77 for the record material and ZTave = 1.65
as the mean value from five samples. These unprecedented
figures of merit were obtained in the c direction, in contrast
with most previous works measuring or assuming better
thermoelectric performances in the ab plane. Our procedure
was based on several key parameters: (i) the use of p-type
BixSb2−xTe3 disk-shaped nanocrystals having controlled com-
position; (b) the uniaxial hot press of the nanocrystals
containing an excess of tellurium homogeneously distributed
across the material; and (c) the use of a proper hot press
temperature and processing steps to ensure a proper liquid-
assisted sintering and the complete removal of the tellurium
excess.
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