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Organic-inorganic hybrid thermoelectric composites have emerged as promising candidates for 

flexible thermoelectric devices due to their low cost, solution processability, and ease of large-scale 

fabrication. Nevertheless, hybrid composite materials have been scarcely used primarily due to the 

unavailability of robust, high-performance materials. Therefore, it is essential to develop new 

materials with attributes such as elevated carrier mobility, electrical conductivity, Seebeck 

coefficients, and low thermal conductivity. 

This dissertation primarily describes to develop organic-inorganic hybrid thermoelectric 

composites, predominantly composed of tellurium nanowires (TeNWs) and the conducting polymer 

poly(3-hexylthiophene-2,5-diyl) (P3HT), thereby improving thermoelectric (TE) performance by 

manipulating charge transport at the interfaces between nanowires and P3HT. Various strategies 

such as oxidation control, doping, surface modification, extending the dimensions of nanowires, 

and utilizing high molecular weight polymers are presented in this dissertation to enhancing TE 

performance of these hybrid composites. Aqueous solution chemical (ASS) method was developed 

to synthesize TeNWs. TeNWs and tellurium oxide (TeO2) nanowires were combined with P3HT to 

fabricate two hybrid composite systems, and dispersions were drop-casted on quartz substrates. 

Hybrid films were doped in FeCl3-acetonitrile solution to investigate the doping level. A significant 

improvement was observed in the power factor (65 µW/m·K²) of the oxidation-controlled P3HT-

TeNWs hybrid composites compared to TeO2NW-P3HT (PF ~ 15 µW/mK²) at room temperature with 

an optimum doping of 0.06M and 0.03M, respectively (Chapter 3). We then modified the surface 

of TeNWs with sulfide linkers and encapsulated the synthesized S2--TeNWs in P3HT to fabricate 

hybrid composite materials. Intriguingly, the S2--TeNWs-P3HT hybrid composites demonstrated 

improved TE performance, with an electrical conductivity (σ) of 35 S/cm, a Seebeck coefficient (S) 

of 150 µV/K, resulting a PF of about 78 µW/m-K² at room temperature (Chapter 4). Finally, we 

scaled up ASS process to synthesize long TeNWs (~ 13 µm) and embedded them into P3HT with 

varying molecular weights (50-70 kDa and 80-143 kDa) to create hybrid composite systems (Chapter 

5). The hybrid composite Te-P3HT (80-143 kDa) exhibited a significant improvement in PF of 303 ± 

38 µW/mK², with σ of 91 S/cm, S of 183 µV/K, and a thermal conductivity (к) of 0.25 W/m-K, leading 

to a ZT value of 0.36 ± 0.06 with an optimum doping of 0.02M FeCl3. Theoretical modelling has 

confirmed the strong templating of P3HT on the TeNWs surface. This templating enhances the 

charge carrier concentration, leading to increased σ. Whilst the charge transport induces de-doping 

at interface, resulting in high S. Both σ and S collectively contributes to improve power factors of 

composite hybrid materials.





 

 

Disruptions to research because of COVID-19 

This project was conducted during the COVID-19 pandemic lockdown, which caused some 

disruption in its progress. The PhD program was a joint effort between the University of 

Southampton and the Institute of Materials Research and Engineering (IMRE) at the Agency for 

Science, Technology and Research (A*STAR) in Singapore. In the first year, the work was planned 

to take place at Southampton, but due to restrictions, lab capacity was limited to 50%, and new 

students could not receive training on various experimental tools. As a result, progress was slow. 

However, significant efforts were made to design and optimize synthesis methods for 

nanostructure materials, including hybrid thermoelectric composites. With the help of senior 

colleagues who had access to other research labs of university, some thermoelectric transport 

properties and materials characterizations were completed. 

 The project was then scheduled to continue at IMRE in Singapore, where strict COVID-19 

measures were in place. These measures required extensive paperwork and multiple processes to 

enter in Singapore and to get in IMRE, causing a delay of about 3 to 4 months in a row. Despite 

these challenges, the training on different state-of-the-art tools at IMRE was incredibly valuable. As 

a result, the project advanced quickly over the last 18 months, leading to significant experimental 

work being completed at IMRE before returning to the UK for the final year. 





Table of Contents 

i 

Table of Contents 

Table of Contents ................................................................................................. i 

Table of Tables ..................................................................................................... v 

Table of Figures ................................................................................................. vii 

List of Accompanying Materials .......................................................................... xi 

Research Thesis: Declaration of Authorship ...................................................... xiii 

Acknowledgements ........................................................................................... xv 

Definitions and Abbreviations .......................................................................... xvii 

Chapter 1 Introduction .................................................................................... 1 

1.1 Aims, Objectives and Project Motivations ........................................................... 1 

1.2 Project Motivations ............................................................................................. 2 

1.3 Theory of Thermoelectrics ................................................................................... 4 

1.3.1 Discovery of Thermoelectric Devices ............................................................... 4 

1.3.2 Thermoelectric Properties ............................................................................... 5 

1.3.3 Flexible Thermoelectric Generators (FTEGs) .................................................... 7 

1.4 State-of-the-art Conducting Polymers ................................................................10 

1.5 Organic-inorganic Hybrid Composite Materials ..................................................12 

1.6 Strategies for Enhancing Thermoelectric Performance of Organic-inorganic 

Hybrid Composites .............................................................................................14 

1.6.1 Nanostructuring of Inorganic Component ..................................................... 15 

1.6.2 Energy Filtering Effect .................................................................................... 16 

1.6.3 Doping of Organic Component ....................................................................... 18 

1.6.4 Templating Effect or Interfacial Ordering ....................................................... 22 

Chapter 2 Experimental Methodology ............................................................ 25 

2.1 Synthesis Method ..............................................................................................25 

2.1.1 Aqueous Solution Chemical Synthesis Methodology ..................................... 25 

2.1.2 Synthesis of Tellurium Nanowires .................................................................. 26 



Table of Contents 

ii 

2.1.3 Surface Modification of TeNWs with Linkers ................................................. 27 

2.1.4 Mechanical Mixing to Fabricate Composite Materials ................................... 28 

2.2 Thin Film Fabrication ......................................................................................... 28 

2.2.1 Thin Film of Inorganic nanowires, polymers, and composites ........................ 28 

2.2.2 Doping of Composite Films and Conducting Polymer Films ........................... 29 

2.3 Characterization Techniques .............................................................................. 29 

2.3.1 X-ray Diffraction (XRD) ................................................................................... 29 

2.3.2 Scanning Electron Microscopy (SEM) ............................................................. 30 

2.3.3 Energy Dispersive X-ray Spectroscopy (EDS) .................................................. 31 

2.3.4 Transmission Electron Microscopy (TEM) ...................................................... 32 

2.3.5 Scanning Transmission Electron Microscopy (STEM) ..................................... 34 

2.3.6 Focused Ion Beam (FIB) .................................................................................. 35 

2.3.7 X-ray Photoelectron Spectroscopy (XPS) ........................................................ 35 

2.3.8 Photoelectron Spectroscopy in Air (PESA) ...................................................... 36 

2.3.9 Kelvin Probe Microscopy ................................................................................ 38 

2.3.10 Ultraviolet Visible Spectroscopy (UV- Vis) ...................................................... 39 

2.4 Transport Properties Measurements ................................................................. 40 

2.4.1 Room Temperature Seebeck Coefficient and Electrical conductivity 

measurements ............................................................................................... 40 

2.4.2 Temperature dependent Thermoelectric Characterisation ............................ 42 

2.4.2.1 Fabrication of a pattern-device for measuring the thermoelectric 

properties of thin films ........................................................................ 42 

2.4.2.2 Temperature dependent measurements of Seebeck coefficient and 

electrical conductivity of thin films ...................................................... 43 

2.4.2.3 Error Analysis ....................................................................................... 47 

2.4.3 Thin Film Analyser for Thermal Conductivity Measurement .......................... 48 

Chapter 3 Oxidation Control and Enhancing the Thermoelectric Performance of 

Composite Materials ..................................................................... 51 



Table of Contents 

iii 

3.1 Introduction .......................................................................................................51 

3.2 Experimental Methods .......................................................................................55 

3.3 Results and Discussion .......................................................................................55 

3.3.1 Material Characterization .............................................................................. 55 

3.3.2 Fabrication and Structural Characterization of Composite Films ................... 59 

3.3.3 Thermoelectric Characteristics of Composite Films ....................................... 61 

3.3.4 Kang-Snyder Charge Transport Model ........................................................... 62 

3.4 Conclusions ........................................................................................................65 

Chapter 4 Impact of Surface Passivation on Nanowires .................................. 67 

4.1 Introduction .......................................................................................................67 

4.2 Methods and Characterisation ...........................................................................69 

4.3 Results and Discussion .......................................................................................69 

4.3.1 Surface Modification of Tellurium Nanowires ................................................ 69 

4.3.2 Thermoelectric Transport Properties of TeNWs and S2-TeNWs Films ............ 75 

4.3.3 Fabrication of S2-TeNWs-P3HT Composite Hybrid Materials .......................... 77 

4.3.4 Characterisation of Composite Hybrid Films .................................................. 78 

4.3.5 Thermoelectric Transport Properties of S2-TeNWs-P3HT Composite Hybrid 

Films ............................................................................................................... 79 

4.3.6 Interfacial Barrier Heights of S2-TeNWs-P3HT Composites ............................. 80 

4.3.7 Doping Efficiency of S2-TeNWs-P3HT Hybrid Films ......................................... 83 

4.4 Conclusions ........................................................................................................84 

Chapter 5 Thermoelectric Performance of Composite Materials on using Long 

Nanowires and High Molecular Weight Polymers ........................... 87 

5.1 Introduction .......................................................................................................87 

5.2 Materials and Characterisation ..........................................................................90 

5.3 Results and Discussion .......................................................................................91 

5.3.1 Characterisation of TeNWs and Composite Films .......................................... 91 



Table of Contents 

iv 

5.3.2 Microstructural Analyses of TeNWs and Composite Films ............................. 92 

5.3.3 Characterisation of FIB Cross-Section Samples of TeNWs and Composites .... 94 

5.3.4 Thermoelectric Transport Properties of TeNWs-P3HT Hybrid Composites .... 95 

5.3.5 Interfacial Barrier Heights of TeNWs-P3HT-P6 Hybrid Composites ................ 98 

5.3.6 Kang-Snyder Charge Transport Model for Te-P3HT Hybrid Composites......... 99 

5.4 Conclusions ..................................................................................................... 101 

Chapter 6 Conclusions and Prospectives ...................................................... 103 

6.1 Summary of Results ......................................................................................... 103 

6.2 Future Work .................................................................................................... 106 

Appendix A [TEM images of TeNWs-P3HT Hybrid Composites] ....................... 109 

Appendix B [Thermoelectric Properties of Te-P3HT-P6 Hybrid Composites] .... 114 

Appendix C [Thermal Conductivity Measurements] ........................................ 115 

Appendix D [Thermoelectric Properties of Conducting Polymers] ................... 117 

List of References ............................................................................................ 119 

 



Table of Tables 

v 

Table of Tables 

Table 1 . State-of-the-art high performing Flexible Thermoelectric devices................................. 9 

Table 2. A summary of the thermoelectric transport properties of conducting polymers. ........ 11 

Table 3. Thermoelectric performance of organic-inorganic composites at room temperature. 53 

Table 4. Summary of physical phenomena contributing to thermoelectric trends .................... 64 

Table 5. Summary of Transport Properties of Thin Films based on Te Nanowires, including Te bulk.

 ......................................................................................................................... 77 

Table 6. Summary of Energy levels of Hybrid Materials, including S2-TeNWs. ............................ 82 

Table 7. Summary of transport properties of polymer/inorganic composites at room temperature.

 ......................................................................................................................... 89 

 





Table of Figures 

vii 

Table of Figures 

Figure 1.1. An analysis via web of science ..................................................................................... 3 

Figure 1.2. A simple TEG device ..................................................................................................... 4 

Figure 1.3. Relationship between the figure of merit and carrier concentration ......................... 7 

Figure 1.4. Schematic diagram of a typical module for FTE devices. ............................................. 8 

Figure 1.5. Crystal structure of tellurium. .................................................................................... 13 

Figure 1.6. Band diagram of Bi0.5Sb1.5Te3 and PEDOT: PSS ........................................................... 17 

Figure 1.7. A chemical structural sketch of pristine P3HT polymer ............................................. 19 

Figure 1.8. HOMO of P3HT and LUMO of dopants along with σ, S, and PF ................................. 21 

Figure 1.9. Schematic representations of the formation mechanisms of templating ................. 22 

Figure 2.1. Schematic setup for the synthesis of nanostructured materials. .............................. 26 

Figure 2.2. Schematic of aqueous solution process to synthesize Tellurium nanowires. ........... 26 

Figure 2.3. Illustration of Bragg's Law .......................................................................................... 29 

Figure 2.4. Schematic Diagram of Scanning Electron Microscope (SEM) .................................... 31 

Figure 2.5. Schematic representation of the underlying physical principle behind EDX. ............ 32 

Figure 2.6. Schematic diagram of a TEM: .................................................................................... 33 

Figure 2.7. Schematic of Scanning Transmission Electron Microscope. ...................................... 34 

Figure 2.8. Schematic of Photoemission Process......................................................................... 36 

Figure 2.9. Schematic of Energy level diagrams of metal, semiconductor, and insulator ........... 37 

Figure 2.10. Configuration diagram of Photoelectron Spectroscopy in Air (PESA) system ......... 37 

Figure 2.11. Principle of Kelvin Probe Measurements. ................................................................ 38 

Figure 2.12. A schematic presentation of molecular orbitals and energy gap ............................ 40 

Figure 2.13. Room Temperature Transport Properties Measurements ...................................... 41 

Figure 2.14. An illustration of device fabrication ......................................................................... 42 



Table of Figures 

viii 

Figure 2.15. The chip holder mounted on sample stage, including a magnified image .............. 43 

Figure 2.16. (a) Change in resistance of thermometers as a function of temperature ............... 46 

Figure 2.17. Temperature dependent (a) Seebeck coefficient, and (b) electrical conductivity for 

thin film of S2-TeNWs. ...................................................................................... 47 

Figure 2.18. TFA chip for transport properties measurement .................................................... 48 

Figure 3.1. High- resolution X-ray photoelectron spectroscopy (XPS) spectra ........................... 56 

Figure 3.2. Cross-section of TeNWs ............................................................................................. 57 

Figure 3.3. Cross-section of TeO2 NWs ........................................................................................ 58 

Figure 3.4. Scanning Transmission Electron Microscope (STEM) imaging .................................. 59 

Figure 3.5. SEM and Optical images of P3HT-TeNWs composite hybrid films ............................ 60 

Figure 3.6. High resolution TEM and selected area electron diffraction (SAED) of individual TeNW 

and P3HT coated TeNW. ................................................................................. 60 

Figure 3.7. Thermoelectric properties of P3HT-based inorganic (TeNWs & TeO2NWs) hybrid 

systems ............................................................................................................ 61 

Figure 3.8. The Kang-Snyder charge transport (CT) model applied to P3HT based nanocomposite 

hybrid systems. ................................................................................................ 63 

Figure 4.1. Zeta potential measurements for (a) TeNWs and (b) S2-TeWNs. .............................. 70 

Figure 4.2. SEM images of drop cast thin films on Si substrate (a) TeNWs, (b) S2—TeNWs. ....... 71 

Figure 4.3. Low-magnification TEM images of (a) TeNWs and (b) S2-TeNWs. ............................. 71 

Figure 4.4. EDX analysis of (a) TeNWs (b) S2-TeNWs Films .......................................................... 72 

Figure 4.5. XPS spectra of TeNWs and S2-TeNWs films ................................................................ 72 

Figure 4.6. X-rays diffraction patterns ......................................................................................... 73 

Figure 4.7. High-resolution TEM images of (a) TeNWs and (d) S2-TeNWs ................................... 74 

Figure 4.8. STEM-EELS elemental mapping of S2-Te-NWs ........................................................... 75 

Figure 4.9. Transport properties of nanowires films ................................................................... 76 

Figure 4.10. Microstructural characterization of S2-TeNWs-P3HT composites. .......................... 78 



Table of Figures 

ix 

Figure 4.11. Microstructural characterization of composites by TEM ........................................ 79 

Figure 4.12. TE transport properties of S2-TeNWs-P3HT hybrid films ......................................... 79 

Figure 4.13. UPS and PESA spectra for energetics estimation. .................................................... 81 

Figure 4.14. The band diagram of S2-TeNWs-P3HT hybrid composites ....................................... 82 

Figure 4.15. Doping efficiency of S2-TeNWs-P3HT hybrid composite films. ................................ 83 

Figure 5.1. (a) Dispersion of TeNWs and P3HT in chlorobenzene ............................................... 91 

Figure 5.2. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of TeNWs film ..... 92 

Figure 5.3. (a-c) Overview, (d-f) high-magnification, and (g-i) high-resolution TEM images ...... 93 

Figure 5.4. STEM on FIB cross-sectional samples of Te and hybrid composites .......................... 94 

Figure 5.5. Cross-section STEM imaging and EELS mapping of TeNWs ....................................... 95 

Figure 5.6. Exploring Thermoelectric Properties ......................................................................... 96 

Figure 5.7. Thermal conductivity of Te-P3HT-P6 hybrid materials .............................................. 97 

Figure 5.8. A comparison of zT values of different conducting polymers based organic-inorganic 

composites ....................................................................................................... 98 

Figure 5.9. Work function (WF) and HOMO measurements ....................................................... 98 

Figure 5.10. The application of the Kang-Snyder charge transport (CT) model to P3HT-inorganic 

hybrid systems. .............................................................................................. 100 

Figure 6.1. Unipolar flexible thermoelectric device fabricated by drop-casting TeNWs-P3HT hybrid 

composite onto a Kapton substrate. ............................................................. 106 

 





List of Accompanying Materials 

xi 

List of Accompanying Materials 

Journal Articles  

1. Syed Zulfiqar Hussain Shah et al. “Oxidation control to augment interfacial charge 

transport in Te-P3HT hybrid materials for High thermoelectric performance.” Adv. Sci. 

2024. DOI: 10.1002/ADVS.202400802 

2. Syed Zulfiqar Hussain Shah et al. “Thermoelectric properties enhancement of tellurium 

nanowires by surface passivation.” ACS Appl. Mater. & Interfaces, 2024. DOI: 

10.1021/acsami.4c02469 

3. Syed Zulfiqar Hussain Shah et al. “Enhanced charge transport at the interfaces in P3HT-

Tellurium Nanowires Hybrid Materials for high thermoelectric performance.” 2024. (To be 

submitted) 

Conference Presentations  

❖ Virtual Conference on Thermoelectric (VCT) – May 2021 

❖ 7th International Conference on Multifunctional, Hybrid and Nanomaterials- Italy- Oct. 

2022  

❖ 11th International Conference on Materials for Advanced Technologies, IUMRS-ICAM-

CMAT- Singapore – Jun. 2023.  

❖ EPSRC Thermoelectric UK – Southampton - Nov. 2023. 

 





Research Thesis: Declaration of Authorship 

xiii 

Research Thesis: Declaration of Authorship 

Print name: Syed Zulfiqar Hussain Shah 

Title of thesis: Organic Inorganic Hybrid Thermoelectric Materials for Energy Harvesting Applications 

I declare that this thesis and the work presented in it are my own and has been generated by me 

as the result of my own original research. 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University, and Institute of Materials Research and Engineering (IMRE), Agency for Science, 

Technology and Research (A*STAR) Singapore. 

2. Where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated. 

3. Where I have consulted the published work of others, this is always clearly attributed. 

4. Where I have quoted from the work of others, the source is always given. With the exception 

of such quotations, this thesis is entirely my own work. 

5. I have acknowledged all main sources of help. 

6. Where the thesis is based on work done by myself jointly with others, I have made clear 

exactly what was done by others and what I have contributed myself. 

7. Parts of this work have been published as: -  

(A) “Oxidation control to augment interfacial charge transport in Te-P3HT hybrid materials for 

High thermoelectric performance” Syed Zulfiqar Hussain Shah, Ding Zhenyu, Zainul 

Aabdin, Weng Weei Tjiu, Jose Recatala-Gomez, Haiwen Dai, Yang Xiaoping, Repaka Durga 

Venkata Maheswar, Wu Gang, Kedar Hippalgaonkar, Pawan Kumar, Iris Nandhakumar, 

Adv. Sci. 2024. DOI: 10.1002/ADVS.202400802.  

(B) “Thermoelectric properties enhancement of tellurium nanowires by surface passivation” 

Syed Zulfiqar Hussain Shah, Zainul Aabdin, Weng Weei Tjiu, Nong Wei, Jose Recatala-

Gomez, Chellappan Vijila, Zhai Wenhao, Repaka Durga Venkata Maheswar, Wu Gang, 

Kedar Hippalgaonkar, Pawan Kumar, Iris Nandhakumar, ACS Appl. Mater. & Interfaces, 

2024. DOI: 10.1021/acsami.4c02469. 

Signature:  ................................................................. Date: 24/09/2024 





Acknowledgements 

xv 

Acknowledgements 

First and foremost, I would like to express my deepest gratitude to my supervisor, Dr. Iris 

Nandhakumar at the University of Southampton United Kingdom, and my advisors Dr. Kedar 

Hippalgaonkar, and Dr. Pawan Kumar at the Institute of Materials Research and Engineering (IMRE), 

Agency for Science, Technology and Research (A*STAR) Singapore, for their unwavering support, 

guidance, and patience throughout my PhD journey. Your expertise and insightful feedback have 

been invaluable, and your encouragement has been a constant source of motivation. 

I am deeply grateful to the Department of Chemistry at Southampton University, where I spent the 

first and final years of my studies. The supportive environment in Chemistry Lab provided by Dr. 

Samuel Perry, Dr. Maria de Lourdes Gonzalez-Juarez, Dr. Aran Amin, and Dr. Joshua White have 

greatly contributed to smooth running of Lab work.  

I would also like to extend my heartfelt thanks to the Institute of Materials Research and 

Engineering (IMRE), A*STAR, Singapore, where I spent the second and third years of my research. 

The access to state-of-the-art facilities and the collaborative atmosphere there played a crucial role 

in advancing my work. I am especially thankful to my colleagues at IMRE, A*STAR Singapore: Dr. 

Zainul Aabdin and Dr. Weng Weei Tjiu for their work with TEM, STEM, and EELS; Dr. Jose Recatala-

Gomez for performing XPS and SEM; Dr. Haiwen Dai for preparing FIB samples for cross-sectional 

analysis; Dr. Repaka Durga Venkata Maheswar for conducting XRD and helping with ZEM3 

measurements; and Dr. Vijila Chellappan for Raman spectroscopy. Your camaraderie, insightful 

discussions, and unwavering support made the challenging moments of this journey much more 

manageable and enjoyable. 

I owe a huge debt of gratitude to my family and friends for their unconditional love, support, and 

belief in me. To my beloved wife, thank you for your endless patience, understanding, and 

encouragement during the challenging moments. Your presence in my life has been a source of 

strength and joy. 

I would like to acknowledge the financial support provided by A*STAR Graduate Academy’s ARAP 

programme for my research studies in IMRE, A*STAR Singapore and the Engineering and Physical 

Sciences Research Council (EPSRC) UK, which made this research possible. 

To all those who have contributed to this thesis, directly or indirectly, I offer my deepest thanks. 





Definitions and Abbreviations 

xvii 

Definitions and Abbreviations 

TE .......................................... Thermoelectric 

TEG ....................................... Thermoelectric generator 

FTEG ..................................... Flexible Thermoelectric generator 

S ............................................ Seebeck coefficient  

ΔV ......................................... Voltage difference 

ΔT ......................................... Temperature gradient 

σ ........................................... Electrical conductivity  

κ ............................................ Thermal conductivity  

κl ........................................... Lattice thermal conductivity. 

κe .......................................... Electrical thermal conductivity  

PF .......................................... Power factor  

ZT .......................................... Figure of merit  

CHB ....................................... Chlorobenzene 

CHCl3 .................................... Chloroform 

ACN ...................................... Acetonitrile  

FeCl3 ..................................... Iron tri-chloride  

CSA ....................................... Camphor-sulfonic acid 

TeNWs .................................. Tellurium nanowires   

CB ......................................... Conduction band 

VB ......................................... Valance band 

WF ........................................ Work Function 

Ebarrier .................................... Interfacial potential barrier 

HOMO .................................. Highest occupied molecular orbital 

LUMO ................................... Lowest unoccupied molecular orbital 

CNTs ..................................... Carbon nanotubes 

CP ......................................... Conducting Polymer 



Definitions and Abbreviations 

xviii 

P3HT ..................................... Poly (3 hexylthiophene) 

PANI ..................................... Polyaniline 

PPy ....................................... Polypyrrole 

PEDOT .................................. Poly-3,4-ethylene-dioxy-thiophene 

PSS ....................................... Polystyrene sulfonate 

PESA ..................................... Photoelectron Emission Spectroscopy in Air  

UV-Vis .................................. Ultraviolet Visible Spectroscopy 

XPS ....................................... X-ray Photoelectron Spectroscopy 

XRD ...................................... X-ray diffraction 

EDS ....................................... Energy Dispersive X-rays Spectroscopy 

SEM ...................................... Scanning Electron Microscopy 

STEM .................................... Scanning Transmission Electron Microscopy 

EELS ...................................... Electron Energy Loss Spectroscopy 

DF ......................................... Dark Field  

BF ......................................... Bright Field 

 

 

 



Chapter 1 

1 

Chapter 1 Introduction 

1.1 Aims, Objectives and Project Motivations  

The main aim of this project was to fabricate a new generation of organic-inorganic hybrid 

composite materials by combining low-dimensional (1D) nanowires and integrating them into 

conducting polymers and then to adopt different strategies to enhance their thermoelectric (TE) 

properties.   

The specific objectives to reach this aim were, to develop and optimise a procedure for synthesizing 

Tellurium (Te) nanostructures. Once that was achieved the next stage was to optimise the 

integration of these nanowires with conducting polymers using a solution mixing process and then 

to produce uniform composite films.  Fabricated films would be utilised to investigate how the 

thermoelectric properties of the films change with different nanowire-to-polymer weight ratios, 

identifying the optimal compositions. To improve the TE performance of composites and 

investigating the charge transport mechanism at the interfaces of organic-inorganic materials, we 

would first employ oxidation-control strategy during the synthesis of Te nanowires and composite 

fabrication by conducting all processes under nitrogen environment. To minimize air-exposure, thin 

film samples would be sealed in air-tight membrane boxes and transferred to a dry box with a 

dehumidifier before any characterisation. Doping of the composite films would be carried out inside 

the nitrogen filled glovebox, with O2 <1ppm, and H2O <1ppm. The TE properties of the hybrid 

composites will then be measured.  

To further enhance TE performance of composites and address incompatibility issues between the 

organic and inorganic components, we would adopt a surface passivation strategy. This will involve 

modifying the surface of TeNWs using a sulfur linker through solution mixing process. The surface-

modified nanowires will be used to fabricate hybrid composites, allowing us to investigate how 

sulfur passivation affects charge transportation and TE properties.  

Lastly, to explore the uncleared role of nanowires dimension (length, diameter, aspect ratio) in 

composites materials, we will scale-up the synthesis process to grow longer nanowires and 

incorporate them into a conducting polymer to study the TE performance of the hybrid composite 

materials. Additionally, we will encapsulate TeNWs with higher molecular weight polymers to 

fabricate nanocomposites and explore their charge transport mechanisms and TE performance. 

None of the aforementioned strategies have been previously reported in the literature. These 

approaches will be employed in this project and evaluated to determine if they effectively achieve 

the project's objectives. 



Chapter 1 

2 

1.2 Project Motivations 

Over the past two decades, increasing concerns about CO2 emissions, global warming, and energy 

supply have driven a focus on alternative, clean power generation methods. The UK Climate Change 

Act (2008) mandates an 80% reduction in CO2 emissions by 2050.1 Recent estimates suggest that 

around 37% of greenhouse gas (GHG) emissions stem from the power generation sector, with an 

additional 17% from manufacturing industries. Machines, ranging from jet engines to 

microprocessors, generate heat, as do various manufacturing processes, including those in steel 

and food production.2 Technology capable of recapturing this wasted heat could be crucial in 

tackling the energy crisis and mitigating global warming and climate change.  

Conventional methods to convert heat energy typically use rotating ‘Rankine cycle’ machinery (e.g., 

pumps or turbines), which can be challenging to scale efficiently and require maintenance. In 

contrast, thermoelectric generators (TEGs) are solid-state devices that have ability to interconvert 

heat and electricity without moving parts, offering a simple, compact solution for power 

generation.  

Recently, there has been increasing interest in eco-friendly, stable, and long-lasting self-powered 

wearable and medical implantable devices. This growing demand has led to significant attention on 

flexible thermoelectric materials and devices (FTEGs). In this concern, polymer-based 

thermoelectric materials are particularly appealing due to their natural flexibility, affordability, low 

toxicity, easy synthesis, environmental friendliness, stability, solution processability, and promising 

TE performance.3 These properties make them ideal for FTEGs, which can be used in a wide range 

of practical applications, such as charging low-power wearable and portable electronics.4 The rising 

need for lightweight, high-performance, and cost-effective products is driving the global conductive 

polymer market, which was valued at $3.46 billion in 2020 and is projected to reach $5.76 billion 

by 2027, with an annual growth rate of 8.3%.5  Conducting polymers are widely used in combination 

with inorganic materials to fabricate organic-inorganic hybrid composites. These composites offer 

unique properties, such as improved mechanical strength, durability, high energy conversion 

efficiency, substantial power output, and stability at relatively high temperatures.3,6 They play an 

important role in applications such as wearable and implantable flexible electronics, efficient heat 

management, and bioelectronics.7,8,9  

However, the organic-inorganic hybrid TE materials have been scarcely used primarily due to the 

unavailability of robust high- performance materials, and hence there exist very few reports in the 

literature on hybrid composite materials. As depicted in Figure 1.1, organic-inorganic hybrid 

composite thermoelectric materials publications over time (2014 – 2024) has been analysed 
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through web of science, the highest index of 17 publications in year 2021 were found in different 

areas of research disciplines. 

 

 

Figure 1.1. An analysis via web of science indicating the publications for organic-inorganic hybrid 

composite TE materials over time (2014-2024) in different areas of research 

disciplines. 

Therefore, the key challenge is to develop high performing organic-inorganic TE materials that can 

provide high power output for flexible thermoelectric generators. In this context, the main 

materials planned for use in fabricating organic-inorganic hybrid composites in this project are 

tellurium and the conducting polymer P3HT, as they demonstrate high thermoelectric properties 

at room temperature and have significant potential for future FTEG applications. 



Chapter 1 

4 

1.3 Theory of Thermoelectrics  

1.3.1 Discovery of Thermoelectric Devices 

In 1821, Thomas Seebeck observed that when two dissimilar materials are in contact at different 

points and a temperature gradient is applied across their junction, it generates an electromotive 

force within the circuit connecting the two materials. This phenomenon is known as the 

thermoelectric effect or Seebeck effect. Conversely, in 1834, Peltier discovered the inverse of the 

Seebeck effect, wherein the flow of current through the junction of different materials could either 

absorb or release heat at that junction depending on the direction of the current flow. This 

phenomenon is referred to as the Peltier effect.10 A thermoelectric device or thermoelectric 

generator (TEG), is a solid-state device that can convert heat into electricity and vice versa using 

the Seebeck and Peltier effects. It primarily consists of multiple thermoelectric pairs, each made up 

of a p-type semiconductor and an n-type semiconductor, which are connected in series to form a 

thermoelectric couple. Figure 1.2 shows the configuration of the n-type and p-type legs in a basic 

thermoelectric device, illustrating how it can be used for both power generation and cooling. 

 

Figure 1.2. A simple TEG device  showing p-type and n-type semiconductors connected in series and 

illustrating the Seebeck effect and Peltier effects.11 

When there is a temperature difference across a thermoelectric couple connected to a circuit, the 

charge carriers (electrons and holes) move from the hot side to the cold side, generating a potential 

difference (ΔV) and electrical current. This is known as the Seebeck effect, which is how a TEG 

generates power. On the other hand, when a current is applied to the TEG, it creates a temperature 

difference, causing one side to absorb heat and the other to release it. This is known as the Peltier 

effect, which is used for cooling.12 
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1.3.2 Thermoelectric Properties  

In 1911, Altenkirch derived the thermoelectric figure of merit (ZT) to assess the performance of 

TEG.13,14 The mathematical expression for ZT is as follows: 

𝑍𝑇 =
𝑆2𝜎𝑇

𝜅
         Equation 1 

Here, 𝑆 is the Seebeck coefficient (V/K), σ is the electrical conductivity (S/m), 𝑇 is the absolute 

temperature (K), and 𝜅 is the thermal conductivity (W m−1 K−1) of the thermoelectric (TE) materials 

that make up the TEG.  

The ability of a TE material to generate a potential when applying a temperature gradient is known 

as Seebeck coefficient (S) or thermopower. Stated differently, the Seebeck coefficient quantifies 

the open circuit voltage across TE materials under the influence of a temperature gradient, and is 

mathematically written as: 

𝑉𝑂𝐶 = −𝑆𝛥𝑇        Equation 2 

Where, 𝛥𝑇 is the temperature difference and VOC is the open circuit voltage. In a scientific context, 

the Seebeck coefficient for a p-type material can be elucidated as follows: When a temperature 

gradient is imposed across the p-type TE material, the positively charged carriers (holes) within the 

material migrate from the region of higher temperature to that of lower temperature. This 

migration generates a negative open circuit voltage, which acts to counteract the movement of the 

holes, effectively pulling them back towards the warmer end. As per equation 2, this results in 

positive values for the Seebeck coefficient of the p-type TE material. Analogously, a similar rationale 

applies to n-type TE materials, where the Seebeck coefficient is negative due to the opposite 

direction of carrier movement. 

The product of the square of the Seebeck coefficient (S) and the electrical conductivity (σ) is often 

cited in the literature as the power factor (PF), and is computed as: 

𝑃𝐹 = 𝑆2𝜎         Equation 3 

The magnitude of the power factor (µW m−1 K−2) signifies the material's capability for energy 

harvesting. However, the overall efficiency (η) of a TEG is determined as: 

𝜂 =
𝛥𝑇

𝑇ℎ
⋅

√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ

        Equation 4 

Where Th and Tc represent the temperatures at the hot and cold ends of the material, respectively. 

Like all heat engines, the maximum efficiency of a TEG for generating power is limited by the Carnot 
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efficiency, which is given by ΔT/Th (where ΔT is the temperature difference between the hot and 

cold ends). Determining the overall efficiency of a TEG is challenging because it varies depending 

on the external temperature of the environment and the temperature difference (ΔT) at any given 

moment.15 

In equation 1, thermal conductivity (𝜅) of a material is the sum of both electronic thermal 

conductivity 𝜅𝑒 and lattice thermal conductivity 𝜅𝑙 as shown in equation 5: 

𝜅 = 𝜅𝑒 +  𝜅𝑙        Equation 5 

The electronic thermal conductivity (𝜅𝑒) comes from the movement of free charge carriers (like 

electrons) in the material, while the lattice thermal conductivity (𝜅𝑙) is due to vibrations within the 

lattice of the material. The variables S, σ, and 𝜅, are referred to as thermoelectric transport 

properties of a TE material. Achieving optimal TE performance is a challenging endeavour due to 

the interrelationships between these transport parameters. The relationship between TE 

parameters are described by Wiedemann-Franz Law and the Mott’s equation: 16 

𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2 𝑚∗𝑇 (
𝜋

3𝑛
)

2
3⁄

       Equation 6 

𝜎 = 𝑛𝑒𝜇         Equation 7 

𝑘𝑒 = 𝐿𝜎𝑇         Equation 8 

Where κB is the Boltzmann constant, e is the electrical charge, h is the Planck’s constant, m* is the 

carrier effective mass, n is the charge carrier concentration, µ is the carrier mobility, and L is the 

Lorentz number. According to equation 6, the Mott’s relation shows that Seebeck coefficient is 

inversely proportional to the charge carrier concentration (𝑆 ∝
1

𝑛
). Electrical conductivity (σ) 

depends on how many charge carriers (n) contribute to the electrical current along with their 

mobility (µ), as explained in equation 7. Finally, equation 8 presents the Wiedemann-Franz Law, 

which relates the electronic thermal conductivity (𝜅𝑒) to electrical conductivity, material’s 

temperature (T), and the Lorentz factor for a material, which is typically 2.45×10−8 V2K−2 for metals 

and 1.5×10−8 V2K-2 for undoped semiconductors.16 Consequently, to enhance ZT values, it is 

imperative to maintain a delicate balance between S, σ, and κe.15,11,9  Figure 1.3 illustrates the 

correlation between transport parameters. The graph depicts the figure of merit (ZT) plotted 

against the carrier concentration of a TE material. 
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Figure 1.3. Relationship between the figure of merit and carrier concentration, incorporating data 

on Seebeck coefficient (S), electrical conductivity (σ), thermal conductivity (κ), power 

factor (S2σ), and ZT values. Adopted from Elsheikh.13 

As evidenced by the ZT versus carrier concentration plot, high charge carrier concentrations (1020 

to 1021 carriers/cm3) correspond to elevated electrical conductivity but diminished Seebeck 

coefficient, characteristic of metallic behaviour. Conversely, low charge carrier concentrations (n < 

1019) lead to decreased electrical conductivity but heigh Seebeck coefficient, resembling insulator 

properties. The peak in ZT occurs for heavily doped semiconductor materials with carrier 

concentration ranges of 1019 to 1020 (carriers/cm3), where the material displays low thermal 

conductivity alongside elevated power-factor. 

1.3.3 Flexible Thermoelectric Generators (FTEGs) 

Current commercial TEGs face limitations in their applications due to their bulkiness, rigidity, and 

low efficiency.17 This limits their use, especially when they need to be in contact with curved heat 

sources, which restricts their commercial applications in wearable electronics.3 In contrast, flexible 

thermoelectric (FTE) materials and devices are promising because their ability to conform to curved 

surfaces allows for more effective heat harvesting. FTE materials can also be produced at much 

lower temperatures.18 Compared to rigid devices, FTE devices are lightweight and can be easily 

attached to human skin, enabling the direct conversion of body heat into electricity without 

needing to recharge, while also minimizing heat loss during energy transfer.19 These advantages 

make FTE devices a promising power source for wearable electronics. Figure 1.4 shows a typical FTE 

device, which consists of a substrate, TE legs, connecting electrodes, and bonding interfaces. In this 

FTE device, the substrate is both flexible and insulating, allowing the device to bend while ensuring 

that the carrier transport within the TE legs is not disrupted. The TE legs are designed as thin films 
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to maintain the flexibility of device. The electrodes connect the n-type and p-type TE legs in series, 

while the bonding interfaces help to stabilize the TE legs and electrodes.  

 

Figure 1.4. Schematic diagram of a typical module for FTE devices. Adopted from Ref.3  
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Table 1 . State-of-the-art high performing Flexible Thermoelectric devices, including those based 

on organic-inorganic composite materials. These devices demonstrate advancements 

in flexibility and thermoelectric efficiency for modern applications. 

Types/Materials ΔT 
(K) 

Units 
(N) 

Output Voltage 
(mV)  

Output 
Power  

Reference 

(p) Sb2Te3/(n) Bi2Te3 20 50 171.6 10.5 µW 20  

(p) Sb2Te3/(n) Bi2Te3 46.2 71 308.8 166 µW 21  

(p) Bi0.5Sb1.5Te3/(n) 
Bi0.5Te2.7Se0.3 

21.4 20 54.6 1700 µW 17  

(p) Sb2Te3/(n) Bi2Te3 35 12 10 0.015 µW 22  

(p) Bi0.5Sb1.5Te3/(n) 
Bi2Te2.5Se0.5 

35 1 10.5 23 µW 23 

(p) Bi2Te3/(n) Bi2Te3 50 52 37.2 0.18 µW 24 

(p) Sb2Te3/(n) Bi2Te2.7Se0.3 50 10 151 2.9 µW 25 

(p) Bi0.4Sb1.6Te3/(n) Ag2Se 40 13 11.5 0.25 µW 26 

(p) PANI/ (n) Ag2Se 30 13 7.9 0.84 µW 27 

(p) PEDOT: PSS 50 14 12 16.8 µW 28 

(p) PEDOT: PSS/(n) Ni 65 144 260 46 µW 29 

(p) PEDOT: PSS/CNT 10 14 4 36.3 nW 30 

(p) Te-PEDOT: PSS/SWCNT 20 14 24 126 nW 31  

(p) PEDOT: PSS-SWCNT/(n) 
PEI-SWCNT 

50 6 28.2 220 nW 32 

(p) P3HT/CNT 10 14 9.5 46 nW 30 

(p) Te-PEDOT: PSS (H2SO4) 10 16 12.8 10.6 nW 33 

(p) PEDOT: PSS/(n) 
fullerene-TiS2 

20 2 4.8 335 nW 34 

(p) PEDOT: PSS/(n) 
(PEDOT)xV2O5 

20 4 14.5 0.34 nW 35 

Nevertheless, FTEGs show low performance (see Table 1) therefore, current research on flexible 

thermoelectric generators (FTEGs) focuses on two main areas: developing high-performance FTE 

materials and designing high-output FTE devices. In terms of material development, one approach 

is to use conductive polymers, while another is to create organic-inorganic composite materials. 

Both approaches are detailed in the following sections. 
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1.4 State-of-the-art Conducting Polymers 

Conducting polymers (CPs) constitute a distinctive class of polymers with the ability to conduct 

electricity. They feature an extended network of conjugated carbon–carbon double bonds, enabling 

the movement of charge carriers (electrons or holes) along their molecular chains (the charge 

transport mechanisms in CPs are discussed in Section 1.6). This arrangement of bond alternation 

results in the formation of a band gap, which is responsible for semiconducting properties in CPs.7 

Conducting polymers have garnered significant research interest for their potential applications in 

field-effect transistors,36 gas sensors,37 light-emitting diodes,38 solar cells,39 and thermoelectrics.40 

This interest stems from their controllable electrical and optical properties, solution processability, 

and exceptional mechanical flexibility,41,42 which confer advantages over traditional inorganic 

semiconductors. In their undoped state, CPs typically function as insulators or semiconductors with 

a band gap exceeding 2 eV, resulting in limited electrical conductivity, typically ranging from 10-10 

to 10-08 Scm-1 (e.g., polythiophene and polyacetylene). Achieving precise control over the electrical 

conductivity of CPs remains a challenge, largely influenced by factors such as carrier concentration 

and mobility. Nevertheless, CPs exhibit low thermal conductivity, typically falling within the range 

of 0.1-2 Wm-1K-1, which positions them as prime candidates for high-performance thermoelectric 

(TE) applications.43  

Table 2 summarise the transport properties of some state-of-the-art conducting polymers, 

including polypyrrole (PPy),44 polyaniline (PANI),45 poly(3,4-ethylenedioxythiophene): polystyrene 

sulfonate (PEDOT: PSS),46 and poly(3-hexylthiophene) (P3HT).5 These CPs have strong potential for 

use in wearable FTEGs.  
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Table 2. A summary of the thermoelectric transport properties of conducting polymers. 

Conducting Polymers σ 
(S/cm) 

S (µV/K) PF (µW/m-K2) ᴋ(W/m-K) zT  

PA 47  11560 28.4 932 0.7 0.38 

PANI 43 7000 7 34.3 0.1 – 0.2 0.051 

PPy 44 100 12 1.44 0.1 – 0.2 0.002 

PEDOT: PSS 48 620 33.4 69.16 0.30 0.42  

PEDOT: PSS 49  1000 334.68 245.58 - - 

PEDOT: PSS (N2H5 
treated) 50 

512.8 42.7 93.5 - 0.25 

P3HT [F6TCNNQ doped] 
51  

500 45 80 - - 

P3HT [FeCl3 doped] 52  128 85 20 - - 

P3HT [F4TCNNQ doped] 
53  

160 60 56 - - 

P3HT [F4TCNNQ doped] 
54  

22 60 3.0 - - 

P3HT 55 320 269 62.4 - 0.1 

To achieve the high TE performance of CPs, different strategies such as doping, pre- and post-

treatments, and hybridization have been adopted. For instance, free-standing polypyrrole (PPy) 

films were created using an interfacial polymerization process and were doped with p-toluene 

sulfonic acid (PTSA) during synthesis. These films achieved a maximum power factor (PF) of about 

0.42 µW/mK² at an optimal PTSA concentration of 0.45M.44 Iodine-doped polyacetylene (PA) 

demonstrated a significant enhancement in electrical conductivity, reaching 11,560 S/cm, with a 

Seebeck coefficient of 28.4 µV/K. This resulted in a power factor (PF) of approximately 932 µW/mK² 

and a thermal conductivity of 0.7 W/m-K, leading to a figure of merit (zT) of 0.38 at room 

temperature. However, the material was found to be unstable when exposed to air.47
  

Among the various CPs, PEDOT is considered as the most suitable candidate for TE application due 

to its high electrical conductivity (~ 103 S/cm), commercial availability, flexibility, and excellent 

chemical and environmental stability. When doped with PSS, a solution processable polymer 

PEDOT:PSS has achieved a zT value of 0.42 at room temperature and has proven to be stable in 

air.48 Combining PEDOT:PSS with another polymer, PANI-CSA (camphor-sulfonic acid), has been 

reported to enhance TE performance of the composite polymer. In this hybrid polymer, the increase 
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in electrical conductivity is attributed to the stretching of PEDOT layer due to the PANI-CSA chain 

and hole diffusion from the PANI-CSA to the PEDOT:PSS layer.56 

In addition to PEDOT:PSS, P3HT is another widely studied polymer for thermoelectric applications 

due to its high intrinsic Seebeck coefficient and advantages such as solution processability, chemical 

stability, and thermal stability.57 The electrical conductivity of P3HT can vary widely, from 10⁻⁸ to 

10⁵ S/m, depending on the level of doping with appropriate dopants such as HClO4, FeCl3, or I2.58 

For instance, P3HT doped in 1,3,4,5,7,8-hexafluoro-tetracyano -naphthoquinone dimethane 

(F6TCNNQ) has exhibited an electrical conductivity of 500 S/cm, a Seebeck coefficient of 45 µV/K, 

and a power factor of about 80 µW/mK² at room temperature.51 

Although conductive polymers are promising for thermoelectric applications due to their low 

thermal conductivity, high electrical conductivity, ability to be shaped into various forms, and eco-

friendly nature, their efficiency in converting heat to electricity is still limited. The reported values 

of the figure of merit (zT) for these CPs are not yet high enough for effective energy conversion. 

Therefore, it is crucial to find ways to further enhance the zT values using different approaches such 

as, embedding inorganic materials into CPs matrix to fabricate hybrid organic-inorganic composites, 

as detailed in following section.  

1.5 Organic-inorganic Hybrid Composite Materials 

To improve the thermoelectric performance of conducting polymers, combining them with 

inorganic thermoelectric (TE) materials has emerged as a promising approach. These hybrid 

composite materials often exhibit better TE properties than either component alone. A 

comprehensive literature review encompassing TE performance data of different organic-inorganic 

composite systems is detailed in Table 3, Section 3.1. Among various inorganic materials, tellurium 

(Te) has attracted significant attention as a promising p-type inorganic semiconductor. In bulk form, 

Te demonstrates strong p-type behaviour with a high Seebeck coefficient of 500 µV/K, electrical 

conductivity of 3.5 S/cm, thermal conductivity of 3.4 W/m-K, power factor of 86 µW/m-K², and a 

figure of merit (zT) of 0.008 at room temperature.59 Tellurium (Te) has a trigonal crystal structure 

composed of chiral spiral chains of bonded atoms. These chains are held together by van der Waals 

forces, as shown in Figure 1.5. 
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Figure 1.5. Crystal structure of tellurium. (a) Helical chains forming the one-dimensional building 

blocks of tellurium. (b) Arrangement of these helical chains in a hexagonal lattice. 

Figure adapted from Oliveira.60 

The atomic chains run along the c axis and are arranged in a hexagonal pattern on the a–b plane. 

Due to this structural anisotropy, Te naturally grows along the c axis and tends to form low-

dimensional nanostructures such as nanowires (NWs) and nanorods (NRs).61 The low-dimensional 

Te-based nanomaterials offer several advantages, including controllable shapes and excellent 

charge transport properties, such as high electrical conductivity and Seebeck coefficient.62,63 

Conducting polymers, as mentioned in Section 1.4, have their own beneficial properties such as low 

thermal conductivity, ease of large-scale solution processing, and good flexibility. As a result, Te-

based nanostructured materials are often combined with conducting polymers to leverage the 

strengths of both components.64 For instance, Yang et al.,65 synthesized tellurium nanowires 

(TeNWs) using a chemical solution method, with varying diameters ranging from 42 to 186 nm and 

lengths between 3 and 4 microns. These nanowires were then incorporated into PEDOT: PSS 

polymer to create composite materials. Analysis of the thermoelectric transport properties of these 

composites revealed that the electrical conductivity (σ) consistently increased from 11 to 43 Scm-1 

as the nanowire diameter decreased from 186 to 42 nm, while the Seebeck coefficient (S) remained 

nearly constant at around 302 µVK-1 across all samples. This resulted in a collective enhancement 

of the power factor from 90 to 415 µWm-1K-2. Notably, for the composite containing the smallest 

nanowires with a diameter of 42 nm, an electrical conductivity of 43 Scm-1, a Seebeck coefficient of 

311 µV-K-1, and a low thermal conductivity (κ) of 0.68 Wm-1K-1 were attained, leading to a zT value 

of 0.18 at 300 K. 

Coates et al.66 synthesized TeNWs using an aqueous solution method and combined them with the 

conducting polymer PEDOT:PSS to investigate the thermoelectric properties of the resulting hybrid 

materials. In their process, they first dissolved ascorbic acid (a reducing agent) in deionized (DI) 

water, then added PEDOT: PSS and Na₂TeO₃ (the metal precursor) while stirring the mixture 

vigorously. The mixture was heated to 90°C and left overnight. Afterward, the mixture was 

centrifuged at 9000 rpm for 30 minutes. The supernatant was discarded, and the remaining 
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material was redispersed in DI water and centrifuged again. The final product was resuspended in 

DI water to create the PEDOT: PSS/TeNWs solution. To adjust the composition, additional PEDOT: 

PSS was added to the PEDOT: PSS/TeNWs solution. Films were made by drop-casting this solution 

onto quartz substrates to measure the transport properties. The hybrid films of TeNWs/PEDOT: PSS 

showed a Seebeck coefficient of 180 µV/K and a power factor of ~ 35 µW/m-K².  

Recently, Sik Wan et al.67 developed nanocomposite materials based on Bi₂Te₃ nanowires (NWs) 

combined with PEDOT:PSS. The Bi₂Te₃ NWs were synthesized using a conventional polyol process 

with ethylene glycol (EG) as a solvent, involving a two-step solution-phase reaction. Initially, TeNWs 

templates were created by dissolving polyvinylpyrrolidone (PVP), sodium hydroxide (NaOH), and 

tellurium dioxide (TeO₂) in EG at 130°C, followed by adding hydrazine hydrate at 170°C. Then, a 

bismuth precursor solution was prepared by dissolving bismuth nitrate in EG, which was added to 

the Te-NWs solution, along with more hydrazine, and stirred at 170°C. The resulting Bi₂Te₃ NWs 

were purified and then mixed with PEDOT: PSS. The mixture was spin-coated onto glass substrates 

and treated with polar solvent vapor annealing (PSVA) using dimethyl sulfoxide (DMSO) to enhance 

the material's properties. The resulting hybrid films, exhibited S ~ 45 µV/K, σ ~ 1000 S/cm, PF~ 205 

µW/m-K², and a figure of merit (zT) of 0.2 at 300K.67 

Similarly, other research groups have explored composites based on different conducting polymers 

(CPs) for thermoelectric applications. For example, Deng’s group68,69 conducted a series of studies 

on Te/PANI composites, while Li’s group70 reported Te/PPy composite films with a power factor of 

approximately 234 µW/m-K². Ming’s group57 incorporated Bi₂Te₃ nanowires (NWs) into P3HT using 

a solution mixing process and achieved a power factor of 14 µW/m-K² for the hybrid composite 

materials.  

1.6 Strategies for Enhancing Thermoelectric Performance of Organic-

inorganic Hybrid Composites 

To improve thermoelectric performance in organic-inorganic hybrid composites, several strategies 

are used: Nanostructuring the inorganic component, doping the polymer to increase electrical 

conductivity, engineering interfaces between inorganic and organic components to enhance the 

Seebeck coefficient, and strongly aligning the polymer on the surface of the inorganic component. 

These approaches are detailed in the following section.   
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1.6.1 Nanostructuring of Inorganic Component 

To decouple phono-electron effects, nanostructured materials are considered to play a key role in 

controlling S and 𝜅. Dresselhaus et.al,71 has performed theoretical calculations on low-dimensional 

structures, revealing that one-dimensional nanowires exhibit higher thermoelectric performance 

compared to their bulk form due to quantum confinement effects (where the movement of charge 

carriers is confined in only one (1D) or two dimensions (2D) and increase in phonon scattering at 

the interfaces which leads to reduce the thermal conductivity. They hypothesized that 1D 

nanowires of Bi2Te3 can achieve the zT = 14 with 5nm diameter of NWs, while 2D quantum well 

Bi2Te3 with the same diameter may have zT = 5. Such effects have been observed in SbTe NWs,72 

InAs NWs,73 Bi NWs,74 and Si NWs.75 Therefore, low-dimensional materials have attracted a great 

deal of attention. 

 Nanowires are one-dimensional structures, characterized by diameters typically on the scale of 100 

nm or less and lengths ranging from a few microns to tens of microns,76 offering a high surface-to-

volume ratio. In their single-crystalline form, they demonstrate enhanced charge transport 

properties, making them advantageous for various energy conversion applications such as sensors, 

solar cells, lasers, transistors, and thermoelectrics.77,78,79,80  

Tellurium (Te) is a p-type semiconductor with a narrow bandgap of 0.33 eV at room temperature,81 

and it serves as a key component in many high-performance thermoelectric materials, including 

Bi₂Te₃,82,83 Sb₂Te₃,84Ag₂Te,85 Cu1.75Te,86 CdTe,87 and PbTe.88 As a result, extensive research has 

focused on doping and alloying Te with various materials to enhance the efficiency of 

thermoelectric materials.89,90 Notably, recent advancements have been achieved in the synthesis of 

one-dimensional (1D) nanostructures of Te, such as nanorods and nanowires. These 1D 

nanostructures exhibit restricted carrier motion in two directions, leading to unique properties that 

differ from those of the bulk material with the same chemical composition.91,92 

1D tellurium nanowires (TeNWs) have been extensively utilized in the development of 

thermoelectric devices, photoconductors, as well as high-resistivity and piezoelectric 

devices.93,94,95,96 To date, a variety of TeNWs with diverse diameters and lengths have been 

synthesized using a wide range of methods, including solution-based and vapor-phase 

methods.97,98,99 Common synthesis methods such as hydrothermal, solvothermal, aqueous chemical 

methods, microwave-assisted ionic liquid method and electrodeposition have been extensively 

explored for producing tellurium-based nanowires. For instance, Wang et al.81 and Park et al.93 

employed a hydrothermal process to synthesize TeNWs with diameters ranging from 10 - 35 nm 

and 30 - 140 nm, respectively. Zhu et al.98 synthesized TeNWs using a microwave-assisted ionic 

liquid method. They dissolved 24 mg of polyvinylpyrrolidone (PVP) in 0.5 mL of the ionic liquid 
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BuPy+[BF4]- under stirring at room temperature in a 10 mL tube. To this mixture (designated as 

solution A), two drops of a 3.67M NaBH4 aqueous solution were added while maintaining room 

temperature. Separately, 6 mg of TeO2 was added to 1 mL of BuPy+[BF4]- under continuous stirring 

at room temperature to form solution B. Solution A was then subjected to microwave heating at 

180°C for 70 sec., after which solution B was gradually introduced at 180°C. The combined solution 

was maintained at 180°C for an additional 10 minutes before the microwave heating was stopped, 

allowing the solution to cool to room temperature. Zhu et al. observed that many of the synthesized 

nanowires exhibited diameters between 20 and 100 nm, with a smaller fraction displaying 

diameters between 100 and 500 nm. The lengths of the nanowires were found to extend to tens of 

microns. Silva et al.100 reported the synthesis of single-crystalline TeNWs with varying aspect ratios 

through a surfactant-assisted approach, achieving diameters below 30 nm and tuneable lengths 

from 600 nm to 5 μm. Stavila et al.101 utilized a low-temperature wet-chemical method to synthesize 

tellurium nanostructures, while  Zhang et al. introduced a visible light-assisted solution-phase 

method for generating trigonal tellurium nanostructures.102 However, there is limited exploration 

into manufacturing thin films based on ultra-fine tellurium nanowires for wearable thermoelectric 

devices.  

The advancement of thermoelectric films based on nanowires, with improved electrical 

conductivity and high Seebeck coefficient, is highly desirable for wearable electronic 

applications.103,34 In this regard, TeNWs exhibit intriguing characteristics as semiconductors, 

particularly in the context of thermoelectric applications, attributed to their high Seebeck 

coefficient.93 For instance, Yee et al.,104 highlighted Te's remarkable Seebeck coefficient values of 

400 µV/K, while See et al.,105 reported a slightly higher value of 408 µV/K. Wang et al., observed a 

Seebeck coefficient value of 551 µV/K at room temperature.81 

It should be noted that the diameters of the tellurium nanowires reported in the literature (20-100 

nm) and in this thesis (40-60 nm) are larger than the exciton Bohr radius of tellurium (1-5 nm). As a 

result, strong quantum confinement effects are unlikely, although weak size-dependent effects may 

still occur. Nevertheless, many research groups have recently used nanowires in combination with 

polymers to improve the performance of organic-inorganic hybrid composite materials. Detailed 

information about this approach can be found in Section 1.5. 

1.6.2 Energy Filtering Effect 

The energy filtering effect refers to the selective transport of charge carriers at the interface 

between organic and inorganic materials. At these interfaces, low-energy charge carriers are 

impeded, while high-energy charge carriers are permitted to pass. This process effectively raises 
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the average energy of the carriers, thereby increasing the Seebeck coefficient (S).9 Nevertheless, to 

observe the effective energy filtering phenomenon, several parameters need to be considered: i) 

Ensure intimate contact between the polymer and nanomaterials to create well-defined organic-

inorganic interfaces. ii) Match the work functions of the polymer and nanomaterials to enable the 

transfer of high-energy carriers across the interfaces. iii) Maintain an interfacial barrier height 

between 0.04 - 0.10 eV to selectively scatter low-energy carriers while allowing high-energy carriers 

to pass. iv) Use one-dimensional nanostructures to form effective potential barriers with a lower 

filler concentration compared to zero-dimensional nanomaterials.106,107,108,109,105,110 Figure 1.6 is an 

example to demonstrate the energy filtering effect in p-type semiconductors. The band diagrams 

for Bi0.5Sb1.5Te3 (BST) and PEDOT: PSS are shown, displaying their work function (φ), electron affinity 

(χ), ionization potential (ψ), and band gap (Eg). 

 

Figure 1.6. Band diagram of Bi0.5Sb1.5Te3 and PEDOT: PSS , before contact (left) and after contact 

(right), illustrating band alignment and energy filtering effect. Work function (φ), 

electron affinity (χ), ionization potential (ψ), and energy gap (Eg) values for both 

organic and inorganic components are indicated. Adopted from Zhang.109 

Before contact, BST and PEDOT: PSS exhibit distinct band structures. Upon forming the PEDOT: PSS-

BST heterojunction, differences in their Fermi levels create an energetic mismatch at their 

interfaces. Consequently, energy barriers arise in the valence bands of BST nanomaterials and 

PEDOT: PSS, hindering the transmission of low-energy holes by scattering at the interface. Only 

high-energy holes can traverse the interface, leading to decreased carrier concentration (n) and 

increased Seebeck coefficient. Therefore, the establishment of a suitable interfacial energy barrier 

could result in an improved Seebeck coefficient and power factor of hybrid composite materials. 

However, there are controversies around the energy filtering effect in hybrid composite materials 

which originate from difficulties in clearly proving its role and actual impact on thermoelectric 

performance. In practice, achieving effective energy filtering without significantly degrading 



Chapter 1 

18 

electrical conductivity is challenging.111 It is demonstrated that energy filtering often results in 

increased scattering of all carriers, leading to a reduction in overall electrical conductivity, which 

diminishes the net TE performance. 

Experimentally, it is difficult to directly measure the energy filtering in hybrid materials. An increase 

in the Seebeck coefficient alone is not enough to clearly prove the energy filtering effect because 

multiple electronic transport properties are interconnected. For instance, electrical conductivity 

depends on both the concentration and mobility of charge carriers, so it is important to separate 

these two factors when analysing the data. Without doing so, the source of the Seebeck 

enhancement cannot be accurately identified.111 There are alternative explanations for the 

observed improvements in TE performance, such as grain boundary scattering, suppressing phonon 

transport, or quantum confinement effects, which can also enhance TE properties without invoking 

energy filtering.14,112,111  

Additionally, the controversial aspect also arises from the fact that many experimental results are 

not reproducible across different research groups, raising concerns about whether observed 

improvements are due to energy filtering or experimental artifacts. Graham's research team113 

precisely manipulated the energy barrier between the transport states in P3HT and tellurium 

nanowires by adjusting the FeCl₃ concentration, tuning the barrier between 0.08 eV and 0.88 eV. 

Their study showed that the composite materials had higher power factors and increased Seebeck 

coefficients as the tellurium nanowire concentration increased. However, after comparing their 

results with theoretical models for parallel and series connected composites, they concluded that 

the improvement in Seebeck coefficients and power factors was unlikely due to the energy filtering 

effect. Although theoretical predictions of the energy filtering effect align with experimental 

results, the data can only be interpreted in a semi-quantitative manner. More precise 

measurements and additional experimental validation are required to fully understand the effects 

of charge carrier scattering. 

1.6.3 Doping of Organic Component  

The low electrical conductivity, a limitation of the organic component in hybrid materials, can be 

significantly enhanced by doping the organic polymer. To understand how doping occurs, a 

conducting polymer poly(3-hexylthiophene) P3HT is taken as an example. The pristine P3HT film is 

dipped into the dopant [Nitrosonium hexafluorophosphate] NOPF6/acetonitrile solution. Figure 1.7 

shows the molecular structure of P3HT  before and after doping. 47 
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Figure 1.7. A chemical structural sketch of pristine P3HT polymer indicating polarons (singled- 

charged), and bipolaron (doubled-charged) with counter ions when doped in NOPF6/ 

acetonitrile solution, the light doping gives rise to polarons while increase in dopant 

concentration render bipolarons. 

Through acceptor doping (p-type doping), an ionic complex consisting of positively charged polymer 

chains and counter ions is formed. The counter ions are generated by reduction of acceptors. 

Doping of CPs generates charge carriers known as polarons and bipolarons. When a conducting 

polymer is doped, the removal of an electron from the polymer chain takes place (oxidation) and 

local charge appears on the polymer chain is known as polaron. In chemical terminology, a polaron 

is just a radical ion (spin ½) associated with local distortion (relaxation) of lattice. If a second 

electron is removed from the polymer chain, then the formation of bipolarons is obtained. A 

bipolaron is defined as a pair of like charges that should be bound to one another associated with 

a strong local distortion (relaxation) of lattice.114 These charge carriers are collectively called as 

elementary excitations or self-localized excitations which move along the polymer chain and 
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induces geometrical changes. On doping the P3HT film, the chemical reaction of the doping is as 

follow: 

NOPF6 + 𝑃3𝐻𝑇 → NO + 𝑃3𝐻𝑇+(PF6)−     Equation 9 

According to equation 9, when a conducting polymer P3HT is doped with the oxidizing agent NOPF6, 

the positive charge carriers and PF6 counterions are generated. These counterions create a 

disordered environment through which the p-type charge carriers move. As doping levels increase, 

this disorder is reduced, and the counterions' localizing effects diminish. This leads to a significant 

increase in electrical conductivity while the Seebeck coefficient decreases.115  

Doping is a common method used to tune the charge carrier’s density in CPs.116 This can be done in 

different ways, such as through electrochemical methods by oxidizing or reducing a polymer layer 

on an electrode,117 or via redox doping using strong electron-accepting molecules. In p-type 

polymer semiconductors, effective doping involves a careful alignment of the polymer's highest 

occupied molecular orbital (HOMO) with respect to the lowest unoccupied molecular orbital 

(LUMO) of the dopant. For polymers with deep HOMO levels, it is essential to use dopants that have 

high electron affinity (EA).118 Recently, Martin’s group did a comparative study to explore on how 

the structure of P3HT affects its thermoelectric (TE) properties when doped with various dopants, 

such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano quino-dimethane [F4TCNQ], 1,3,4,5,7,8-hexafluoro-

tetracyano -naphtho-quino dimethane [F6TCNNQ], iron trichloride [FeCl3 ], molybdenum dithiolene 

[Mo(tdf-COCF3)3 ], and tris(4-bromophenyl) ammoniumyl hexachloroantimonate (Magic blue -MB). 

The electron affinities (EA) (i.e. LUMO position) of different dopants and HOMO of P3HT along with 

their TE transport properties are shown in Figure. 1.8.  
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Figure 1.8. HOMO of P3HT and LUMO of dopants along with σ, S, and PF measured in the direction 

parallel to the polymer chains in rubbed thin films of P3HT doped with different 

dopants.118 

As can be seen in Figure 1.8, the dopants differ in their electron affinities, which affect how well 

they dope different parts of the polymer, such as its crystalline and amorphous regions. For 

example, F4TCNQ and F6TCNNQ primarily dope the crystalline regions,51 while FeCl3 and Mo(tdf-

COCF3)3 can dope both the crystalline and amorphous parts, leading to higher conductivity.119 Non-

oriented P3HT films doped with MB showed an electrical conductivity of 26 S/cm. However, when 

the P3HT films were aligned along the chains direction and doped with 0.2 g/l of MB, the 

conductivity increased significantly to about 2900 S/cm, with a maximum power factor of 170 ± 30 

μW/mK².118 It is demonstrated that the highest charge mobilities are observed when the dopant 

MB primarily doped the amorphous regions, leaving the crystalline structure largely unchanged. In 

this case, the nanocrystals of P3HT were doped at their interface with the surrounding amorphous 

areas. These findings suggest that targeting the amorphous regions in semicrystalline polymers can 

reduce polaron localization, improve charge mobility, and enhance TE performance.118 

Furthermore, the study highlights that aligning the polymer chains is crucial for improving the 

electrical conductivity of conducting polymers.  

The author also conducted a comparative study on several conducting polymers, including poly[2,5-

bis(3- alkylthiophen-2-yl) thieno [3,2-b]thiophene] PBTTT-based derivatives (PBTTT-C12, PBTTT-

C14, PBTTT-8O), 3,3-didodecyl-2,2,5,2-terthiophene [PG2T-TT], and P3HT (M.Ws ranging 30 kDa to 

143kDa), using various dopants such as FeCl3, MB, F4TCNQ, and F6TCNNQ, to evaluate their 

thermoelectric (TE) performance in thin films (shown in Appendix D). Except for PBTTT-8O, all the 

polymers were non-oriented. The films were immersed in dopant solutions (acetonitrile) for 20 to 

40 seconds, with molar concentrations ranging from 0.005M to 0.03M. Interestingly, the non-

oriented films doped with FeCl3 performed better than those doped with other dopants. The 

highest performance was observed in PBTTT-8O films aligned along the chain direction and doped 

with 0.005M FeCl3, achieving an electrical conductivity of ~330 ± 6 S/cm, a Seebeck coefficient of ~ 

170 ± 9 µV/K, and a power factor of ~ 948 ± 17 µW/m-K². This suggests that the combination of 

FeCl3 as a dopant and proper alignment of polymer chains is key to achieving high TE performance, 

while non-oriented films show lower overall performance. 

 In case of organic-inorganic composites, doping assist to rationally engineer the band alignment 

(or so called interfacial potential barriers) between organic and inorganic components. Within 

composite materials, a transfer of charge from organic to inorganic components may occur as their 

chemical potentials align. Ionized organic components then provide carriers to the inorganic matrix, 
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reducing electron scattering.9 In this way, an increase in charge carrier concentration via doping can 

enhance electrical conductivity in composite  materials, it may also reduce the Seebeck coefficient. 

Furthermore, careful selection of dopants can not only enhance electrical conductivity but also 

influence the conduction type and morphology of the film. Consequently, optimizing the doping 

level is essential to attain maximum performance of composite materials.47 Many research studies 

have documented performance enhancements in composite thermoelectric materials through 

doping.113,120,121,122 For instance, Ming He et al. manipulated the FeCl3 doping level from 8 wt% (light 

doping) to 32 wt% (heavy doping) to engineer the interface between P3HT and Bi2Te3 nanowires, 

achieving a noteworthy power factor of 14 µW m-1K-2 for P3HT- Bi2Te3 nanocomposites at room 

temperature.57 Since the composites lack ionic impurities within the matrix of inorganic materials, 

therefore the surface doping can be a novel pathway to enhance the TE performance of organic-

inorganic composites.  

1.6.4 Templating Effect or Interfacial Ordering 

The molecular chains in conducting polymers usually have random orientations, forming a coil-like 

structure. Carrier transport between these individual chains occurs through thermally assisted 

hopping, which leads to significantly lower electrical conductivity. Consequently, the associated 

Seebeck coefficient is also reduced compared to metallic band transport within the chains. 

Introducing a secondary phase can transform the coil structure into an extended linear 

arrangement through a templating effect, thereby enhancing electronic transport properties.9   

 

Figure 1.9. Schematic representations of the formation mechanisms of templating or interfacial 

ordering effect by combining conducting polymer PANI with CNTs, adapted from Ref.3  

π–π interactions between polymer chains and the surface of fillers (such as CNTs, inorganic 

nanostructures) can lead to a more ordered arrangement of polymer chains near the interface, 
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known as the templating effect or interfacial ordering effect, which enhances both charge carriers’ 

mobility (μ) and electrical conductivity (σ).121,123 Figure 1.9 illustrates how an in situ polymerization 

method was used to promote this interfacial ordering. Normally, polymer chains are amorphous, 

causing carriers to become localized, resulting in low charge-carrier mobility.123 Fillers such as 

carbon nanotubes (CNTs) interact with the π-bonds in polymers and serve as one dimensional 

template, guiding the polymer chains to grow in an ordered manner. This reduces barriers for 

charge hopping between and within polymer chains, leading to increased delocalization of carriers 

and resulting in higher mobility.124,125 

Yao et al. used an in-situ polymerization method to create a composite of single-walled CNTs 

(SWCNTs) and polyaniline (PANI), achieving an electrical conductivity of 125 S/cm, a Seebeck 

coefficient of ~ 40 µV/K and a power factor of 20 µW/mK2 at room temperature. These values are 

significantly higher than those of the individual materials, primarily due to the ordered molecular 

structure of the PANI chains along the SWCNT surfaces, which improved carriers’ mobility.123 

It is reported that interfacial ordering happens only between CNTs and the nearby polymer chains. 

However, the polymer chains farther from the CNT interface remain amorphous and show poor 

mobility. Yao et al. addressed this by treating PANI with a secondary dopant, m-cresol, before 

mixing it with SWCNT fillers to fabricate SWCNT/PANI composites. Along with improving the 

ordering at the interfaces, m-cresol helped to organize the polymer chains away from the interface, 

enhancing the overall structural order and improving mobility (μ). This resulted in a high power 

factor of up to 176 µW/mK² and a zT value of 0.12 at room temperature.126  

However, in organic-inorganic composites, it remains unclear whether the transport properties are 

primarily influenced by the inorganic phase, the organic phase, or interfacial properties. To explore 

the charge transport (CT) mechanism of conducting polymers, Kang and Snyder developed a CT 

model based on the Boltzmann transport framework.127 According to the Kang-Snyder model, the 

energy-dependent conductivity 𝜎𝐸(𝐸, 𝑇) can be expressed as:  

σE(E, T) = σE0
(T) (

E−Et

kBT
)

s
       Equation 10 

Where E/KBT is the reduced energy of the charge carriers (electrons or holes), Et is the transport 

edge (energy) of charge carriers below which no electrons or holes exist or conductivity has no 

contribution even at finite temperature, ‘s’ is the energy-dependent scattering parameter and ‘σE0’ 

is a temperature-dependent but energy-independent transport parameter to model the TE 

transport of conducting polymers over a large range of conductivities. kB is the Boltzmann constant. 

The total conductivity is given by: 
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σ = ∫ σE(E, T) (−
∂f

∂E
) ⅆE

∞

0

        Equation 11 

By inserting equation (10) into equation (11), and integrating by parts, the total conductivity can be 

expressed as:  

σ = σE0
(T) × sFs−1(η)        Equation 12 

Where η =
EF−Et

kBT
 is the reduced chemical potential and F is the Fermi integral. The corresponding 

Seebeck coefficient (S) can be expressed as:  

S =
kB

ⅇ
[

(s+1)Fs(η)

sFs−1(η)
− η]        Equation 13 

The reduced chemical potential (η) is determined by using the experimental values of the Seebeck 

coefficient for a specific value of the energy dependent parameter s.  

In Kang-Snyder charge transport (CT) model, TE transport of CPs is described using two key 

parameters: σE0 and s. The parameter σE0 determines the magnitude of conductivity, while s 

determines the curve shapes. However, it is challenging to accurately measure these parameters 

individually. Additionally, this model does not account for organic-inorganic hybrid materials, 

leaving a significant gap in the study of these material types that requires further research. 

Recently, to explore the effect of templating and charge transportation in organic-inorganic 

composites, Kumar et al. employed the Kang and Snyder transport model, molecular dynamics 

simulations, and first-principles calculations on TeNWs-PEDOT:PSS hybrid systems.128 Their findings 

indicated that the high thermoelectric performance in these hybrid systems could be attributed to 

interfacial interactions between the inorganic and organic components, which enhance both the 

Seebeck coefficient and carrier mobility. Experimentally, highly ordered morphologies of 

conducting polymers have been demonstrated through interfacial interactions with inorganic 

nanostructures, creating highly conductive pathways for charge carriers.66,129 In this project, the 

Kang-Snyder CT model is extensively utilized to explore the charge transportation in organic-

inorganic composites and templating effect on enhancing the thermoelectric (TE) performance of 

the fabricated hybrid materials.
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Chapter 2 Experimental Methodology 

This chapter describes the experimental methodology employed in this research work. It 

encompasses the procedures for synthesizing nanomaterials, modifying their surfaces, and 

incorporating them into conducting polymers to fabricate composite materials. Furthermore, it 

reviews the characterization techniques used to quantify the materials and their thermoelectric 

properties, alongside the theoretical principles underpinning these techniques. 

2.1 Synthesis Method 

2.1.1 Aqueous Solution Chemical Synthesis Methodology 

The experimental setup for aqueous solution synthesis (ASS) is shown in Figure 2.1 and consists of 

a Schlenk line, a condenser, and a round bottom flask (RBF) containing the reaction mixture. The 

RBF is purged of oxygen by using a vacuum pump through the Schlenk line for 5-10 min, then the 

nitrogen gas flows into the Schlenk line and RBF for 3-5 min. This process is repeated three times 

to eliminate as much oxygen as possible before running the ASS. To accelerate the chemical 

reactions, processes such as heating, magnetic stirring, and the introduction of gases (argon or 

nitrogen) are employed during synthesis.130 The precursor materials dissociate into ions, which 

subsequently react to form crystal nuclei, followed by crystal growth. By carefully tuning the 

temperature, the size of the synthesized nanostructured materials can be controlled. Consequently, 

a variety of low-dimensional materials, including nanowires, nanosheets, nanorods, quantum dots, 

and quantum wires, can be obtained via aqueous solution process for diverse applications in 

thermoelectric device design.11 Due to the inexpensive precursor materials, the aqueous solution 

route is a more cost-effective synthesis method. To obtain a clean final product, post-treatments 

such as sedimentation, washing, and drying are applied to the as-synthesized product. 
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Figure 2.1. Schematic setup for the synthesis of nanostructured materials. The setup includes a 

round bottom flask (RBF) containing a magnetic stirring bar and precursor solution, 

placed on a hotplate to ensure homogeneous heating for the reaction. The RBF is 

connected to a condenser with water flow, and further attached to a Schlenk line to 

maintain an inert environment during the chemical reaction. 

2.1.2 Synthesis of Tellurium Nanowires 

The inorganic nanostructures of tellurium nanowires (TeNWs) were synthesized via an aqueous 

solution route following established literature protocols.131 For the synthesis of Tellurium 

nanowires, the following reagents were employed: 20 mL ethylene glycol (EG anhydrous, Fisher 

Chemical, >99%) as the solvent, 0.2 g polyvinylpyrrolidone (PVP-K30, M.W~ 40,000, Fluka) as a 

growth-directing agent, 0.66 g potassium hydroxide (KOH, Fisher Chemical) to create the necessary 

basic environment for the reaction, 0.4778 g tellurium dioxide (TeO2, Aldrich Chemical, 99+%) as 

the Tellurium precursor, and 1mL hydrazine hydrate (Sigma Aldrich, N2H4 50-60%) as the reducing 

agent. The schematic of the synthesis process is depicted in Figure 2.2. 

 

Figure 2.2. Schematic of aqueous solution process to synthesize Tellurium nanowires. 
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The PVP, KOH, and TeO2 were dissolved in 20 mL of EG by continuous magnetic stirring. The 

tellurium solution was transferred into a round bottom flask (RBF), connected to a condenser with 

cold water circulating through it. A magnetic stirrer bar, operating at 600 rpm, was utilized to 

maintain uniformity of the reaction in the RBF. The solution temperature was gradually raised to 

160°C using a hot plate and a silica oil bath. As the temperature increased, the solution colour 

transitioned from clear to dark yellow, and eventually to light black upon reaching 160°C, indicating 

the reduction of TeO2 by EG. Following one hour at 160°C, hydrazine hydrate was introduced into 

the RBF and the reaction kept running further for one hour, resulting the light black solution to 

change into dark black, indicating a strengthening of the reduction reaction. To control the length 

of the nanowires or to grow longer ones, the reaction time was extended by 3 hours after adding 

hydrazine hydrate. With this reduction reaction, TeO2 was reduced to form metallic Te seed 

particles.94 As these seed particles grew, their growth was controlled by PVP (capping agent), 

leading to the formation of Te nanowires.132 Upon completion of the reaction, the solution was 

cooled to room temperature and transferred into a glovebox. Subsequently, it was centrifuged at 

10,000 rpm for 2 hours and 30 minutes. The resulting supernatant was decanted, leaving behind 

the nanowire precipitant. During post-synthesis, the nanowires underwent cleaning via dispersion 

(via bath sonication) in a cleaning solution composed of a 3:1 mixture of acetone and deionized 

water. This cleaning solution was selected because studies have shown that it effectively removes 

PVP.133 These dispersions were then centrifuged at 10,000 rpm for 30 minutes, and the resulting 

supernatant was decanted. This cleaning process was repeated thrice to ensure the removal of any 

unbound residues. Finally, the nanowires were dried overnight under vacuum. To synthesize TeO₂ 

nanowires, the synthesis process was slightly modified: the precursor materials were dissolved in 

hydrated ethylene glycol (EG), and all steps were conducted in a fume hood environment instead 

of a glovebox. 

2.1.3 Surface Modification of TeNWs with Linkers 

For removing residual PVP and reducing surface oxidation on Te nanowires (TeNWs), surface 

modification of nanowires through suitable ligands is considered as an effective approach.134 For 

the surface modification of as-synthesized TeNWs using S2- linkers, equal amount of Te nanowires 

(TeNWs) and sodium sulfide (Na2S) were dispersed in deionized (DI) water with continues magnetic 

stirring for 30 minutes. After stopping the reaction, the dispersions were centrifuged for 45 minutes 

at 10,000 rpm. On decanting the supernatant, the precipitated sulfur-capped nanowires were 

dispersed again in DI water (via 10 minutes bath sonication) and centrifuged for 30 minutes at 

10,000 rpm. This cleaning process was repeated three times to ensure the removal of any unbound 

species. Finally, the nanowires were dried overnight under vacuum. 
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2.1.4 Mechanical Mixing to Fabricate Composite Materials 

Among the various methods for preparing composite materials, in situ synthesis and solution 

casting are primarily used for organic-inorganic nanocomposites.134 In situ synthesis, though more 

complex, effectively produces nanocomposites with well-dispersed inorganic materials within the 

polymer matrix. Conversely, solution casting (also known as mechanical mixing) is a simpler and 

more common process. It involves mixing polymers and inorganic nanostructured materials in 

solvents and shaping them into films or membranes using methods such as drop-casting, spin 

coating or screen printing. Solution casting offers easier control over the component ratio in 

organic-inorganic hybrid composites.135 To integrate the polymer with nanowires for the fabrication 

of composite materials in this project, Poly(3-hexylthiophene) (P3HT) was dissolved in chloroform 

(CHCl3) to prepare a polymer stock solution at a concentration of 10 mg/ml. This solution was 

magnetically stirred at 40°C on a hotplate for 45 minutes to achieve homogeneity. Subsequently, 

nanowires were added to the P3HT solution in varying ratios (10-90 weight %) and the mixture 

underwent power sonication in pulse mode (15 seconds ON, 5 seconds OFF) for 60 minutes to 

ensure a uniform dispersion of the composite materials. The final dispersion was then drop-cast 

onto rigid substrates (Si and quartz). 

2.2 Thin Film Fabrication  

2.2.1 Thin Film of Inorganic nanowires, polymers, and composites  

For material characterisation and thermoelectric transport properties measurements, thin films 

were fabricated via drop casting onto quartz substrates (20 mm diameter, 7×7 mm², and 3×10 mm²) 

and silicon substrates (1×1 cm²). The nanowires were dispersed in a 3:2 isopropanol (IPA) to ethanol 

solution to form a homogeneous and stable suspension, followed by 30 minutes of sonication and 

30 minutes of magnetic stirring. After drop casting the suspended nanowires, the films were 

allowed to dry at room temperature and then heated on a hotplate at 100°C overnight in a nitrogen-

filled glovebox. Similarly, films of composite materials with varying nanowire-to-polymer ratios as 

detailed in section 2.1.4 were fabricated. 

To create thin films of conducting polymers (e.g., P3HT of various molecular weights, PBTTT-C14, 

and PG2T-TT), 200 µL of polymer solution was spin-coated onto 2.5×2.5 cm2 quartz substrates at 

1000 rpm for 1 minute, followed by heating on a hotplate at 100°C for 10 minutes. Prior to drop 

casting or spin coating, all substrates were cleaned with acetone and IPA, each with 10 minutes of 

sonication, then quickly dried with nitrogen, and subjected to UV ozone treatment at 100°C for 10 

minutes. 



Chapter 2 

29 

2.2.2 Doping of Composite Films and Conducting Polymer Films  

To investigate the effects of doping on the thermoelectric properties of polymers and composite 

materials, FeCl3, a p-type dopant, was utilized with varying molar concentrations (10 – 70mM). The 

dopant solution was prepared by dissolving FeCl3 in acetonitrile, and the fabricated films were 

immersed in this solution until a colour change from bright golden to black, indicated successful 

doping. Subsequently, the films were dried inside a nitrogen-filled glovebox, before measuring their 

thermoelectric properties. 

2.3 Characterization Techniques 

2.3.1 X-ray Diffraction (XRD) 

To analyse the crystal structure of crystalline materials, X-ray diffraction (XRD) is a highly effective 

and non-destructive technique that provides detailed information on the size, phase, and lattice 

parameters of a material. When a monochromatic beam of X-rays hits an orderly structure of a 

crystal, the X-ray photons are coherently scattered by the periodic distribution of atoms in the 

crystal, as shown in Figure 2.3. For constructive interference to happen, the difference in the path 

lengths of X-rays reflected by consecutive atomic planes must be an integral multiple of the incident 

wavelength of the X-rays. This relationship is known as Bragg's law, expressed in equation 14. 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆       Equation 14 

where 𝜃 is the angle between the X-ray source and the crystal plane, 𝜆 is the X-ray wavelength, and 

𝑑 is the interatomic spacing as indicated in Figure 2.3. 

 

Figure 2.3. Illustration of Bragg's Law - This schematic diagram illustrates the concept of Bragg's 

Law, showing incident rays striking the crystal planes at specific angles. The rays reflect 

from different planes within the crystal, leading to constructive or destructive 

interference, which is the basis of the interference phenomenon. 
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The constructive interference of reflected rays from different planes produces characteristic peaks 

in an X-ray diffraction (XRD) spectrum. The resulting spectrum is then compared to reference 

spectra of chemical elements stored in the International Centre for Diffraction Data (ICDD) database 

to determine the sample's crystal structure. This analysis is facilitated by the powder X-ray 

diffraction profile analysis software (PDXL), which is integrated with the ICDD database. 

Additionally, another important parameter, the grain size of nanocrystals, can be measured from 

the most intense diffraction peaks in the spectrum using the Scherrer formula:136 

𝐷 =  
0.9𝜆

𝛽𝑐𝑜𝑠 (𝜃)
        Equation 15 

In this equation, 𝐷 represents the diameter of the nanoparticle, 𝜆 is the wavelength of the incident 

X-rays, 𝛽 is the full width at half maximum (FWHM) of the diffraction peak, and 𝜃 is the Bragg’s 

angle. Smaller grain sizes result in increased phonon scattering, which reduces thermal conductivity 

and enhances the thermoelectric figure of merit (ZT) values. In this study, X-ray diffraction patterns 

were obtained using a Bruker D8 Advanced X-ray powder diffractometer equipped with Cu K𝛼 

radiation (λ=1.54 Ȧ) at room temperature. The instrument is in Kinesis Lab at IMRE-A*STAR, 

Singapore. 

2.3.2 Scanning Electron Microscopy (SEM) 

A scanning electron microscope (SEM) is a powerful and standard tool for imaging nanostructured 

materials and thin films, providing high-resolution images with fast processing times. A schematic 

of the SEM is shown in Figure 2.4.  
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Figure 2.4. Schematic Diagram of Scanning Electron Microscope (SEM) - The electron beam passes 

through condensing and focusing lenses before impinging on the sample, generating 

multiple signals detected by various detectors. These include the Backscatter Electrons 

Detector (BSE), Secondary Electrons Detector (SE), and Energy Dispersive X-ray 

Photons Detector (EDX), each capturing different aspects of the sample's 

characteristics. 

The SEM comprises an electron gun that generates an electron beam to scan the surface of a 

sample. When the electron beam interacts with the atoms of the specimen, it causes different 

electrical signals to be generated due to inelastic collisions.137 These collisions involve the beam 

electrons interacting with the outermost electrons of the sample's atoms, leading to ionization.138 

Resulting signals from these interactions include X-ray Photons, emitted up to 10 µm into the 

sample; Backscattered Electrons (BSE), emitted up to a depth of 1 µm within the sample; Secondary 

Electrons (SE), produced up to 50 nm beneath the sample surface; and Auger Electrons, generated 

up to 1 nm beneath the sample surface.139 In this thesis, SEM is performed using secondary electron 

imaging mode, which detects secondary electrons (SE). This is the most commonly used imaging 

method in SEM because it links the brightness of the image to different areas of the sample. To 

analyse thin films in this project, SEM imaging was performed using two microscopes: the Jeol FE-

SEM JSM 7600F and the Jeol FE-SEM JSM 6700F. For acquiring high-magnification images, the Jeol 

FE-SEM JSM 7600F was specifically used. Both microscopes are in the Synthesis B2 lab at IMRE-

A*STAR, Singapore. 

2.3.3 Energy Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for the identification of 

the chemical composition in samples. Usually, EDS employs the electron beam emitted by a 

scanning electron microscope (SEM). When this electron beam, with energy usually between 15-30 

kV, hits the innermost shell of an atom, electrons are dislodged from the inner shells, creating a 

vacancy as shown in Figure 2.5. Subsequently, an electron from a higher energy state fills this 

vacancy, a characteristic x-rays photon is emitted. The atomic number of the emitter can then be 

identified based on the energy of the spectral lines. Through this process, EDS enables the 

acquisition of compositional information. Additionally, EDS provides quantitative data, allowing for 

the determination of the atomic percentage of elements present in the sample. Typical EDS 

measurements carry an associated error margin of about 5%.140 In this project, EDS spectra were 

collected using a Jeol FE-SEM JSM 7600F, equipped with an Oxford INCA EDS detector and INCA 

Software. The instrument is in the Synthesis B2 lab at IMRE-A*STAR, Singapore. 
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Figure 2.5. Schematic representation of the underlying physical principle behind EDX. Green circles 

indicate neutrons and protons in nucleus of the atom and red circles show the 

electrons.   

2.3.4 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a highly advanced electron microscope that uses a 

focused beam of electrons to create detailed and magnified images of specimens. As shown in 

Figure 2.6, TEM consists of three major systems: the Electron Gun, the Image-Producing System, 

and the Image-Recording System.141 

The Electron Gun generates a stream of electrons using a heated tungsten filament (cathode), 

which emits electrons that pass through a control grid and an anode, accelerated by a high voltage. 

These electrons are directed onto the specimen by condenser lenses, which control the beam’s 

focus and intensity. 

The Image Producing System includes objective, intermediate, and projector lenses. As electrons 

pass through the specimen, they are focused by the magnetic lenses to form a highly magnified 

image. The objective lens, with a short focal length, creates an intermediate image, which is further 

magnified by the projector lenses. 

The Image Recording System captures the resulting image on a fluorescent screen for viewing or 

digitally records it using a camera. The vacuum system ensures that the electron beam moves 

uninterrupted by air molecules, maintaining a clear image. The final image is typically 

monochromatic (black, white, or grey) and can be digitally stored in formats like JPEG or TIFF. 
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The image's brightness and contrast depend on the specimen's density. Dense areas scatter more 

electrons, creating darker regions, while thinner areas allow more electrons through, appearing 

brighter. This sequential process allows TEM to produce highly detailed images of specimens at the 

atomic or molecular level.142 

 

Figure 2.6. Schematic diagram of a TEM: illustrating the process where a finely focused beam of 

electrons is directed onto the sample by the condensing lenses. The transmitted 

electrons are focused and magnified by the objective lens, further magnified by the 

intermediate lenses, and finally projected onto a fluorescent screen by the projector 

lens.141 

In this project, samples were prepared by drop-casting a 20 µL solution onto a standard 3 mm 

copper mesh grid with a continuous lacey carbon-coated film. The suspension solutions were 

prepared by mixing 50 µg of TeNWs into 1 mL of ACS-grade water and 50 µL solution of P3HT-

TeNWs into 1mL of chlorobenzene. The mixtures were thoroughly vortexed for 2 minutes using a 

vortex mixer to ensure uniform dispersion of the nanowires. The grids were allowed to dry naturally 

for about 1 hour before being loaded into the TEM. The grid samples were placed on a standard 

low-background TEM double tilt holder. TEM images were acquired using Titan 80-300 keV and 

Tecnai G2 80-200 keV TEMs (Thermo Fisher Scientific, Waltham, MA, USA; formerly produced by 

FEI), equipped with a 4096×4096 pixel2 OneView CMOS camera (Gatan, Inc., Pleasanton, CA, USA). 

The TEM images were processed using Digital Micrograph (DM) and the open-source ImageJ 

software to enhance contrast and brightness. 
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2.3.5 Scanning Transmission Electron Microscopy (STEM) 

A Scanning Transmission Electron Microscope (STEM) is an advanced electron microscope that 

combines features of both Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). It is commonly used to study materials at the atomic scale, providing high-

resolution images and detailed insights into the structure, composition, and properties of a sample. 

A STEM system, as illustrated in Figure 2.7, operates by generating a finely focused electron beam, 

typically less than 1 nm in diameter, using an electron gun. The beam is then focused through a 

series of electromagnetic lenses and scanned across the sample in a point-by-point raster pattern 

(like how SEM works).  

 

Figure 2.7. Schematic of Scanning Transmission Electron Microscope. The finely focused electron 

beam, generated by the electron gun, passes through a series of magnetic lenses, and 

is transmitted through the sample. The signals from the transmitted electrons are 

detected by bright-field and dark-field detectors, producing corresponding high-

resolution images.143 
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As the electron beam passes through the sample, which must be very thin (usually less than 100 

nm), it either transmits through or scatters depending on the material's structure. Different signals 

are generated based on this interaction, and the most common signals in STEM are bright field (BF), 

annular dark field (ADF), and high-angle annular dark field (HAADF). 

Detectors positioned below or around the sample capture these transmitted or scattered electrons. 

The BF detector collects electrons that pass straight through the sample without scattering, 

highlighting denser regions with high contrast. The ADF detector captures electrons scattered at 

wide angles, which is useful for imaging heavier elements and atomic structures. The HAADF 

detector collects highly scattered electrons, enabling atomic-scale imaging and compositional 

analysis. These signals are processed to create high-resolution images of the sample, with atomic-

level resolution.143 

2.3.6 Focused Ion Beam (FIB) 

Focused ion beam (FIB) cross-sectioning of the drop-casted nanowires was performed using a Zeiss 

Crossbeam 540 equipped with a carbon gas injection system (GIS) and a gallium (Ga) ion source. 

Three amorphous carbon layers were sequentially deposited onto the nanowires: a 20 nm layer via 

pre-sputtering outside the FIB chamber, a 50 nm layer using an electron beam, and a 700 nm layer 

using an ion beam. The Ga ion beam was employed for FIB lamella preparation. Final polishing of 

the sample was done using a 30 kV, 50pA probe, followed by cleaning with a 5 kV, 10pA probe. In 

this project, FIB on our samples was conducted in Nanyang Technological University (NTU) of 

Singapore.   

2.3.7 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a robust surface analysis technique employed to identify 

and quantify the elemental composition within few nanometres (~ 5nm) depth of a sample's 

surface. The underlying principle of XPS involves a single-step process called as photoemission, 

where an electron bounded in an atom of the sample is knocked out by a photon of monochromatic 

x-ray source, such as Al Kα or Mg Kα. The process is illustrated in Figure 2.8. The emitted electron is 

called as photoelectron, and the kinetic energy of the photoelectron is specific to the element it 

originated from.  By analysing the position and intensity of peaks in the XPS energy spectrum, the 

chemical state, and the quantity of elements in the sample can be determined.144 
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Figure 2.8. Schematic of Photoemission Process. EV, ɸ, EF, are the vacuum level, work function, and 

Femi level of the element, respectively. 

In this project work, XPS spectra were obtained by employing an AXIS Supra spectrometer (Kratos 

Analytical, UK) equipped with a hemispherical analyzer and a monochromatic Al Kα source (1487 

eV) operated at 15 mA and 15 kV. The XPS spectra were collected over an analysis area of 700×300 

µm2 at a take-off angle of 90°. Survey scans were performed at a pass energy of 160 eV, while high-

resolution scans were conducted at a pass energy of 20 eV. Charge compensation was managed 

using low-energy electron flooding. The instrument is in Nanyang Technological University (NTU) of 

Singapore. Data deconvolution was executed using Casa XPS software. 

2.3.8 Photoelectron Spectroscopy in Air (PESA) 

Photoelectron Spectroscopy in Air (PESA) is a technique used to measure the ionization potential 

(IP) (or HOMO for organic materials) of materials in open air. It can be applied to a variety of 

materials, including organic semiconductors and thin films. Figure 2.9 shows the energy level 

diagrams of different solid-state materials, which provide the theoretical background for how PESA 

measures the IP.  
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Figure 2.9. Schematic of Energy level diagrams of metal, semiconductor, and insulator.145 

The work function is the minimum energy required to move an electron from the Fermi level to a 

vacuum. The ionization potential, on the other hand, is the energy difference between the vacuum 

level and the highest occupied molecular orbital (HOMO). In metals, the Fermi level is within the 

conduction band, meaning the band is partially filled. For insulators, electrons in the valence band 

are separated from the conduction band by a large gap. Semiconductors have a smaller gap 

between these bands, which can be crossed by thermal or other excitations. The PESA works by 

shining ultraviolet (UV) or low-energy photons onto the sample, which excites electrons in the 

material as shown in the Figure 2.10.  

 

Figure 2.10. Configuration diagram of Photoelectron Spectroscopy in Air (PESA) system.146 

If the photon energy exceeds the material's work function, electrons are ejected from the surface 

into the air. An open counter or detector, such as a collector electrode or electron multiplier, 
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captures the emitted electrons and measures the current generated by these emitted electrons 

(the number of electrons emitted is proportional to the photon energy). By analysing the photon 

energy and electron emission data, the ionization potential of the material is determined. The 

photoemission threshold energy at which electron emission begins corresponds to the ionization 

potential of the material.145,147 

In this project, Riken Photoelectron Spectrometer AC-2 was used to measure the ionization 

potential with the following settings: start energy at 4.20 eV, end energy at 6.00 eV, and energy 

steps of 0.05 or 0.10 eV. The UV intensity was set to 250. This instrument is located at IMRE-A*STAR 

in Singapore. 

2.3.9 Kelvin Probe Microscopy 

The Kelvin probe is a non-contact, non-destructive tool used to measure the work function of a 

material by detecting the difference in surface potential between the probe (tip) and the sample. 

Since the work function is determined by the top 1-3 layers of atoms or molecules, the Kelvin probe 

is highly sensitive to surface characteristics. To understand how Kelvin probe measurements work, 

the energy levels of both the sample and the tip/probe are shown in schematic diagrams of Figure 

2.11.  

 

Figure 2.11. Principle of Kelvin Probe Measurements. Where (EFS, ɸS) and (EFt, ɸt) are the respective 

Fermi level and work function of sample and tip/probe, Ev the vacuum level. Adopted 

from ref.148 

When the sample and tip/probe are far apart, their Fermi levels are different, but their vacuum 

levels (Ev) are the same. The work function is the difference between each material's Fermi level 

and its vacuum level. When the probe and sample are connected, electrons flow from the sample 

to the probe, causing their Fermi levels to align. This creates a distortion in the vacuum levels, called 

the contact potential difference (VCPD), which is the difference between the work functions of the 
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sample and the probe. To measure the work function of the sample, the Kelvin probe applies a bias 

voltage to the probe until the current between probe and the sample is zero, effectively cancelling 

out the vacuum level difference. At this point, the applied bias voltage is equal to the VCPD, and this 

value is recorded. The work function of the sample is calculated by comparing the VCPD of the sample 

with that of a reference material (typically a known metal, like gold). The difference in VCPD directly 

correlates with the work function of the sample being tested.145,149 In this project, the work function 

was measured using a KP Technology APS02 Kelvin Probe system, with untreated ITO (work function 

= 4.7 eV) serving as the reference. The instrument is at the School of Chemistry, University of 

Oxford, London. 

2.3.10 Ultraviolet Visible Spectroscopy (UV- Vis) 

UV-Vis spectroscopy is one of the most commonly used techniques for analysing a wide range of 

organic compounds and some inorganic species. This method measures the intensity of light in the 

ultraviolet (UV, 10-400 nm) and visible (VIS, 400-800 nm) regions as it passes through a sample, 

depending on the wavelength (nm).150 When a compound absorbs light of specific wavelengths, the 

amount of light absorbed is measured, producing a spectrum that reflects the interaction of 

electromagnetic radiation with the compound in the UV-Vis region.151 The wavelength and the 

amount of light absorbed depend on the compound's molecular structure and its concentration. As 

the concentration of the compound increases, more light is absorbed, while less light is transmitted. 

This relationship follows Beer’s Law:151  

𝐴 = 𝑙𝑜𝑔10
𝐼0

𝐼⁄ =  𝜀𝑏𝑐     Equation 16 

Where A is the light absorbance (no units), I is the light intensity after passing through the samples, 

I0 is the reference light intensity, 𝜺 is the molar absorptivity (L/mol cm), b is the path length of the 

sample, that is the path length of the cuvette in which the sample is contained (typically in cm), and 

c is the concentration of the compound in solution (mol L-1). When an organic molecule is exposed 

to light, it absorbs a specific wavelength, causing its electrons to jump from a lower energy level 

(HOMO - highest occupied molecular orbital) to a higher unoccupied energy level (LUMO - lowest 

unoccupied molecular orbital). The energy of the absorbed light corresponds to the energy gap (ΔE) 

between the HOMO and LUMO levels. This process is illustrated in Figure 2.12. 
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Figure 2.12. A schematic presentation of molecular orbitals and energy gap when the electrons are 

excited from HOMO to LUMO levels with the incident light wavelength (energy) equal 

to the energy gap.151 

The absorbed wavelengths either do not appear or appear at reduced intensity in the detected 

spectrum. The amount of light absorbed is usually expressed as percent transmission and 

absorbance. Transmission, represented by I/I0, is the fraction of light that reaches the detector after 

passing through the sample, and percent transmission is calculated as 100 × (I/I0). Absorbance is a 

logarithmic scale of I0/I, which increases as transmission decreases. 

For our UV-Vis spectroscopy experiments, we used a Shimadzu UV-3600 UV-VIS-NIR 

spectrophotometer at IMRE, A*STAR Singapore, with a baseline range of 300 - 3300 cm⁻¹. The data 

were collected using UV-Probe 2.33 software. P3HT thin films were prepared on quartz substrates, 

and dilute solutions of nanowires were placed in quartz cuvettes for the UV-Vis measurements. 

2.4 Transport Properties Measurements 

2.4.1 Room Temperature Seebeck Coefficient and Electrical conductivity measurements 

The room temperature Seebeck coefficient of thermoelectric thin films was measured using a 

Portable Thermoelectric Meter (PTM-3, Joule Yacht), as shown in the Figure. 2.13 (a). In this setup, 

the red band probe functions as a heat source and the blue band probe as a heat sink, creating a 

temperature gradient (ΔT) of 25°C between the hot and cold probe ends. The company 

recommends that probe spacing on the sample should be no less than 5 mm, as results below this 

threshold may be unreliable. The temperature difference induces a potential difference across the 

material under test, which is recorded as the Seebeck voltage (V/K). The Seebeck coefficient is 

displayed on the screen with a positive or negative sign, indicating the behaviour (p-type or n-type) 

of the material under test. The probes were positioned at four different locations on the sample to 

measure the Seebeck coefficient in four distinct areas, and the average of these measurements was 
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taken as the final Seebeck value (S). Nevertheless, PTM-3 device was calibrated using a reference 

nickel foil (S ~ 19 µVK⁻¹) provided by the manufacturer. This reference was routinely measured to 

ensure the calibration of the system, with results compared to previous readings to confirm they 

fall within the manufacturer's specified 7% relative error. Consequently, all Seebeck coefficient 

measurements have an uncertainty of 7%.  

 

Figure 2.13. Room Temperature Transport Properties Measurements (a) Portable Thermoelectric 

Meter for Seebeck coefficient measurements, (b) Keithley Source meter-2450 with 

four-point probe, (c) magnified 4-probe indicating current source on outer probes 

while inner two-probe for voltage.  

The room temperature electrical conductivity measurements were conducted using a standard 

four-point probe setup with a Keithley 2450 source meter as shown in Figure 2.13 (b) &(c). After 

acquiring the I-V characteristic curves, the sheet resistance was multiplied by a geometric factor to 

account for alternative current pathways that deviate from the straight-line path between the four 

probes, as explained in the literature.152 The thickness of the fabricated films was measured using 

an Alpha-Step IQ surface profiler. The films were scratched at the centre with a toothpick and 

scanned at multiple points to ensure uniform thickness and reproducibility of measurements. This 

thickness was then multiplied by the sheet resistance to determine the resistivity (ρ). Finally, 

electrical conductivity (σ) of the films was calculated using the equation:  

𝜎 = 1/𝜌          Equation 17 

To ensure the results consistency obtained through PTM-3 and four-probe, we compared them with 

Cryostat Probe station TE measurements at room temperature as detailed in Figure Appendix A.4. 
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2.4.2 Temperature dependent Thermoelectric Characterisation  

2.4.2.1 Fabrication of a pattern-device for measuring the thermoelectric properties of thin 

films 

A patterned microchip used to measure the thermoelectric properties is created using a 

lithography-free, resistance thermometry-based technique developed by Kumar et al.153 The 

microchip device is fabricated by patterning a 7×7mm2 quartz substrate using a single-step shadow 

mask technique with 10 nm Ti and 100 nm Au deposition through a Denton Explorer 14® e-beam 

thermal evaporator. The device design is based on similar structures to those reported in the 

literature.75 The device consists of two resistance-based thermometers with four-probe contacts, 

two heaters, and two additional electrodes for four-probe electrical resistivity measurements. The 

fabricated elements, including heater, thermometers, and the resistivity gold lines are depicted in 

Figure 2.14. 

 

Figure 2.14. An illustration of device fabrication to measure temperature dependent Seebeck 

coefficient and electrical conductivity. (a) An optical image of the shadow-mask 

pattern on (7×7) mm2 quartz substrate, showing two thermometers used to probe the 

temperature difference across the channel, two heaters, and four-probe electrodes, 

(b) pattern partially covered with the Kapton tape to avoid electrical shorting with the 

heater,  (c) Thin film deposited via drop casting along the channel, (d) simulation of the 

temperature gradient along the channel length when current passes through the 

heater with an underlying quartz substrate. The image is adapted from ref.153  

The distance between the two thermometers, referred to as the channel length, is about 1 mm. 

This spacing ensures a to ensure a sufficient in-plane temperature gradient for accurate Seebeck 

coefficient measurements. The gap between the first resistivity electrode and the heater is 0.2 mm, 

allowing Kapton tape to cover the heater. This prevents electrical shorting between the film and 

the heater and facilitates film deposition in the active area. This setup minimizes errors caused by 

spurious voltage generated from the conduction path outside the electrode region. The active area 

was prepared by covering the heater with Kapton tape as shown in Figure 2.14 (b). The film was 
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then deposited in the active area by drop casting, as illustrated in Figure 2.14 (c). It was dried 

naturally in a nitrogen-filled glovebox and then kept at 100 ⁰C overnight. 

2.4.2.2 Temperature dependent measurements of Seebeck coefficient and electrical 

conductivity of thin films 

The homemade thermoelectric measurement setup used in this thesis is located inside a high-

vacuum cryostat at IMRE, A*STAR, Singapore. Temperature dependent measurements can be 

performed using this setup in both high vacuum (µTorr) and low vacuum (1 mTorr) conditions with 

high accuracy (<1%). This method has been calibrated using nickel and PEDOT: PSS thin films, and 

the experimental data matched very closely with literature values of -11.2 µVK-1 for nickel and +8.4 

µVK-1 for PEDOT: PSS at 300K.153  

In this project, simultaneous temperature-dependent measurements of the in-plane Seebeck 

coefficient and four-point probe electrical resistivity were performed. The patterned-device with 

drop-casted thin film is mounted on a 24-pin chip holder using GE varnish. The electrical contacts 

between the chip holder and the device are established using a West Bond wire-bonder instrument 

equipped with an aluminium thread. Once the connections to the electrode pads are made, the 

chip holder is mounted on the sample stage, as shown in Figure 2.15. 

 

Figure 2.15. The chip holder mounted on sample stage, including a magnified image showing the 

wire-connections and deposited thin film on patterned-device. 

To control the base temperature of device, a Lakeshore 335 controller is utilized with an accuracy 

of about 30 mK at 300K. A silicon diode sensor is used at the base of the cryostat's second cold 

stage, serving as the controlled temperature sensor. A silicon diode sensor is positioned at the top 

of the chip holder to measure the actual temperature of the device. 

In the four-probe resistivity configuration, a Keithley 6221 current source passes current to the 

sample through I+ and I- electrodes (shown in Figure 2.14), while a Keithley 2182A nanovoltmeter 

measures the resistivity voltage between the V+ and V- electrodes (Figure 2.14). IV measurements 
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are performed at different temperatures to determine resistivity. The slope of the IV curves at each 

temperature provides the resistance value, and the resistivity of the films is calculated using the 

following relation:  

𝜌 =
𝑅𝐴

𝐿
=

𝑑𝑉

𝑑𝐼

𝑤𝑡

𝐿
         Equation 18 

Here, 𝑑𝑉/𝑑𝐼 represents the slope of the I-V curves, 𝑤 and 𝑡 are the width and thickness of the films, 

respectively and these are experimentally measured using an Alpha-Step IQ surface profilometer, 

and 𝐿 is the channel length (the distance between the V+ and V-electrodes).  

To measure the Seebeck coefficient, both thermometers are calibrated to find the exact 

temperature gradient across the sample. The thermometer near to heat source exhibits high 

resistance and referred as hot thermometer, whilst the other one is known as cold thermometer. 

To obtain the calibration curves (R vs. T), a Keithley 2450 sourcemeter supplies current to the 

heater, generating a temperature difference across the sample length. This temperature gradient 

alters the resistance of both thermometers, which is measured by two SRS 830 lock-in amplifiers in 

a four-probe configuration. Figure 2.16 (a) shows the temperature dependent resistance R(T) of 

both thermometers [R1 (cold), and R2 (hot)] for a thin film of S2-TeNWs (sulfur capped tellurium 

nanowires). The curves were fitted with a linear equation, R(T) = AT + R0, where A and R0 are the 

fitting parameters. The value of A (slope) for cold and hot thermometers were found to be 0.03106 

Ω/K and 0.03218 Ω/K, respectively. The R-square for both linear fits were almost unity (R2 = 0.999). 

Figure 2.16 (b) indicates the resistance of both thermometers as a function of the current at room 

temperature. To determine the temperature gradient across the device, measurements at all 

temperatures were performed in a similar way. As seen from the resistance vs current (R vs I) plot, 

the resistance of both thermometers rises parabolically with the increase in current from 0 to 0.015 

mA. Therefore, a parabolic fit of equation R(I) = aI2 + b is performed, as shown in Fig. 2.16 (b) a black 

line curve for R1 and a red line curve for R2. The values of ‘a’ and ‘b’ were found as 868.65 ± 35.6 

Ω/A2 and 30.0771 ± 0.004 Ω for cold thermometer whilst 558.73 ± 41.34 Ω/A2 and 31.59 ± 0.004 Ω 

for hot thermometer. The change in resistance (Δ𝑅) of cold and hot thermometers were converted 

into change in temperature (Δ𝑇) by using the following relation: 

𝛥𝑇 =
𝛥𝑅

(
𝑑𝑅

𝑑𝑇
)
          Equation 19 

Here, 𝛥𝑅 is the change in resistance as a function of current (i.e., heater current) extracted from 

the R-I curves, and 
𝑑𝑅

𝑑𝑇
 is the slope extracted from the R-T curves of both thermometers. The change 

in temperature as a function of heater current for both thermometers is measured separately for 

each thermometer, from equation 19. 
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𝛥𝑇ℎ =
𝛥𝑅ℎ𝑜𝑡

(
𝑑𝑅

𝑑𝑇
)

ℎ𝑜𝑡

         Equation 20 

𝛥𝑇𝑐 =
𝛥𝑅𝑐𝑜𝑙𝑑

(
𝑑𝑅

𝑑𝑇
)

𝑐𝑜𝑙𝑑

         Equation 21 

Where 𝛥𝑇𝑐 and 𝛥𝑇ℎ are the resistance change in cold and hot thermometers, respectively. 𝛥𝑇𝑐  and 

𝛥𝑇ℎ were found as 3.90646 K and 6.29244 K respectively at 300K for 0.015 mA heating current. The 

difference between 𝛥𝑇ℎ and 𝛥𝑇𝑐 provides 𝛥𝑇 ~ 2.38598K. 

 The open circuit voltage (VOC) was measured as function of heater current for different 

temperatures, using a Keithley 2182A nano-voltmeter. Figure 2.16 (c) shows the VOC dependence 

with the heater current at room temperature. The VOC also changes parabolically by changing the 

heater current from 0 to 0.016 mA. The same parabolic fitting is performed for all temperatures. At 

room temperature, the fitting parameters are determined as a = - 4949162.80 ± 10755.97 µV/A2 

and b = 70.28 ± 1.15 µV for S2-TeNWs thin film. Finally, the Seebeck coefficient of the sample is 

obtained by calculating the slope of the linear fit of the Voc vs. ΔT as shown in Figure 2.16 (d). As the 

device is connected to chip holder using aluminium wires, therefore, the total Voc is a sum of voltage 

generated along the sample and along the Al leads, an effect that cannot be ignored when 

measuring metallic films. The total Voc can be written as:  

VOC = −SAl (T0 − Th) − SSample (Th − Tc) − SAl (Tc − T0) = SAl (Th − Tc) − Ssample (Th − Tc) = (SAl − Ssample) ∆T  

Hence the Seebeck coefficient of sample is given as follow:  

𝑆𝑠𝑎𝑚𝑝𝑙𝑒 = −
𝑉𝑂𝐶

𝛥𝑇
+ 𝑆𝐴𝑙        Equation 22 

Where T0, Th, and Tc are the base temperature, hot thermometer temperature, and cold 

thermometer temperature, respectively. The Seebeck coefficient of aluminium (𝑆𝐴𝑙) in literature is 

reported as -1.7µV/K at 300K.154  
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Figure 2.16. (a) Change in resistance of thermometers as a function of temperature for thin film of 

S2-TeNWs, R1 is the resistance of cold thermometer and R2 is the resistance of hot 

thermometer. The black lines correspond to linear fits. (b) Change in resistance as a 

function of heater current for both thermometers at 300K. The black and red lines 

correspond to parabolic fits, for cold and hot thermometers, respectively. (c) Open 

circuit voltage VOC as a function of heater current I, with red line of parabolic curve 

fitting. (d) A linear curve fit (red line) is performed to extract the slope from VOC and 

ΔT to calculate the Seebeck coefficient of S2--TeNWs film. 

Finally, to understand the material response at different temperatures, the temperature dependent 

S and σ are plotted for the tested samples (S2-TeNWs thin film), as shown in Figure 2.17.  
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Figure 2.17. Temperature dependent (a) Seebeck coefficient, and (b) electrical conductivity for thin 

film of S2-TeNWs. 

2.4.2.3 Error Analysis 

The calculation of the error in electrical conductivity and Seebeck coefficient of thin films of 

nanowires, polymers, and composites films in this project, is analogous to error analysis carried out 

by Kumar et al.153 The error in resistivity is calculated by using the following equation: 

𝛿𝜌 = 𝜌 ∗ √(
𝛿(𝑅)

𝑅
)

2
+ (

𝛿(𝑤)

𝑤
)

2
+ (

𝛿(𝑡)

𝑡
)

2
+ (

𝛿(𝐿)

𝐿
)

2
    Equation 23 

Where, 𝛿 indicates the error of the parameters inside the brackets, R is the resistance (IV-slope), 𝑤 

is the width of thin film, t is the thickness of thin film, and L is the channel length (1 mm). As the IV 

curves are linear so error in R is negligible. The width (𝑤) and thickness (t) of the film are measured 

through Alpha-Step IQ surface profilometer, which has minimum step height of 1 nm, therefore, 

the smallest absolute error in thickness (𝛿𝑡) is ~ 1 nm. The channel length (L) is 1 mm and width (𝑤) 

2.3 mm which are much larger than the scan resolution of 0.2 µm, hence the error in L and 𝑤 are 

negligible. Therefore, the error in resistivity is as follow: 

𝛿𝜌 =  𝜌 ∗
𝛿𝑡

𝑡
            Equation 24 

The error in Seebeck coefficient comes mostly from error in measuring the temperature difference. 

Hence the errors in 𝛥𝑇𝑐 and 𝛥𝑇ℎ (shown in equation 20 and 21) are determined by using the 

following equations: 

𝛿𝛥𝑇ℎ = 𝑇ℎ ∗ √(
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     Equation 25 
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𝛿𝛥𝑇𝑐 = 𝑇𝑐 ∗ √(
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     Equation 26 

Where 𝛿𝛥𝑇ℎ and 𝛿𝛥𝑇𝑐  are the error in hot and cold side thermometer temperatures, respectively. 

The errors 𝛿𝛥𝑅 and 𝛿 (
𝑑𝑅

𝑑𝑇
) are found from R vs. T and R vs. I curve fittings, respectively.  

2.4.3 Thin Film Analyser for Thermal Conductivity Measurement  

The in-plane thermal conductivity was measured using a LINSEIS Thin Film Analyzer (TFA) employing 

the 3⍵-technique coupled with the Völklien geometry.155 The LINSEIS TFA is a chip-based platform 

designed to measure in-plane thermal conductivity (measurement range ~ 0.05 to 200 ± 10% W/m-

K) in the temperature range from -170°C to 300°C, and it includes 4-point Van-der-Pauw 

measurement setup for transport properties measurements (range for electrical conductivity 0.05 

to 106 ± 6% S/cm, Seebeck coefficient 1 to 2500 ± 7% µV/K), as illustrated in Figure 2.18. To prepare 

the sample, a shadow mask can be utilized, allowing for deposition via methods such as drop 

casting, spin coating, ink-jet printing, sputtering or thermal evaporation.  

 

Figure 2.18. TFA chip for transport properties measurement: (a) Front view of the TFA chip designed 

for 3ω thermal conductivity, 4-point Van-der-Pauw, and Seebeck coefficient 

measurements. The chip features integrated measurement pads and contacts 

necessary for precise thermal and electrical characterization. (b) Close-up of the active 

area on the chip with a shadow mask in place for selective material deposition. This 

mask ensures accurate patterning and alignment of the deposited material. (c) The 

sample deposited on the chip, fully prepared for measurement procedures. The 

precise deposition ensures reliable data collection for thermal and electrical 

properties. (d) Schematic cross-sectional view of the membrane, illustrating the 

integrated thermometer used for monitoring temperature variations during 

measurements, essential for accurate thermal conductivity and Seebeck coefficient 

analysis. The image is sourced from ref.155  
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The active measurement area of the pre-patterned chips consists of a free-standing silicon nitride 

membrane with a lithographically defined metal wire running down its centre, shown in Figure 2.18 

(d). This metal wire functions as both a thin-film resistive heater and a thermometer. The heat 

moves from the centre of the membrane towards the edge, facilitating an in-plane measurement 

of thermal conductivity in the direction perpendicular to the thin-film heater. The manufacturer 

claims that the TFA method can achieve a repeatability and accuracy of ± 10% in thermal 

conductivity measurements for most of the materials.





Chapter 3 

51 

Chapter 3 Oxidation Control and Enhancing the 

Thermoelectric Performance of Composite 

Materials 

This chapter is based on the manuscript: Syed Zulfiqar Hussain Shah et al., Adv. Sci., 2024. [DOI: 

10.1002/ADVS.202400802].156 

3.1 Introduction 

In recent years, researchers have focused on integrating nanostructured inorganic materials into 

conducting polymers to design a new generation of organic-inorganic hybrid thermoelectric (TE) 

materials for converting waste heat into energy. These composite materials are promising for 

flexible energy-harvesting devices due to their mechanical flexibility and ease of fabrication.157,158,159 

Specifically, combining tellurium (Te) nanostructures with conducting polymers has proven 

effective in producing stable, processable composites that leverage the strengths of both 

nanostructure and polymer components. Among various conducting polymers, poly(3,4-

ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS), polypyrrole (PPy), polyaniline 

(PANI), and poly (3-hexylthiophene) P3HT are particularly suitable for achieving high thermoelectric 

performance when combined with nanostructured inorganic materials.160,161,5 For example, Urban 

and colleagues conducted a pioneering study on Te-PEDOT: PSS composite films, where they 

performed in situ synthesis of Te nanorods within PEDOT: PSS matrix. These hybrid materials 

exhibited the combined attributes of the two individual components, with an electrical conductivity 

of 19 ± 2 S/cm, a Seebeck coefficient of 163 ± 4 µV/K, and a resulting power factor (PF) value of 

about 71 µW/m-K2 at room temperature.105  

Urban’s group fabricated hybrid films with different weight ratios (10-90 wt%) of Tellurium (Te) to 

PEDOT: PSS to investigate how the thermoelectric transport mechanism works in the hybrid system. 

Among the composites, the composition of Te80-PEDOT:PSS20 showed the best performance, 

achieving a Seebeck coefficient (S) of 179 µV/K, electrical conductivity (σ) of 11 S/cm, and a PF of 

35 µW/m-K2 at 300K.66 This suggests that charge transport mainly happens through the highly 

conductive PEDOT:PSS at the interface of the Te-PEDOT:PSS composite. To explore the relationship 

between electrical and thermal conductivity, they also prepared free-standing core-shell nanowires 

of Te-PEDOT:PSS and measured how the transport properties changed with the diameter of the 

nanowires.65 The results showed that reducing the nanowire diameter decreases thermal 

conductivity while improving electrical conductivity. This behaviour is explained by the fact that the 
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inorganic core mainly governs thermal transport, while the organic shell controls charge carrier 

transport in these organic-inorganic composites. To enhance the thermoelectric properties of Te-

PEDOT: PSS, Urban's research team incorporated subphases of copper (Cu) into the Te-PEDOT: PSS 

matrix, creating a hybrid system composed of Te- Cu1.75Te -PEDOT: PSS nanowires. This approach 

established two energy barriers at the interfaces between Te-Cu1.75Te and Te-PEDOT: PSS. These 

barriers selectively scattered low-energy carriers back while allowing high-energy carriers to pass 

through, leading to an improved Seebeck coefficient and overall better performance of the 

composites.162   

Similarly, Deng's team synthesized Te nanorods using a solvothermal method and combined them 

with the conducting polymer PANI in different weight ratios (10-90 wt%) to study the 

thermoelectric properties of the resulting Te-PANI hybrid materials.68 The Te-PANI composites were 

treated with camphorsulfonic acid (CSA) before being drop-cast onto glass substrates and dried at 

333K to form hybrid films. The PANI-Te (70 wt%) composite film showed a maximum power factor 

of 105 µW/m·K², with an electrical conductivity of 102 S/cm and a Seebeck coefficient of 102 µV/K 

at room temperature. The team found that the ordered arrangement of PANI chains around the Te 

nanorods increased carriers scattering while providing a fast channel for carrier’s movement, 

resulting in increasing the electrical conductivity. Whereas the Te nanorods significantly 

contributed to a high Seebeck coefficient in the hybrid film. Thermoelectric transport properties of 

some conducting polymer based organic-inorganic composites materials are summarized in Table 

3. 
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Table 3. Thermoelectric performance of organic-inorganic composites at room temperature. 

Composites Electrical 

conductivity 

(S/cm) 

Seebeck 

coefficient 

(µV/K) 

Power factor 

(µW/m-K2) 

Temperature 

(K) 

PEDOT:PSS-TeNWs 

66 

11 180 35 R.T. 

PEDOT:PSS-TeNWs 

163  

500 23.7 29 R.T. 

PEDOT:PSS-

Bi2Te3NWs 67  

1000 45 205 R.T. 

PEDOT:PSS-TeNRs 

164 

205 83 142 R.T. 

PEDOT:PSS-TeNRs 

165 

698 383 102 R.T. 

PEDOT:PSS-TeNRs 

33 

215 115 284 R.T. 

PEDOT:PSS- 

Cu1.75Te-TeNWs 162 

17 220 84 R.T. 

PEDOT:PSS-TeNWs 

166  

21 270 145 R.T. 

PANI-Bi2Te3 NCs 161 12 36 0.02 R.T. 

PANI-Bi2Se3 167 30 188 107 R.T. 

PANI-TeNRs 68 102 102 105 R.T. 

P3HT-TeNWs 113  21 67 10 R.T. 

P3HT-Bi2Te3 NWs 57 10 117 14 R.T. 
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The study of polymer/inorganic composites based on P3HT has been quite limited, with only a few 

reports available in the literature. For example, Ming and colleagues successfully integrated Bi2Te3 

nanowires (NWs) into P3HT, resulting in a composite with a power factor of 14 µW/m-K².57 They 

attributed the high performance of these composite materials to the energy filtering effect. 

Similarly, Liang et al.113 developed P3HT-TeNW composites, which exhibited a power factor of 10 

µW/m-K² at room temperature. In this case, the electrical transport behaviour was explained using 

a series and parallel transport model rather than the energy filtering effect.    

As can be seen in Table 3, numerous polymer-inorganic composites featuring conducting polymers 

have demonstrated substantial thermoelectric power factors exceeding 100 µW/m·K2. The charge 

transport in these composite materials has been attributed to interfacial transport, structural and 

morphological effects, and modifications to the energy dependence of carrier scattering (energy 

filtering).57,113,125,168 Recently, Kumar et al.,128 demonstrated that the enhanced thermoelectric 

performance observed in these complex hybrid systems can be explained by physical interfacial 

interactions between the inorganic and organic components, which enhance the Seebeck 

coefficient and carrier mobility. Experimental evidence suggests that highly ordered morphologies 

of conducting polymers, facilitated by interfacial interactions with inorganic nanostructures, create 

highly conductive pathways for charge carriers.128,66,129,169 However, the inorganic nanostructures 

are prone to oxidation, potentially affecting the thermoelectric properties of hybrid materials.170 

A critical review of the literature reveals that previous studies on organic-inorganic hybrid 

thermoelectric (TE) materials have not fully disclosed the measurement techniques or experimental 

conditions, leading to uncertainties in the reproducibility and accuracy of the results. These studies 

have largely overlooked the importance of controlling oxidation during the synthesis of nanowires 

and composite films, which is crucial for improving the TE performance of hybrid materials. 

Moreover, the results presented are often single-point values, making them less reliable. To address 

these gaps, we report for the first time that controlling oxidation during nanowire synthesis and 

composite film fabrication can significantly enhance charge transport and TE performance in hybrid 

composites. As a result, our oxidized-hybrid system demonstrated results consistent with those 

previously reported by Ming57 and Liang113 for P3HT-based hybrid composite materials. Whilst the 

oxidation-controlled hybrid system exhibited a sixfold improvement in TE performance compared 

to prior reports in the literature.57,113 

Here we synthesized tellurium nanowires (TeNWs) using the ASS process, as explained in Section 

2.1.2. These nanowires were then incorporated into the conducting polymer P3HT through a 

solution mixing process to create a composite hybrid system, as described in Section 2.1.4. We 

developed two hybrid systems: TeNWs-P3HT, which used oxidation-controlled nanowires. This 
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involves the oxidation control during the synthesis of TeNWs and composites by performing all 

process steps in a nitrogen filled glovebox with O2 <1ppm, and H2O <1ppm, doping process, and 

then thin films packing in membrane boxes and carrying in dry box with a dehumidifier to minimize 

air-exposure before conducting any characterisation. The second hybrid system of TeO2NW-P3HT, 

which used oxidized nanowires. Both these hybrid composite systems were designed to investigate 

the interfacial interactions and study their thermoelectric transport properties. In this study, we 

report the enhanced interfacial interaction of Te-P3HT hybrid materials by controlling oxidation. 

Our results show a significant improvement in the power factor (65 µW/m·K²) of the P3HT-TeNWs 

hybrid nanocomposites compared to TeO2NW-P3HT (PF ~ 15 µW/mK²) at room temperature. We 

demonstrate that precise oxidation control during the synthesis of TeNWs and the preparation of 

the hybrid film is crucial for optimizing the alignment of P3HT along the TeNWs, thereby improving 

interfacial charge transport within the composite material. 

3.2 Experimental Methods 

All the characterisation conducted on thin films of nanowires and composites films along with 

sample preparation and measurement details are provided in experimental Section 2.3. 

3.3 Results and Discussion 

3.3.1 Material Characterization 

To identify the elemental species and measure the oxidation level within the fabricated thin films, 

XPS was performed, with the results presented in Figure 3.1. The XPS survey scan spectra (a &b) 

reveal the presence of tellurium, carbon, and oxygen. All spectra were calibrated using the carbon 

C 1s peak at 285 eV. Core-level peaks corresponding to Te 3d, C 1s, and O 1s were observed in thin 

films of oxidized tellurium and oxidation-controlled tellurium nanowires. The O 1s peak around 530 

eV corresponds to TeO2, originating from an oxidised TeNWs surface.171 High-resolution O 1s 

spectra are shown in Figure 3.1. (e). Peaks centered at binding energies of 573 eV and 583 eV are 

attributed to the Te 3d5/2 and Te 3d3/2 core levels, respectively, indicating the metallic state of 

tellurium.172 

In Figure 3.1 (c), peaks at 576 eV and 586 eV indicate an oxidized surface of tellurium NWs with 45 

atomic percent oxygen content within a depth of 5 - 10 nm of the film.173 Figure 3.1 (d) shows that 

the oxygen content is reduced to 12 atomic percent at the surface of the NWs prepared by oxidation 

control within same depth. The peak around 401 eV is identified as the sole nitrogen peak, possibly 

resulting from the use of hydrazine hydrate as a reducing agent during synthesis. Moreover, since 
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the samples were prepared on Si substrates, characteristic peaks at binding energies around 100 

eV and 151 eV are attributed to Si 2p and Si 1s, respectively.174 

 

Figure 3.1. High- resolution X-ray photoelectron spectroscopy (XPS) spectra of oxidized TeNWs and 

oxidation control TeNWs films: Survey scan and XPS core level spectra of Te 3d of 

highly oxidized TeNWs (a & c), Oxidation controlled TeNWs (b & d), and core level O 1s 

spectra (e), respectively.  

To investigate the microstructure of nanowires (NWs) and the oxygen content on their surfaces, we 

first dispersed the NWs in ethanol and deposited them onto a silicon substrate via drop-casting. 

The sample was then carbon-coated, and a cross-section was prepared using focused ion beam (FIB) 

cutting. Transmission electron microscopy (TEM) was utilized to characterize the sample, as 

illustrated in Figure 3.2. Low-magnification TEM images of TeNWs shown in Figure 3.2 (a & b) 

exhibiting random distribution of the TeNWs on a Si substrate and morphology of individual NWs. 

Most of the TeNWs, when observed in cross-section, exhibited a hexagonal shape with flat facets 

or edges, and were free from contamination or oxidation. The core of the TeNWs is single crystalline 
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with little number of defects or dislocations indicated with white arrows in Figure 3.2 (b) and (c). 

 

Figure 3.2. Cross-section of TeNWs: (a-b) Low-magnification TEM images of TeNWs showing 

random distribution of NWs and morphology of individual NWs. (c) High-resolution 

cross-section TEM image of a single TeNW showing the hexagonal shape of NW 

bounded by the six (1 0 0) facets confirmed by the lattice fringes and corresponding 

FFT (inset in (c)). The core of the NWs is single crystalline with minimal defects or 

dislocations (white arrows in (b) and (c)). 

To compare TeNWs and oxidized Tellurium nanowires (TeO2 NWs), TEM images are provided in 

Figure 3.3 (also see Appendix A). An oxide layer formation on the NWs is evident, which introduces 

more defects in the core of the NWs as shown with white arrows in Figure 3.3 (b). The interfacial 

layer between two nanowires is shown in Figure 3.3 (c). This interfacial layer is crystalline and 

appears to be TeO2, likely due to surface oxidation. Notably, oxide regions not near to the NW 

surface appear amorphous, whereas the interfacial oxide appears polycrystalline. 
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Figure 3.3. Cross-section of TeO2 NWs: (a-b) Low-magnification TEM images of TeO2-NWs showing 

the random distribution of NWs on a Si substrate and morphology of individual NWs. 

(b) Demonstrates that the oxide formation introduces more defects in the core of 

nanowires (white arrows). (c) High-resolution cross-section TEM image of TeNWs core 

and the interface layer between the two NWs. 

Furthermore, to measure the oxygen content at the nanoscale, Scanning Transmission Electron 

Microscope (STEM) imaging and Electron Energy Loss Spectroscopy (EELS) mapping with a probe 

size of approximately 1 nm (in both techniques) were employed. No oxygen traces were detected 

in the Te-NWs [Figure 3.4(a)], whereas the nanowires in Figure 3.4(b) clearly exhibited the presence 

of oxygen around their edges (indicated by green colour maps) and an overall increase in the oxygen 

signal in the spectra [Figure 3.4(c)]. This indicates surface oxidation of the Te-NWs. A detailed 

examination of the overlay maps and line-profiles obtained for the nanowire shown in Figure 3.4(d) 

reveals that the core of the nanowire is free from oxidation in both Te-NWs and TeO2-NWs, with 

oxidation occurring only on the surface of the TeO2-NWs. 
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Figure 3.4. Scanning Transmission Electron Microscope (STEM) imaging and Electron Energy Loss 

Spectroscopy (EELS) mapping to measure the oxygen content in oxidized TeNWs and 

oxidation controlled TeNWs. Bright-field (BF), dark-field (DF) STEM images, 

corresponding elemental (Te, O, C) EELS maps, and overlay (Te + O + C) maps of the (a) 

Te-NWs and (b) TeO2-NWs in cross-section. (c) Te L4,5-edges, O K-edges, and C K-edges 

for the two cases extracted from the spectral image. (d) Averaged and normalized line-

profile across the nanowire marked with the yellow strips in (a & b). No oxidation was 

observed on the surface of controlled oxidation TeNWs while a thin layer of oxidation 

was seen on oxidized TeNWs. 

3.3.2 Fabrication and Structural Characterization of Composite Films  

Homogenous suspensions of nanocomposites, containing varying concentrations of TeNWs within 

a P3HT matrix, were drop-casted onto quartz substrates, as detailed in section 2.2.1. Optical 

micrographs of the composite hybrid films shown in Figure 3.5 (b, d, f, & h) revealed uniform thin 

films with thicknesses ranging from 5 to 12 µm, with lower concentrations of Te nanowires (NWs) 

producing thicker films. Scanning electron microscopy (SEM) imaging demonstrated homogeneous 

dispersions of Te NWs within the P3HT matrix across all NW concentrations, only 60 wt% to 90 wt% 

composite films are shown in Figure 3.5 (a, c, e, & g).  
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Figure 3.5. SEM and Optical images of P3HT-TeNWs composite hybrid films, using varying 

concentration of TeNWs in P3HT matrix (a & b) 60 wt%, (c & d) 70 wt%, (e & f) 80 wt%, 

and (g & h) 90 wt%. Scale bar in SEM imaging is 2µm.  

To investigate the microstructure of the nanowires and the polymer coating, high-resolution 

transmission electron microscopy (HR-TEM) combined with selected area electron diffraction 

(SAED) were employed and the results are shown in Figure 3.6. TEM images of individual TeNWs 

and P3HT-TeNWs nanowires demonstrate that their microstructures are identical, featuring a 

uniform conformal polymer (P3HT) coating approximately 5 nm thick on the nanowire surfaces. HR-

TEM images, along with SAED analysis, confirm that the nanowires are single crystalline, with their 

c-axis consistently aligned along the length of the nanowires, exhibiting an interplanar spacing of ~ 

0.59 nm corresponding to the (001) reflection.  

 

Figure 3.6. High resolution TEM and selected area electron diffraction (SAED) of individual TeNW 

and P3HT coated TeNW. High-resolution TEM images showing the morphology of 

individual NWs of (a-c) TeNWs and (e-g) P3HT-TeNWs with a uniform conformal 

coating of the amorphous polymer (P3HT) layer on the surface of the nanowire. 

Selected area electron diffraction pattern of a single (d) TeNWs and (h) P3HT-TeNWs. 
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3.3.3 Thermoelectric Characteristics of Composite Films 

The hybrid films composed of varying weight percent (wt%) ratios of NWs (TeNWs and TeO2NWs) 

and P3HT, were immersed in a 30 mM FeCl3 solution for doping before measuring their TE transport 

properties, as shown in Figure 3.7. For both hybrid systems (P3HT-TeNWs and P3HT-TeO2NWs), it 

is observed that Seebeck coefficient increases monotonically with an increasing concentration of 

NWs (cf. black and red arrows in Figure 3.7a). In P3HT-TeNWs hybrid films, the Seebeck coefficient 

ranges from 18 ± 1 µV/K to 529 ± 4 µV/K as the TeNWs concentration increases from 0 to 100%. 

The electrical conductivity (cf. blue arrows) initially rises from ~ 11 S/cm to ~ 34 S/cm as the TeNWs 

content increases from 0 to 60 wt%, then stabilizes at ~ 20 S/cm (70-90% TeNWs), and finally 

declines to ~ 0.02 S/cm at 100% TeNWs. A similar trend is observed in the TeNW-PEDOT: PSS 

system.66 For the P3HT-TeO2NWs hybrid system, conductivity (cf. magenta arrows) initially 

increases with NWs content, reaching ~ 35 S/cm at 30 % NWs, but drops to ~ 5 S/cm as NWs content 

further increases to 90 %.  Figure 3.7(b) displays the power factor as a function of NW content for 

P3HT-TeNWs (wine circles) and P3HT-TeO2NWs (blue circles) hybrid systems. The power factor for 

the doped P3HT-TeNWs hybrid system increases from 0.34 µW/mK2 (0% TeNWs) to 50 µW/mK2 

(90% TeNWs), while for P3HT-TeO2NWs hybrid system, it rises from 0.34 µW/mK2 (0% TeNWs) to ~ 

15 µW/mK2 (80% TeO2NWs). 

 

Figure 3.7. Thermoelectric properties of P3HT-based inorganic (TeNWs & TeO2NWs) hybrid systems 

as a function of TeNWs content and dopant concentration. (a) Electrical conductivity 
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and Seebeck coefficient & (b) power factor of 30 mM FeCl3 doped hybrid films in 

relation to the weight ratio of NWs in the P3HT matrix, ranging from 0 wt% to 100 wt%. 

(c) Electrical conductivity and Seebeck coefficient & (d) power factor as a function of 

FeCl3 dopant molar concentration for P3HT-TeNWs hybrid films with 90 wt% TeNWs 

concentration. Vertical error bars indicate the standard deviation of multiple 

measurements from the average values for each sample. 

To investigate the doping efficiency of the P3HT-TeNWs hybrid system, composite hybrid films 

[P3HT (10%) - TeNWs (90%)] were immersed in various molar concentrations (0.01 M to 0.07 M) of 

FeCl3-acetonitrile solutions. The resulting thermoelectric trends are shown in Figure 3.7(c & d). 

Increasing the dopant concentration introduces more charge carriers at the P3HT-TeNWs interface, 

enhancing electrical conductivity while decreasing the Seebeck coefficient.15,175  Figure 3.7(c) shows 

that the Seebeck coefficient decreases from 148 µV/K to 115 µV/K, while the electrical conductivity 

increases from 23 S/cm to 44 S/cm as the dopant concentration changes from 0.01 M to 0.07 M. 

This enhances the power factor of the hybrid films, reaching a maximum value of 65 µW/mK2 at 

0.06 M, as shown in Figure 3.7(d). These results suggest that incorporating nanowires within a 

conducting polymer matrix can effectively enhance the power factor of nanocomposite hybrid 

materials at an optimal doping level with a suitable dopant concentration. 

3.3.4 Kang-Snyder Charge Transport Model 

To study charge transport in the P3HT-TeNWs hybrid system, the Kang-Snyder CT model was used, 

as detailed in Section 1.6.4. The Seebeck coefficient and electrical conductivity data of Te90-P3HT10 

composite hybrid system was collected through de-doping experiments. During this process, the 

sample was heat-treated at 50°C to gradually remove the dopant, resulting in a decrease in 

electrical conductivity. As anticipated, the Seebeck coefficient increased as the conductivity 

decreased. The power factor was observed to decrease gradually with the reduction in electrical 

conductivity as shown in Figure 3.8 (a). 
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Figure 3.8. The Kang-Snyder charge transport (CT) model applied to P3HT based nanocomposite 

hybrid systems. (a) The experimental thermoelectric data of 60 mM FeCl3 doped P3HT-

TeNWs hybrid system (b) The electrical conductivity (σ) vs Seebeck coefficient (S) data 

of P3HT-TeNWs (black half-filled circles) from this work, TeO2NWs-P3HT (blue half-

filled circles) from this work, P3HT-TeNWs (red filled squares, Liang), Bi2Te3-P3HT 

(Olive half-filled squares, Ming), and pure P3HT (magenta circles). Our experimental 

data lies on the energy dependent scattering parameter s = 3 curve with energy 

independent transport parameter σE0 = 0.017 S/cm.  

The Kang-Snyder model was applied to various composite systems based on the P3HT conducting 

polymer, as illustrated in Figure 3.8 (b). The figure depicts the Seebeck as a function of the electrical 

conductivity for different systems: P3HT-TeNWs [black half-filled circles, this work], P3HT-TeO2NWs 

[blue half-filled circles, this work], P3HT-TeNWs [red filled squares, Liang et al.],113 Bi2Te3-P3HT 

[olive half-filled circles, Ming H. et al.],57 and pure P3HT [magenta circles].127 The experimental data 

for all hybrid materials exhibit an energy-dependent scattering parameter of s = 3. The fitting 

process of data with the Kang and Snyder CT model for different values of “s” is shown in Appendix 

A.6. For our P3HT-TeNWs hybrid system, σE0 was found to be 0.017 S/cm, which is an order of 

magnitude higher compared to the P3HT-TeNWs hybrid system reported in the literature. To 

explain this increased σE0 and the observed conductivity trend, molecular dynamics (MD) 

simulations were performed. These simulations revealed that P3HT aligns preferentially on a 

pristine Te surface rather than on a TeO2 surface. This effective templating on the Te surface leads 

to the higher σE0 value compared to the TeO2 hybrid system. 

We now discuss the trends in Seebeck coefficient and electrical conductivity as a function of TeNWs 

content. Notably, while the Seebeck coefficient increases monotonically, the electrical conductivity 

of the films exhibits a peak with increasing Te content in our hybrid films. Standard binary models 

in the literature cannot explain these non-monotonic trends in Seebeck coefficient and electrical 
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conductivity.176 N. E. Coates proposed a series-connected model for these hybrid materials, which 

includes a highly conductive layer between the Te nanowires and the polymer matrix, accurately 

describing the observed trends in Seebeck coefficient and electrical conductivity. 66 We have further 

demonstrated using MD simulations (see Appendix A.5) that this highly conductive interfacial layer 

arises due to a strong templating effect at the interface. Thus, the total conductivity of the TeNW-

P3HT hybrid can be expressed as: 

𝜎𝑒𝑓𝑓
−1 = 𝑥𝑇𝑒 𝜎𝑇𝑒

−1 +  𝑥𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝜎𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
−1  +  𝑥𝑃3𝐻𝑇 𝜎𝑃3𝐻𝑇

−1             Equation 27 

where σeff is the conductivity of the hybrid material, xTe is the fraction of TeNW, σTe is the 

conductivity of the Te nanowires, xinterface is the fraction of the interfacial component, σinterface is the 

conductivity of the interfacial layer, xP3HT is the P3HT matrix fraction, and σP3HT is the matrix 

conductivity. Seebeck coefficient can be written as: 

𝑆 =
𝑥𝑇𝑒𝑆𝑇𝑒𝜎𝑇𝑒+𝑥𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝜎𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑎𝑐𝑒+𝑥𝑃3𝐻𝑇𝑆𝑃3𝐻𝑇𝜎𝑃3𝐻𝑇

𝜎𝑒𝑓𝑓
  Equation 28 

At lower TeNW content (<10%), the P3HT matrix dominates transport, resulting in similar power 

factor values for both P3HT-TeNW and P3HT-TeO2NW hybrid materials. As the nanowire content 

increases, the templating effect and charge transfer between the NWs and the P3HT interface also 

increase. The templating effect enhances mobility at the interface, while charge transfer at the 

interface induces de-doping, which increases the Seebeck coefficient of the interface layer. Both 

these factor controls the conductivity and Seebeck coefficient trend in P3HT-TeNW and P3HT-

TeO2NW hybrid materials as discussed in Table 4.128,66  

Table 4. Summary of physical phenomena contributing to thermoelectric trends at P3HT-TeNWs 

and P3HT-TeO2NWs interface. 
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3.4 Conclusions 

In summary, this study demonstrates that surface doping of organic-inorganic composite materials 

and oxidation control during nanostructure synthesis significantly enhance thermoelectric 

performance due to strong templating effects. To explore this, we synthesized tellurium nanowires 

(TeNWs) under two conditions: one with controlled oxidation (TeNWs) and another with intentional 

oxidation (TeO2NWs).  

X-ray Photoelectron Spectroscopy (XPS) analysis revealed that the TeO2-NWs contained 45 at% 

oxygen, while the oxidation-controlled TeNWs had significantly reduced surface oxygen content of 

12 at%. TEM studies revealed that oxidation-controlled samples exhibited no oxidation, while 

oxidized samples showed amorphous oxidation layers.  

We then developed two hybrid systems by blending these nanowires with P3HT polymer: one using 

oxidation-controlled TeNWs (TeNWs-P3HT) and another using oxidized TeO2NWs (TeO2NWs-P3HT). 

SEM images showed both hybrids formed uniform films, and TEM confirmed a smooth polymer 

coating on the nanowires. We doped both systems with 0.03M FeCl3 dopant and measured their 

thermoelectric properties. 

The oxidized hybrid (TeO2-NWs-P3HT) achieved a power factor (PF) of ~ 15 μW/m-K2, electrical 

conductivity (σ) of ~ 12 S/cm, and a Seebeck coefficient (S) of ~ 114 μV/K at room temperature. 

Whilst, oxidation-controlled hybrid (TeNWs-P3HT) showed significantly better performance, with a 

PF of ~ 50 μW/m-K2, σ of ~ 21 S/cm, and S of ~ 153 μV/K.  

By varying the molar concentration (10 - 70 mM) of the FeCl3 dopant, we optimized the doping 

efficiency, which may enhance transport properties and engineer the interface between the 

polymer and nanowires to improve charge transport in composites. Consequently, we achieved the 

highest reported performance for P3HT-based inorganic hybrid composites (TeNWs90-P3HT10), with 

a power factor of 65 ± 2 µW/mK² along with electrical conductivity (σ) of 39 ± 0.4 S/cm, Seebeck 

coefficient (S) of 128 ± 2 μV/K, with 60 mM FeCl3 doping at room temperature. Molecular dynamics 

(MD) simulations confirmed that the P3HT polymer aligned more effectively with the TeNWs 

surface than with oxidized surfaces (TeO2), thereby enhancing charge transport.  

In conclusion, optimising surface doping and controlling oxidation during the synthesis of organic-

inorganic composite materials proves to be effective strategies for significantly enhancing 

thermoelectric performance. The strong templating effects achieved through these methods 

improve charge transport and thermoelectric performance (PF) in hybrid materials. This work 

introduces a promising pathway for advancing thermoelectric materials and optimizing their 

performance for practical applications. 
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Chapter 4 Impact of Surface Passivation on Nanowires 

This chapter is based on the manuscript: Syed Zulfiqar Hussain Shah et al., ACS Appl. Mater. 

Interfaces, 2024. [DOI: 10.1021/acsami.4c02469]177 

4.1 Introduction 

The key properties of Te nanowires (TeNWs), including a high Seebeck coefficient and low thermal 

conductivity (0.16 W/m-K),81 are crucial for maintaining high thermoelectric efficiency, making 

TeNWs a promising material for thermoelectric devices. However, nanostructured materials 

synthesized via solution-based methods often exhibit low electrical conductivity. One reason to this 

reduced conductivity is largely due to the presence of bulky, long-chain insulating ligands, such as 

polyvinylpyrrolidone (PVP), attached to the surface of the nanostructures. PVP acts as a capping 

agent during synthesis, influencing the shape of the nanostructures and maintaining their 

suspension in the solvent. It is well known that removing residual PVP is challenging due to its 

adhesive properties.18 Ansar et al.178 reported that sodium borohydride solution can be used to 

disperse the original TeNWs solution and remove residual PVP. However, Luo et al.179 demonstrated 

that once sodium borohydride is depleted, the displaced capping agents can quickly re-adsorb onto 

gold (Au) nanoparticles. To remove these surfactants and obtain a refined product suitable for 

thermoelectric applications, the energy-intensive process of spark plasma sintering (SPS) is typically 

employed.  

Another factor contributing to the low electrical conductivity of NWs is surface passivation, a 

chemical process that renders the surface virtually inert. Surface passivation is an unavoidable step 

in the fabrication of nanowire-based devices. It naturally occurs through oxidation, where an oxide 

layer forms around the nanowire upon exposure to air, making the surface chemically passive.180,181 

This oxide layer increases the junction resistance between nanowires, leading to reduced electrical 

conductivity, as noted by Thongkham et al.182  

 It is important to note that the efficiency of charge transport and carrier mobility in nanowires is 

largely dictated by their surface properties.183 Imperfections on the surface of nanowires can trap 

charge carriers, reducing the effectiveness of doping and increasing the likelihood of electron-hole 

recombination. This results in shorter diffusion lengths, meaning carriers such as electrons or holes 

travel shorter distances before recombining. Additionally, impurities often occupy positions on or 

just below the surface of nanowires, making them electrically inactive.180 Therefore, carefully 
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controlling the surface properties of nanowires is essential to achieve the desired performance in 

devices made from these nanostructures. 

To overcome the challenges mentioned earlier, modifying the surface of nanowires with suitable 

ligands is considered to be an effective approach in the literature.166 Sulfur linkers are particularly 

effective as they have a strong binding affinity for various chalcogenide-based nanostructures such 

as Tellurium, Bi2Te3, Bi2S3, CdSe.166 Research indicates that S2- ions first penetrate the polymer (PVP) 

coating on synthesized nanowires and bind to un-passivated tellurium (Te) atoms on the surface. 

As the concentration of S2- ions increases, the polymer coating is gradually removed, exposing more 

surface sites for S2- attachment. Under highly doped conditions, the polymer is almost entirely 

displaced, leaving the nanowire surface fully covered by S2- ions.134 However, the selection of linkers 

depends on factors such as the ligand's ability to prevent aggregation of individual nanostructures, 

enhance dispersion in various solvents, and facilitate the linkage of nanostructures with a chosen 

polymer. The presence of sulfur ions on the surface of nanostructures, which carry a surface charge, 

provides stability in polar solvents such as water and hexane. This stability is achieved by preventing 

aggregation through electrostatic repulsion between individual nanostructures.47 

To the best of our knowledge, only one report currently describes a chemical solution method for 

attaching sulfur linkers to tellurium nanowires and encapsulating them in PEDOT:PSS polymer.166 

However, that study did not investigate the effects of surface passivation or the thermoelectric 

performance of the nanowires after sulfur adhesion. Here, we present for the first time the impacts 

of sulfur linker attachment on tellurium nanowires, particularly focusing on their thermoelectric 

performance under varying temperature conditions. It is demonstrated that TeNWs can be readily 

modified with sulfur linkers, with sulfur displacing the PVP previously present on the TeNWs 

surface. This surface modification not only improves the dispersion of nanowires in polar solvents 

but also significantly reduces oxidation of the nanowires, thereby enhancing their thermoelectric 

performance.  

In this study, we used an aqueous solution chemical synthesis method to produce tellurium 

nanowires (TeNWs). This approach is energy-efficient and allows for precise control of the size and 

chemical composition of the nanomaterials. The synthesis process is described in detail in Section 

2.1.2. After synthesis, we modified the surface of the TeNWs by introducing sulfur linkers (S2- ions) 

through a brief mixing procedure, as outlined in Section 2.1.3. Both the synthesized TeNWs and the 

sulfur-modified TeNWs (S2--TeNWs) were then characterized, and their thermoelectric properties 

were compared with previously reported results, as detailed in the following section. 

In addition to the research on Te-based nanomaterials, significant efforts have been made to 

combine Te nanostructures with conducting polymers to create hybrid composite materials. These 
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composites yield a high Seebeck coefficient (>400µV/K) of Te nanostructures whilst also addressing 

their poor electrical properties by incorporating electrically conductive polymers. Among the most 

studied polymers for these composites are poly(3,4-ethylenedioxythiophene): polystyrene 

sulfonate (PEDOT: PSS) and polyaniline (PANI). In a study by S.K. Yee et al.,104 a composite was 

fabricated by incorporating PEDOT:PSS into the TeNWs synthesis, followed by drop-casting the 

mixture onto sapphire substrates, drying under a heat lamp, and annealing at 140 °C for 5 minutes. 

To enhance the performance of the (TeNWs-PEDOT: PSS) hybrid composite, they doped the PEDOT: 

PSS solution with 5% dimethyl sulfoxide (DMSO). This modification resulted in a power factor (PF) 

of 100 µW/m-K2 at room temperature, which is significantly higher than the PF of the TeNWs, which 

was less than 2 µW/m-K2.  

Based on this, we encapsulated the synthesized S2--TeNWs in poly(3-hexylthiophene) (P3HT) to 

fabricate hybrid composite materials. We then doped these composites with iron trichloride (FeCl₃), 

a p-type dopant, and measured their thermoelectric transport properties. Interestingly, the S2--

TeNWs-P3HT hybrid composites demonstrated improved thermoelectric performance, with a 

power factor (PF) of about 78 µW/m-K², compared to the PF of around 65 µW/m-K² observed in 

our previously reported TeNWs-P3HT hybrid system.156 This is discussed in more detail in the results 

and discussion section.  

4.2 Methods and Characterisation 

The synthesis of tellurium nanowires (TeNWs), their surface modification, composite material 

fabrication, and thin film fabrication processes are all explained in detail in Section 2.1 and 2.2. 

Material characterization techniques are described in Sections 2.3, and temperature-dependent 

transport property measurements are discussed in Section 2.4.2. 

4.3 Results and Discussion 

4.3.1 Surface Modification of Tellurium Nanowires 

To investigate whether as-prepared PVP coated TeNWs could be modified with sulfur linkers, 

various characterization techniques were utilized. According to Sahu et al. report,166 the presence 

of sulfur ions on the surface of NWs facilitates a stable dispersion in polar solvents. To study this 

effect, Zeta potential measurements were used to compare the dispersibility of as-synthesized 

TeNWs and sulfur modified TeNWs (i.e., S2-TeNWs). The suspensions of TeNWs and S2-TeNWs were 

prepared in deionised (DI) water at a concentration of approximately 10 µg/ml. Each solution was 

transferred into a zeta cell, and measurements were conducted at 25°C. Zeta potentials of -37 mV 
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for TeNWs and -41 mV for S2-TeNWs were detected, as shown in Figure 4.1, indicating the excellent 

dispersibility of the nanowires after surface modification with sulfur linkers. 

 

Figure 4.1. Zeta potential measurements for (a) TeNWs and (b) S2-TeWNs. 

Owing to their excellent dispersion properties, suspensions of TeNWs and S2-TeNWs were prepared 

in a 3:2 mixture of isopropanol and ethanol to fabricate thin films. This was followed by 2 minutes 

of vortex mixing and 1 hour of power sonication. The suspensions were then drop-cast onto silicon 

(Si) substrates. The samples were then heat-treated at 100 ⁰C overnight before conducting thin film 

characterization. 

The scanning electron microscope (SEM) images, shown in Figure 4.2, revealed that the thin films 

of TeNWs and S2-TeNWs were homogeneous and uniform. 

 

(a) TeNWs 

(b) S2-TeNWs 
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Figure 4.2. SEM images of drop cast thin films on Si substrate (a) TeNWs, (b) S2—TeNWs. Films were 

fabricated under nitrogen filled glovebox environment with O2 <1ppm, and H2O 

<1ppm. 

Although the films were porous, they formed a compact, interconnected network of nanowires. 

Most importantly, the S2-TeNWs films had a more consistent and smoother surface compared to 

the bare TeNWs films. To accurately measure the length and diameter of the nanowires, we 

obtained low-magnification TEM images by dispersing the nanowires onto a standard TEM grid, as 

shown in Figure 4.3. Details of the sample preparation and measurement method are provided in 

Section 2.3.4. The measurements revealed that the nanowires ranged in length from 1 to 3 µm, 

with diameters of 45 - 55 nm for TeNWs and 54 - 62 nm for S2-TeNWs. This indicates that the 

nanowire diameter increased by approximately 8 nm after sulfur capping. It is likely that the 

ultrasonication process used before drop-casting the sample onto the TEM grid caused the longer 

nanowires to break into smaller pieces.  

 

Figure 4.3. Low-magnification TEM images of (a) TeNWs and (b) S2-TeNWs. The images display 

multiple nanowires, with some appearing broken into smaller segments, likely due to 

the TEM sample preparation process. 

The EDX spectra of TeNWs and S2-TeNWs films, as shown in Figure 4.4, confirm the presence of 

tellurium and oxygen in both materials. 
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Figure 4.4. EDX analysis of (a) TeNWs (b) S2-TeNWs Films, indicating Te and oxygen contents, also 

showing a small quantity of S and Na in red colour (i.e., below the detection range) in 

Figure (b) spectra. 

However, the introduction of sulfur moieties decreases the oxygen atomic percentage from 14 at% 

to 12 at%, suggesting that the incorporation of sulfur into the TeNWs matrix effectively reduces 

surface oxidation. This is further supported by the X-ray photoelectron spectroscopy (XPS) analysis 

shown in Figure 4.5.  

 

Figure 4.5. XPS spectra of TeNWs and S2-TeNWs films: survey scan (a & b), core level spectra of Te 

3d (c & d) and core level spectra of O 1s (e & f). 

The XPS results indicate that the nanowires are mainly composed of elemental tellurium, identified 

by a Te 3d binding energy of 572 eV. The XPS analysis of S2-TeNWs shows no peak around 169 eV, 

confirming that there is no chemical interaction between tellurium and sulfur. Quantitatively, the 

XPS data shows that the S2-TeNWs film contains approximately 3 at% sodium (Na), 19 at% sulfur (S), 

and 29 at% tellurium (Te). Additionally, surface oxidation in the TeNWs films, initially detected at 



Chapter 4 

73 

around 15 at%, was reduced to 10 at% after sulfur passivation within the TeNWs matrix. These 

findings are consistent with the EDX analysis. 

X-rays diffraction (XRD) analysis was conducted on the drop-casted TeNWs and S2-TeNWs thin films, 

as shown in Figure 4.6. 

 

Figure 4.6. X-rays diffraction patterns obtained for, reference of Te from JCPDS card No.36-1452, 

TeNWs, S2-TeNWs films and Na2S powder. 

The results revealed that the nanowires were composed of Te with a polycrystalline structure, 

showing a preferred orientation of (1 0 1). The XRD pattern of TeNWs remained unchanged before 

and after sulfur capping. This indicates that adding sulfur does not significantly alter the tellurium 

(Te) structure, and the TeNWs in both cases closely match the bulk Te phase as reported in the 

literature [JCPDS card No. 36-1452]. 

To confirm that sulfur is only present on the surface of the TeNWs and does not penetrate the bulk, 

we used high-resolution TEM images and scanning transmission electron microscope – electron 

energy loss spectroscopy (STEM-EELS) maps. The high-resolution TEM images revealed no change 

in the lattice parameters, with the measured d-spacing (d0001 = 0.59 nm) closely matching that of 

pristine Te, as shown in Figure 4.7. This suggests that the bulk of the TeNWs remains sulfur-free. 

Additionally, the Fast Fourier Transform (FFT) analysis of selected regions (Figure 4.7 (c) & (f)) 

confirms that the nanowires are oriented along the c-axis in both cases. 

10 20 30 40 50 60 70

In
te

ns
ity

 (a
.u

)

2q (degree)

Na2S

TeNWs

S2--TeNWs

Simulated Data
(100)

(101)

(012)

(1
10

)

(1
11

)
(0

03
)

(0
21

)
(1

12
)

(202)



Chapter 4 

74 

 

Figure 4.7. High-resolution TEM images of (a) TeNWs and (d) S2-TeNWs, showing the morphology 

of the NWs. (b & e) A zoom-in section from the selected regions showing lattice fringes. 

(c & f) Fast Fourier Transform (FFT) of the selected regions showing that in both cases 

the nanowires are grown along the c-axis with a lattice fringe spacing of 0.59 nm that 

matches well with reported d-spacing of Te along (001). 

To better understand how sulfur is distributed, we obtained STEM-EELS maps for S2-TeNWs (Figure 

4.8). 
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Figure 4.8. STEM-EELS elemental mapping of S2-Te-NWs: (a) Annular dark-field (ADF) STEM image 

of a selected NW and corresponding (Te, S) elemental EELS maps. (b) Overlay map of 

Te and S (bottom) and averaged and normalized line-profile across the NWs marked 

with the white dotted rectangle in the overlay map. 

The higher spatial resolution of STEM-EELS allows us to create a more detailed map of sulfur 

distribution (Figure 4.8 a). The average line profiles from the overlay map clearly show that sulfur 

is concentrated on the surface, while tellurium is mainly located in the core region (Figure 4.8 b). 

4.3.2 Thermoelectric Transport Properties of TeNWs and S2-TeNWs Films 

The thermoelectric properties of TeNWs and S2-TeNWs films were evaluated using a cryostat probe 

station at temperatures ranging from 300K to 400K. The experimental method is described in 

section 2.4.2. To ensure consistency and to measure thermoelectric properties at higher 

temperatures (300K to 600K), we used a Seebeck coefficient/electrical resistance measurement 

system, ZEM3. For this purpose, we prepared drop-casted thin films on quartz substrates (13×4) 

mm2 by depositing a solution of TeNWs and S2-TeNWs (suspended in a 3:2 mixture of IPA and 

ethanol), followed by annealing at 300°C in a nitrogen-rich environment for one hour. Figure 4.9 

illustrates the temperature-dependent thermoelectric properties of both the TeNWs and S2-TeNWs 

films. 

 



Chapter 4 

76 

Figure 4.9. Transport properties of nanowires films: (a) Temperature dependent Seebeck 

coefficient, electrical conductivity and (b) power factor of TeNWs and S2-TeNWs films. 

(c) Carrier concentration and mobility as a function of temperature. 

The positive Seebeck coefficient values observed in these films confirm their p-type semiconductor 

characteristics. As the temperature increases, the Seebeck coefficient decreases up to 450K, after 

which it begins to increase for both TeNWs and S2-TeNWs films. Above 460K, the Seebeck values of 

both films become similar. A similar Seebeck coefficient trend has been reported for Te bulk 

material by Hua Peng et al.89 and T. Fukuroi et al.184 Meanwhile, the electrical conductivity of TeNWs 

shows a steady increase, from 0.12 S/cm at 300K to 7 S/cm at 560K. This leads to a peak power 

factor of 42 ± 3 µW/mK2 at 560K. We observed an improvement in thermoelectric performance 

when sulfur was added to the TeNWs matrix. The thermoelectric properties shown in Figure 4.9 (a 

& b) indicate that the S2-TeNWs film follows a similar trend to the TeNWs film but with higher power 

factors. The Seebeck coefficient of the S2-TeNWs behaves similarly to that of the TeNWs. However, 

as the temperature increased from 300 to 560 K, the electrical conductivity of S2-TeNWs gradually 

increased from 0.12 to 14 S/cm, resulting in a power factor increase to 87 ± 3 µW/mK2. To 

understand this better, we performed Hall measurements to determine carrier concentration and 

mobility in both TeNWs and S2-TeNWs films. The results are plotted in Figure 4.9 (c). The S2-TeNWs 

films have slightly higher carrier concentrations throughout the temperature range (300-400 K) 

compared to TeNWs films, which leads to a slightly lower Seebeck coefficient, as seen in Figure 4.9 

(a). At room temperature, the carrier concentration was about ~ 3-5 x1017cm-3 for S2-TeNWs films 

and ~ 2 x1017 cm-3 for TeNWs films. Similar carrier concentrations have been reported by Fukuroi et 

al. for pristine Te bulk material at room temperature.184 On the other hand, mobility increases with 

temperature in both systems. While the TeNWs show slightly higher mobility at 300 K, a crossover 

occurs at 400 K. This increase in mobility further enhances the electrical conductivity in both TeNWs 

and S2-TeNWs films, as demonstrated in Figure 4.9 (a). We conducted a comparison with the existing 

literature, as summarized in Table 5. 
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Table 5. Summary of Transport Properties of Thin Films based on Te Nanowires, including Te bulk. 

Material σ(S/cm) S(µV/K) PF (µW/m-K2)     T κ(W/m-K) ZT 

Te-bulk 90 59 300 531 300K 1.69 0.10 

TeNWs 93 0.26 568 8.44 300K - - 

TeNWs 81 0.013 551 0.39 300K 0.16 7.2×10-4 

TeNWs 104 0.1 400 1.6 300K - - 

TeNWs 105 0.08 408 2.7 300K 2- (bulk value) 4.4×10-4 

TeNWs 113 0.015 758 0.9 300K - - 

TeNWs (our work) 7 ± 1 252 ± 15 42 ± 1 560K - - 

S2-TeNWs (our work) 14 ± 1 246 ± 16 87 ± 3 560K - - 

We compared our power factor values of thin films with those reported in previous studies, and as 

shown in Table 5, our work achieved the highest power factor. Specifically, our highest power factor 

of 87 µW/mK² is about 10 times greater than the 8 µW/mK² reported in the literature and nearly 

twice as high as the 42 µW/mK² measured for the TeNWs we synthesized in this study without 

sulfur capping. 

4.3.3 Fabrication of S2-TeNWs-P3HT Composite Hybrid Materials 

Although the incorporation of conducting polymers with inorganic nanostructured materials is a 

novel versatile pathway to design and develop the high performing next generation of TE materials 

yet there is a lack of high performing materials, which limits the applications of organic-inorganic 

hybrid TE materials on large scale. The main reason behind this is the chemical incompatibility 

between two dissimilar materials which is responsible for the electronic and morphology mismatch 

and leads to worse transport properties of TE hybrid materials. To construct hybrid TE materials; 

electronic and energetic matching, and chemical compatibility between inorganic and organic 

elements needs to occur.166,185,186,187,188 The conventional physical mixing of organic and inorganic 

materials leads to uncontrolled phase separation, which further results in irreproducible and poor 

properties of hybrid materials. Besides, if the soft organic and hard inorganic components are not 

strongly combined together, they segregate from one another because of weak interactions and 

produce an unstable composite material, this would sternly limit their use in any thermoelectric 

applications.166,189 
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Based on our experimental and literature understanding detailed in section 4.1, we conceived that 

surface of nanowires modified with sulfur linker may facilitate the linkage of nanostructures to a 

polymer of choice and may produce an extremely stable nanocomposite hybrid TE material. 

Therefore, for the first time, we utilised S2-TeNWs to embed them into P3HT matrix via mechanical 

mixing and a suspension was drop-casted onto Si and quartz substrates to fabricate composite 

hybrid thin films. The complete process is explained in section 2.1.4. Next, we attempted to 

engineer the interface between S2-TeNWs and P3HT polymer via doping through a suitable dopant 

(FeCl3), to observe an optimum potential barrier height of nanocomposite hybrid TE materials. The 

hybrid films of S2-TeNWs-P3HT composites were subsequently used for material characterization 

and their thermoelectric transport properties were evaluated, as described in the following section. 

4.3.4 Characterisation of Composite Hybrid Films 

To examine the morphology of the films, SEM imaging was conducted on the composite hybrid 

films. Figure 4.10 shows representative SEM images of S2-TeNWs-P3HT composite films with 

different concentrations of S2-TeNWs within the P3HT matrix. The images reveal a uniform 

distribution of the nanowires throughout the P3HT matrix. 

 

Figure 4.10. Microstructural characterization of S2-TeNWs-P3HT composites. SEM micrographs of 

composite hybrid films with different concentration of S2-TeNWs in P3HT matrix (a) 90 

wt%, (b) 80 wt%, and (c) 70 wt%. Insets of SEM images include the optical image of 

uniform, and homogenous S2-TeNWs-P3HT hybrid films, corresponding to each 

concentration. 

To observe the encapsulation of the nanowires within the polymer, TEM imaging was performed. 

Sample preparation for TEM is detailed in Section 2.3.4. High-magnification TEM images of 

individual S2-TeNWs-P3HT composite nanowires reveal a uniform, conformal coating of the polymer 

on each nanowire as shown in Figure 4.11 (d & e). The presence of an approximately 3 - 4 nm 

amorphous layer on the highly crystalline nanostructures indicates that the S2-TeNWs are well 

embedded within the P3HT matrix. 
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Figure 4.11. Microstructural characterization of composites by TEM. TEM images of (a, b) S2-TeNWs 

and (d, e) S2-TeNWs-P3HT hybrid composites, exhibiting the individual nanowires 

morphology and uniformly coated surface of nanowires with an amorphous layer of 

P3HT. (c & f) FFT of S2-TeNWs and S2-TeNWs-P3HT. 

4.3.5 Thermoelectric Transport Properties of S2-TeNWs-P3HT Composite Hybrid Films 

The fabricated uniform hybrid films were doped in 0.03M FeCl3-acetonitrile solution prior to 

measuring the TE transport properties. The doping process is described in section 2.2.2. The 

electrical conductivity and the Seebeck coefficient of S2-TeNWs-P3HT composite hybrid films were 

determined through the standard procedures explained in experimental section 2.4.1. TE transport 

parameters as a function of weight percent concentration of nanowires are shown in Figure 4.12. 

All measurements were obtained at room temperature. 

 

Figure 4.12. TE transport properties of S2-TeNWs-P3HT hybrid films: (a) Seebeck coefficient and 

electrical conductivity, (b) power factor as a function of weight ratio of S2-TeNWs 

from 10 wt% to 90 wt% blended with P3HT matrix, samples were doped with 0.03M 

FeCl3. 
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Figure 4.12 (a) indicates that the Seebeck coefficient (S) increases with increasing content of S2-

TeNWs in hybrid composites. The Seebeck coefficient increases gradually from 49 to 191 µVK-1 by 

changing 10 wt% to 90 wt% content of S2-TeNWs in composite hybrid films. The effects of S2-TeNWs 

contents on electrical conductivity (σ) of composites are also presented in Figure 4.12(a). Electrical 

conductivity rises from 21 S/cm to a peak of 35 Scm-1 as the S2-TeNWs content increases form 10 

wt% to 80 wt%. Beyond the 80 wt% it drops down quickly to 12 Scm-1 at 90 wt% content of S2-

TeNWs.  

As a result, the optimum performance is achieved at 80 wt% S2-TeNWs, where the hybrid composite 

film exhibits a power factor of 78 µW-m-1K-2, electrical conductivity (σ) of 35 S/cm, and a Seebeck 

coefficient (S) of 150 μV/K at room temperature. This highlights the unique advantage of hybrid 

materials, as their thermoelectric performance surpasses that of their individual inorganic and 

organic components.  

4.3.6 Interfacial Barrier Heights of S2-TeNWs-P3HT Composites 

To observe the rational engineering of interface potential barriers between organic and inorganic 

components, we fabricated thin films of S2-TeNWs-P3HT composite with 80 wt% S2-TeNWs on 

quartz substrates and these films were immersed in different molar concentration of FeCl3-

acetonitrile solution to estimate the highest occupied molecular orbital (HOMO) onsets in hybrid 

films through photoelectron emission spectroscopy in air (PESA) under normal conditions of 

pressure and temperature. The valance band onset and work function of pure S2-TeNWs was 

estimated by ultraviolet photoemission spectroscopy (UPS). Representative graphs are shown in 

Figure 4.13.  
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Figure 4.13. UPS and PESA spectra for energetics estimation. (a) UPS full spectra of pure S2-TeNWs, 

(b) the secondary electron cut-off region, (c) Ionization potential of valance band 

onset. (d) PESA representative plot to estimate the ionization potential of 0.01M FeCl3 

doped S2-TeNWs-P3HT hybrid film. 

UPS was conducted to determine the energy levels and work function of drop casted S2-TeNWs films 

as shown in Figure 4.13 (a-c). The ionization potential (IP) and work function (Φ) were obtained by 

using the relation: (Φ) = hv − ESECO and IP = Eonset + Φ, where hv is 21.22 eV, ESECO is secondary electron 

cut-off energy and Eonset is the spectral onset in the valance range. The values of ESECO =17.06 eV, 

Eonset = 0.46 eV, Φ = 4.16 eV, and IP = 4.62 eV for S2-TeNWs film were determined. Liang et al.113 

have also determined the ionization energy (IP) of pure tellurium nanowires (TeNWs) to be 4.52 eV. 

The discrepancy in our measured value (4.62 eV) compared to those reported in the literature may 

be attributed to the surface modification of TeNWs with a sulfur linker. As displayed in Figure 4.13 

(d), the energy levels of hybrid materials were estimated through PESA, where the data points along 

the horizontal axis formed a background line while the sloped data points formed the regression 

line. The intercept of regression line and background line provides the HOMO onset or ionization 

potential of hybrid materials. The interface barrier heights were calculated by finding the difference 

between HOMO of composites at various doping levels and EVB of pure S2-TeNWs film and 

summarized in Table 6. 
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Table 6. Summary of Energy levels of Hybrid Materials, including S2-TeNWs. Where the IP, EVB, 

HOMO, Ebarrier are the ionization potential, valance band energy, the highest occupied 

molecular orbital, and energetic potential barrier heights respectively.   

Sample Dopant Molar Conc. [M] IP/EVB/HOMO [eV]  Ebarrier [eV]  

S2-TeNWs-P3HT 0.01 M 5.17 ± 0.09 0.55 ± 0.088 

S2-TeNWs-P3HT 0.02 M 5.32 ± 0.01 0.70 ± 0.013 

S2-TeNWs-P3HT 0.03 M 5.34 ± 0.004 0.72 ± 0.003 

S2-TeNWs-P3HT 0.04 M 5.39 ± 0.02 0.77 ± 0.021 

S2-TeNWs-P3HT 0.05 M 5.40 ± 0.03 0.78 ± 0.026 

S2-TeNWs-P3HT 0.06 M 5.41 ± 0.03 0.79 ± 0.031 

S2-TeNWs-P3HT 0.07 M 5.40 ± 0.03 0.78 ± 0.026 

S2-TeNWs - 4.62 ± 0.003 - 

A band diagram based on interface potential barriers is shown in Figure 4.14(a), a representative 

plot of 0.03M FeCl3 doped composite hybrid sample is displayed in Figure 4.14 (b). 

  

Figure 4.14. The band diagram of S2-TeNWs-P3HT hybrid composites (80% S2-TeNWs-20% P3HT). (a) 

before contact and (b) after contact. Evac, EF, EVB, and Ebarrier are the vacuum level, Fermi 

level, valance band energy/Ionization potential and interfacial potential barrier, 

respectively. 

Table 6 and Figure 4.14 reveal that a barrier height of 0.72 eV is attained at 0.03M of FeCl3 dopant 

for the S2-TeNWs80-P3HT20 composite hybrid material. We compared our results with existing 

studies and found that Liang et al.113 have experimentally tuned the energy barrier between the 
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HOMO of P3HT and the valance band (VB) of TeNWs. They reported an energy barrier height of 

0.88 eV for the composite film doped with 0.03M FeCl₃.  

4.3.7 Doping Efficiency of S2-TeNWs-P3HT Hybrid Films 

To investigate the doping level of S2-TeNWs- P3HT composites, we chose the 80 wt% S2-TeNWs 

composite hybrid sample that has resulted in the highest performance at room temperature. TE 

transport properties as a function of doping levels were performed on seven hybrid films which 

were doped with different molar concentration of FeCl3 (0.01M-0.07M) as shown in Figure 4.15.  

 

Figure 4.15. Doping efficiency of S2-TeNWs-P3HT hybrid composite films. (a) Seebeck coefficient and 

electrical conductivity, (b) power factor as a function of molar concentration of FeCl3.  

Figure 4.15 (a) shows the decreasing values of Seebeck coefficient from 159 µVK-1 to 96 µVK-1 with 

increasing molar concentration of FeCl3. The electrical conductivity exhibits a reverse trend 

compared to Seebeck coefficient, as expected. By increasing the molar concentration of the dopant, 

the electrical conductivity has risen from 12 Scm-1 to 67 Scm-1. The highest power factor of 78 µW-

m-1K-2 for 0.03M FeCl3 doping level is consistent with the results in Figure 4.12 (b). This implies that 

0.03M FeCl3 doping is an optimum level to effectively enhance the performance of S2-TeNWs-P3HT 

composite hybrid films. The possible explanation is that the number of charge carriers generated 

along the polymer chain increase with increasing molar concentration of dopant in composite 

materials, which further leads to enhance the electrical conductivity and reduces the Seebeck 

coefficient.115,175  

To compare our results with the literature, so far we have found a single report of Liang Z.,113 who 

designed the TeNWs-P3HT composite hybrid materials system and doped them with 5% and 30% 

FeCl3 (wt%). The heavily doped (30% FeCl3) TeNWs-P3HT composites with 50% (by weight) TeNWs 

content, exhibited conductivity values of 2 Scm-1, Seebeck coefficient of 222 µVK-1, and a power 

factor of ~ 10 µWm-1K-2 at room temperature. The second reported value is from our previously 
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published work on TeNWs-P3HT hybrid system where we reported the power factor values of 65 

µWm-1K-2 at 300K.156 In comparison to both reports, here we first resolved the issue of chemical 

incompatibility between organic and inorganic components through surface modification with 

sulfur linkers to provide the best dispersion in polar solvents and facilitate the linkage with polymers 

to fabricate a robust high performing composite hybrid TE material. We controlled over the 

oxidation during the fabrication of composite hybrid materials by performing all processes in a 

nitrogen filled glovebox with O2 < 1ppm, and H2O < 1ppm. In summary, our experimental data 

indicates the sample with 80% (by weight) content of S2-TeNWs doped at 0.03M FeCl3 exhibits the 

highest power factor of 78 µWm-1K-2
 is amongst the highest reported values for S2-TeNWs-P3HT 

composite hybrid materials. 

4.4 Conclusions 

In summary, our study demonstrates a significant enhancement in the thermoelectric (TE) 

properties of Tellurium nanowires (TeNWs) by modifying the surface of the TeNWs using sulfur 

moieties. Bare-TeNWs exhibited electrical conductivity (σ) of 7 ± 1 S/cm, Seebeck coefficient (S) of 

252 ± 15, and a power factor (PF) of 42 ± 3 µW/mK2 at 560K. After modifying the surface of TeNWs, 

these values improved to σ of 14 ± 1 S/cm, S of 246 ± 16, and PF of 87 ± 3 µW/mK2 at 560K, with 

enhanced charge carrier mobility observed as the temperature increased. This surface modification 

not only resulted in the improvement of the TE properties but also effectively reduced oxidation 15 

at% to 10 at% within the TeNWs matrix.   

We further combined the surface-modified TeNWs with a conductive polymer (P3HT) to create 

hybrid composite materials. Among these, a composite film with a composition of S2-Te80-P3HT20 

exhibited the optimum power factor (PF) of 78 ± 6 µW/mK2, electrical conductivity (σ) of 35 ± 3 

S/cm, and Seebeck coefficient (S) of 150 ± 4 µV/K, with 0.03M FeCl3 doping at room temperature. 

The thermoelectric transport properties of composite hybrid system have strongly established that 

the performance of hybrid system is robustly higher than the individual constituent elements, 

which is true definition of a hybrid composite material.  

In conclusion, sulfur passivation on the surface of Te nanowires replaced the insulating PVP ligands 

with sulfur ions or functionalized the exposed surface with these ions. This was confirmed through 

elemental analysis using Energy Dispersive Spectroscopy (EDS) and validated by sulfur adherence 

onto the TeNWs' surfaces in elemental mapping via Scanning Transmission Electron Microscopy-

Electron Energy Loss Spectroscopy (STEM-EELS). The sulfur ions on the nanowire surface carried a 

surface charge, which stabilized the nanostructures in polar solvents such as water or hexane, 
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preventing aggregation through electrostatic repulsion, as evidenced by stable dispersion shown in 

Zeta potential measurements.  

Additionally, sulfur-passivated Te nanowires (TeNWs) exhibited reduced surface oxidation, as 

confirmed by X-ray Photoelectron Spectroscopy (XPS) analysis, and demonstrated enhanced charge 

carrier mobility compared to bare-TeNWs. These enhancements improved the thermoelectric 

transport properties of TeNWs. Sulfur capping also increased the compatibility between the 

inorganic TeNWs and the organic P3HT polymer, resulting in highly stable hybrid thermoelectric 

nanocomposite materials, as shown in SEM and TEM images. Consequently, the fabricated hybrid 

composite films (S2-TeNWs-P3HT) displayed superior thermoelectric properties compared to hybrid 

films made with bare-TeNWs and P3HT. 

These results imply that surface modification of nanostructures is an effective way of improving the 

TE transport properties of composite hybrid materials. This methodology is not confined to 

tellurium nanowires and P3HT hybrid system only, but it could be applied to other nanostructured 

materials with various conducting polymers. Additionally, to engineer the interface between 

organic and inorganic components assist to build an optimum barrier for obtaining the highest 

plausible TE performance of a hybrid system.  
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Chapter 5 Thermoelectric Performance of Composite 

Materials on using Long Nanowires and High 

Molecular Weight Polymers 

This chapter is based on the manuscript: Syed Zulfiqar Hussain Shah et al., Energy Env. Sci., 2024. 

[To be submitted] 

5.1 Introduction 

Organic-inorganic hybrid thermoelectric materials hold significant appeal due to their ability to 

merge the advantageous characteristics of organic materials, such as low thermal conductivity and 

solution processability, with the structural and electronic tunability offered by inorganic 

nanostructures.190,40,191 The distinctive feature of hybrid materials is their significantly enhanced 

performance, originating from non-linear interactions occurring at the nanoscale interfacial layer 

formed between organic and inorganic components.162,192,166,128 Thus, to achieve the best 

thermoelectric performance in organic/inorganic composites, it is essential to manage both the 

material composition and the interactions at the interfaces.  

It has been hypothesized that manipulating the length or diameter of nanowires could potentially 

enhance the thermoelectric performance of organic-inorganic hybrid materials. S.K. Yee et al.,104 

conducted a study in which tellurium nanowires (TeNWs) of varying sizes (length/diameters) were 

grown and embedded into a conducting polymer, poly(3,4-ethylenedioxythiophene): polystyrene 

sulfonate) (PEDOT: PSS), forming an organic-inorganic hybrid system. During the synthesis of the 

composites, the length of the nanowires was controlled by varying the amount of PEDOT: PSS 

solution: 4 mL produced short wires (~ 300 ± 50 nm), 2 mL produced medium wires (~ 450 ± 100 

nm), and 1 mL produced long wires (~ 900 ± 100 nm). The study explored how nanowire length (or 

diameter) influences electrical conductivity and the Seebeck coefficient. A linear trend was 

observed: as the length of the nanowires increased, the Seebeck coefficient rose from 81 to 185 

µV/K, whilst the electrical conductivity dropped from 23 to 7 S/cm. This trend is attributed to the 

size of the nanowires and electron-phonon scattering, where longer nanowires result in a thinner 

conductive interface, leading to reduced conductivity and more scattering of charge carriers 

between the polymer and nanowires. As a result, longer nanowires had higher Seebeck coefficients 

but lower electrical conductivity. To enhance the electrical conductivity, the longer nanowires 

encapsulated in PEDOT: PSS were doped with 5 vol.% of dimethyl sulfoxide (DMSO). This hybrid 

composite achieved a maximum power factor of 100 µW/mK² at room temperature.  
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Sahu et al.,166 later used a multistep synthesis method to create two sets of nanowires (NWs) with 

different aspect ratios (length/diameter): 20 and 1000. The diameter was kept constant at 25 nm. 

The NWs were combined with PEDOT: PSS to fabricate hybrid systems. The resulting thermoelectric 

power factors were 25 µW/m-K² for the lower aspect ratio and 145 µW/m-K² for the higher aspect 

ratio. Recently, M.P. Gordon and colleagues193 synthesized TeNWs with different diameters whilst 

keeping their length constant, then encapsulated them with PEDOT:PSS to create composite 

materials. They measured the transport properties based on the nanowire diameters and observed 

that the power factor increased from 40 ± 6 to 127 ± 10 µW/m-K² as the average diameter 

decreased from 109 to 57 nm. It was found that electrical conductivity consistently increased with 

decreasing nanowire diameter, while the Seebeck coefficient remained relatively stable. This 

improvement is attributed to increased charge carrier mobility, which resulted from polymer 

templating more effectively on the surface of the smaller-diameter nanowires, reducing surface 

energy and allowing the polymer chains to align or self-assemble on the TeNWs surface. Despite 

these discoveries, there has been limited exploration of the effects of nanowire diameter and 

length on the enhancement of TE performance in hybrid thermoelectric materials.193 

However, achieving high ZT values in the hybrid system is highly desirable, necessitating low 

thermal conductivity. Table 7 is a comparison of thermoelectric transport properties of different 

conducting polymers based on inorganic-organic hybrid composites. 
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Table 7. Summary of transport properties of polymer/inorganic composites at room temperature. 

Nanocomposites Ref. σ(S/cm) S (µVK-1) PF(µWm-1K-2) κ(Wm-1K-1) ZT 

PEDOT: 
PSS/Sb2Te3 

194 341 92.6 275 0.44 0.2 

PEDOT: 
PSS/Bi2Te3 

182 123.72 24.5 7.45 0.047 0.048 

PEDOT: 
PSS/Bi2Te3 

67 1000 45 205 0.29 0.2 

PEDOT: 
PSS/Cu2Se 

195 1047 50.8 270 0.25 0.3 

PEDOT: PSS/Te-
NR 

105 19.3 163 51 0.22 0.1 

PEDOT: PSS/Te-
NW 

66 11 180 35 0.16 0.07 

PANI/ Bi2Te3 161 11.6 36 1.5 0.10 0.005 

PANI/ Te-NR 68 102 102 105 0.21 0.15 

P3HT/ Bi2Te3 57 10 117 13.6 0.54 0.007 

 

Kumar et. al., predicted P3HT based hybrid will be superior compared to PEDOT: PSS due to a higher 

scattering rate, as P3HT based polymers show higher scattering rate.128 However, there is a scarcity 

of reports on Poly(3-hexylthophene)-P3HT based inorganic nanocomposites and so far we have only 

found two reports in the literature. Ming He et al.,57 embedded Bi2Te3 into P3HT to fabricate P3HT/ 

Bi2Te3 nanocomposite hybrid films. They reported a PF ~ 14 µW/mK2 coupled with a thermal 

conductivity of 0.54 W/m-K and ZT values ~ 0.007 for P3HT/Bi2Te3 hybrid films. Later Liang et al.,113 

fabricated P3HT-TeNWs nanocomposite hybrid films, achieving an electrical conductivity of 21 S/cm 

and a Seebeck coefficient of 67 µV/K. The highest reported PF of ~ 10 µW/mK2 was achieved by 

doping the hybrid films with a 30 wt% FeCl3 dopant. Recently our work on Te-P3HT has shown PF ~ 

65 ± 1 µW/mK2 by controlling the oxidation of TeNWs.156 

Studies indicate that extended nanowires may demonstrate reduced thermal conductivity, 

attributed to the larger surface-to-volume ratio of nanowires, resulting in enhanced phonon 

scattering.81,196 On the other hand, high molecular weight conducting polymers (CPs) demonstrate 

improved thermoelectric performance by virtue of their more extended and organized structure, 

which facilitates the delocalization of charge carriers (electrons or holes) along the polymer chains. 

The elongated chains offer a greater number of continuous conjugated pathways for charge 
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transport, thereby enhancing electrical conductivity. Simultaneously, these longer chains serve as 

barriers to the propagation of thermal energy, resulting in a decrease in lattice thermal 

conductivity. This combined effect contributes to the efficient thermoelectric performance of 

CPs.197,198,199 

Although many polymer/inorganic composites have shown promisingly high Seebeck coefficients, 

their electrical conductivity remains below the desired levels. The formation of an intimate 

interfacial contact between nanostructures and polymer proves to be a significant challenge due to 

weak interactions. As a result, carrier transport in organic-inorganic composites is significantly 

hindered.200  

The literature review reveals ongoing controversy regarding the role of nanowires with varying 

dimensions in composite materials, which remains unclear. To address this, we scaled up the 

synthesis process to grow longer nanowires by increasing the reaction time during the synthesis, 

embedding them into a conducting polymer, and investigated the thermoelectric (TE) performance 

of the resulting hybrid composites. Additionally, we fabricated composite materials by 

encapsulating Te nanowires (TeNWs) into high molecular weight P3HT, a study that has not been 

previously reported. We further examined the charge transport mechanisms and TE performance 

of these high molecular weight P3HT-based hybrid composites. 

In this study, we synthesized long tellurium nanowires (~13 ± 2 µm) via ASS method as detailed in 

Section 2.1.2 and integrated them into Poly(3-hexylthiophene) (P3HT) using two different 

molecular weights (50-70 kDa and 80-143 kDa) via mechanical mixing as explained in Section 2.1.4. 

Our findings reveal an enhanced templating effect of P3HT along the tellurium nanowires, which 

significantly improved interfacial charge transport in the polymer-inorganic hybrid composites. The 

resulting P3HT20-TeNW80 thermoelectric hybrid composites achieved a high power- factor of 303 ± 

38 µW/mK², with a thermal conductivity of 0.25 ± 0.04 W/mK, leading to a zT value of 0.36 ± 0.06 

at room temperature. This shows a 32-fold increase in power factor compared to previously 

reported Te-P3HT hybrids113 and a twofold improvement over Te-PEDOT:PSS composites.166,193 We 

also systematically investigated the effect of varying nanowire concentrations within the polymer 

matrix and explored the corresponding doping levels for each concentration. The thermoelectric 

performance of these polymer-inorganic hybrid composites is discussed in detail in the results and 

discussion section. 

5.2 Materials and Characterisation 

The synthesis of TeNWs, the fabrication of hybrid composites, and the doping processes are 

explained in Sections 2.1 and 2.2. Details on the measurement of transport properties are provided 



Chapter 5 

91 

in Section 2.4. The material characterization methods used for the composites, along with sample 

preparation, are discussed in Sections 2.3.   

5.3 Results and Discussion 

5.3.1 Characterisation of TeNWs and Composite Films 

We fabricated hybrid composite films by combining Tellurium nanowires (TeNWs) with Poly(3-

hexylthiophene) (P3HT) in different weight ratios, ranging from 10% to 90 wt% TeNWs. The TeNWs 

and P3HT were dispersed in chlorobenzene and then drop-casted onto quartz substrates. Figure 

5.1 shows that the resulting composite solution formed a stable suspension (Figure 5.1 a), and the 

films produced were uniform and consistent in appearance, as confirmed by optical imaging (Figure 

5.1 b). 

 

Figure 5.1. (a) Dispersion of TeNWs and P3HT in chlorobenzene (b) Fabricated hybrid thin films (c) 

SEM imaging of TeNWs (d) SEM-assisted EDX spectra of TeNWs. 

To study the morphology and composition of the nanowires, we performed SEM imaging and EDX, 

as presented in Figure 5.1 (c & d). The SEM images reveal nanowires extending over several microns 

in length [8 to 13 µm]. Additionally, the EDX spectra, taken at a depth of 1-3 µm of the NW film, 

confirm the presence of Tellurium (92 at%) and demonstrated signs of oxidation (~ 8 at%) within 

the synthesized nanowires. We used X-ray photoelectron spectroscopy (XPS) to analyse the 

elemental composition and oxidation states in the fabricated thin films of TeNWs, as shown in 

Figure 5.2. The XPS survey spectra in Figure 5.2 (a), revealed the presence of tellurium, carbon, and 

oxygen. The spectra were calibrated using the carbon C 1s peak at 285 eV as a reference. Core-level 
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peaks corresponding to Te 3d, C 1s, and O 1s were observed in the TeNWs thin films. The O 1s peak 

near 530 eV indicated that the surface of the TeNWs was slightly oxidized (about 9 at%),171 which 

aligns with the EDX results. In Figure 5.2 (b), peaks at 573 eV and 583 eV were identified as the Te 

3d5/2 and Te 3d3/2 core levels, confirming the metallic state of tellurium.201 Additionally, peaks at 

576 eV and 586 eV indicated surface oxidation of the TeNWs within a depth of 5 nm from the film 

surface.202 

 

Figure 5.2. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of TeNWs film: survey 

scan (a), XPS core level spectra of Te 3d (b) and core level spectra of O 1s (c). 

5.3.2 Microstructural Analyses of TeNWs and Composite Films 

To conduct detailed microstructural analyses of the extended nanowires (NWs) and hybrid 

composite materials, we utilized Transmission Electron Microscopy (TEM). The procedures for 

sample preparation and analysis are described in Section 2.3.4. As mentioned in the introduction, 

we fabricated hybrid composites by combining long TeNWs with two different molecular weights 

of P3HT. TEM analyses were performed on both types of composites including TeNWs as shown in 

Figure 5.3. 
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Figure 5.3. (a-c) Overview, (d-f) high-magnification, and (g-i) high-resolution TEM images showing 

the morphology of TeNWs, TeNWs-P3HT (50-70 kDa) and TeNWs-P3HT-P6 (80-143 

kDa) nanowires, respectively. A uniform conformal coating of the amorphous polymer 

(P3HT) layer can be seen on the surface of the TeNWs-P3HT nanowires. (j-i) Fast 

Fourier Transform (FFT) of the single nanowires shown in (d-f), respectively. 

Low-magnification TEM images of the TeNWs, TeNWs-P3HT (50-70 kDa), and TeNWs-P3HT-P6 (80-

143 kDa) samples showed similar microstructures, with no noticeable differences in diameter 

(Figure 5.3 a-c). However, as anticipated, higher magnification TEM images of individual nanowires 

(Figure 5.3 d-f) revealed a uniform conformal coating of the polymer (P3HT) layer on the surface of 

the hybrid nanowires (Te-P3HT and Te-P3HT-P6). The thickness of this coating ranged from 3 to 10 

nm, with an average of about 5 nm for both samples. High-resolution TEM (HR-TEM) images (Figure 

5.3 g-i) and Fast Fourier Transform (FFT) analyses (Figure 5.3 j-l) confirmed that the nanowires are 

single-crystalline, with their c-axis ([001] crystallographic direction) aligned along the length of the 

nanowires, featuring an interplanar spacing of approximately 0.59 nm. 
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5.3.3 Characterisation of FIB Cross-Section Samples of TeNWs and Composites 

Focused Ion Beam (FIB) cross-section samples of TeNWs and hybrid composites were prepared as 

described in Section Error! Reference source not found.. To protect the nanowire surface from b

eam damage during FIB cutting, a 25 nm thick carbon layer was applied using a sputtering system. 

These cross-sectional samples were used to observe and correlate the distribution of chemical 

species detected in the XPS and SEM-assisted EDX results. To achieve this, we conducted Scanning 

Transmission Electron Microscopy (STEM) imaging and Electron Energy Loss Spectroscopy (EELS) 

mapping on these samples, using a probe size of approximately 1 nm as shown in the Figure 5.4.  

 

Figure 5.4. STEM on FIB cross-sectional samples of Te and hybrid composites: (a) Bright-field (BF) 

and (b) dark-field (DF) STEM images showing cross-section view of the Te-NWs. 

Elemental EELS maps of (c) Te (red), (d) O (green), (e) C (blue), and (f) overlay (Te + O 

+ C) image for the Te-NWs. (g) Normalized line-profile across a single nanowire marked 

with the yellow strips in (f) showing chemical composition variation across the 

nanowire for the Te-NWs. (h-n) Corresponding data for the TeNWs-P3HT showing 

absence of O and presence of S (purple) around the edges of NWs. 

The cross-sectional view of the TeNWs matrix in Figure 5.4 reveals that the nanowires have a 

hexagonal shape, with six (100) facets. TEM images from both the plane-view (Figure 5.3 a-c) and 

the cross-section (Figure 5.4 a-b and 5.4 h-i) show that the nanowires are several microns long and 

about 60 nm in diameter. Elemental mapping of nanowires using EELS in a cross-sectional view 

reveals that the core of the TeNWs is composed mainly of tellurium (shown in red), while oxygen 

(green) and carbon (blue) are located around the edges (Figures 5.4 c-e), also depicted in Figure 5.5 

with extended area analysis. It is important to note that the carbon seen in the EELS map comes 

from the FIB process, not from the nanowire synthesis. 
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Figure 5.5. Cross-section STEM imaging and EELS mapping of TeNWs. Low-magnification STEM (a) 

bright-field (BF), (b) dark-field (DF) images of TeNWs. High-magnification STEM (a) BF, 

(b) DF images from the selected regions marked by yellow dotted box in (a and b). 

Elemental maps of (e) Te (red), (f) O (green), (g) C (blue), and (h) overlay (Te + O + C) 

image showing elemental distribution of different elements. (i) Average EELS C-K, O-K 

and Te-L2,3 edges used to make the maps. All EELS were acquired using a probe size of 

about 1 nm and energy resolution of 1.25 eV. 

A detailed examination of the overlay map (Figure 5.4 f) and the line-profile of a single nanowire 

(Figure 5.4 g) shows that the core of the nanowire is not oxidized. Both XPS and STEM-EELS results 

are consistent, indicating that non-coated tellurium nanowires do experience surface oxidation. In 

contrast, EELS mapping of hybrid (coated) nanowires shows the presence of sulfur around the 

nanowires (indicated by purple in Figure 5.4 k). Additionally, the line-profile of a single nanowire 

from the hybrid sample shows no oxygen signal (Figure 5.4 n). 

5.3.4 Thermoelectric Transport Properties of TeNWs-P3HT Hybrid Composites 

We fabricated hybrid composite films with different weight ratios (10 - 90 wt%) of TeNWs and P3HT 

for two molecular weights of P3HT (50-70 kDa and 80-143 kDa). For each combination (wt% ratio) 
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of TeNWs and P3HT, we prepared seven films to study doping levels using various concentrations 

of FeCl3 (ranging from 0.01M to 0.07M). We then measured the thermoelectric properties of the 

TeNWs-P3HT hybrid films, of both systems. Figure 5.6 displays the thermoelectric properties of 

both hybrid systems as a function of TeNWs concentration at a fixed doping level (for TE 

measurements on other compositions, see Appendix B). The optimal doping levels were found to 

be 0.03M for the TeNWs-P3HT (50-70 kDa) and 0.02M for the TeNWs-P3HT-P6 (80-143 kDa) 

hybrids, yielding the highest thermoelectric performance. 

 

Figure 5.6. Exploring Thermoelectric Properties: TeNWs-P3HT hybrid systems reveal (a) 

conductivity and Seebeck coefficient, (b) power factor in hybrid (10-90 wt% TeNWs) 

with P3HT (M.W. 50-70 kDa), and with higher molecular weight P3HT-P6 (M.W. 80-143 

kDa). 

As shown in Figure 5.6 (a), the Seebeck coefficient consistently increased with higher TeNWs 

concentration, ranging from 51 to 146 µV/K as TeNWs concentration rose from 10% to 90% in the 

0.03M doped samples. In contrast, electrical conductivity showed a non-linear response to 

increasing TeNWs content, rising from about 46 ± 3 S/cm at 10% TeNWs to 136 ± 3 S/cm at 80% 

TeNWs, then dropping to about 94 ± 5 S/cm at 90% TeNWs. Similar trends were observed in the 

TeNWs-P3HT-P6 (80-143 kDa) system (Figure 5.6 a), where electrical conductivity initially increased 

to ~ 106 ± 10 S/cm at 40% NWs, decreased to ~ 51 ± 4 S/cm at 70%, increased again to 91 ± 11 S/cm 

at 80%, and finally dropped to 45 ± 4 S/cm at 90% NWs. In both systems, the Seebeck coefficient 

consistently rose with increasing NWs content. Figure 5.6 (b) shows the power factors as a function 

of NWs content for the two hybrid systems, with improvements from 12 µW/mK² (10 wt% TeNWs) 

to 248 µW/mK² (80 wt% TeNWs) for the 0.03M FeCl3 doped system, and from 11 µW/mK² (10 wt% 

TeNWs) to ~ 303 µW/mK² (80 wt% TeNWs) for the TeNWs-P3HT-P6 (80-143 kDa) system. 

To measure thermal conductivities using the LINSEIS Thin Film Analyzer, we prepared TeNWs-P3HT-

P6 (molecular weight: 80-143 kDa) hybrid films with 70%, 80%, and 90% TeNWs by weight, as these 
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compositions demonstrated higher power factors. Each sample underwent three heating cycles 

from room temperature to 100 °C, and three measurements were taken for each batch. Figure 5.7 

(a) shows the average thermal conductivities of the doped samples as a function of TeNWs content. 

As the TeNWs content increased, thermal conductivity decreased. Specifically, the thermal 

conductivities for undoped 90%, 80%, and 70% TeNWs-P3HT-P6 hybrid composite films were 0.19 

± 0.04 W/m-K, 0.24 ± 0.02 W/m-K, and 0.33 ± 0.01 W/m-K, respectively. These values are relatively 

low, closely matching the intrinsic thermal conductivity of lattice structures in conducting polymer 

films, which typically range from 0.2 to 0.5 W/m-K.203 

  

Figure 5.7. Thermal conductivity of Te-P3HT-P6 hybrid materials of 0.02M FeCl3 doped hybrid 

samples (70% and 80 % Te), and undoped sample (90 wt%) Te-P3HT-P6 (a) and zT 

values as a function of TeNWs concentration (b). Error bars depict standard deviation 

from multiple measurements, ensuring result reliability. 

The zT values for the hybrid composites were calculated using the thermal conductivity measured 

at room temperature. Figure 5.7 (b) shows the zT values plotted against the weight percentage of 

TeNWs. The highest zT value of 0.36 ± 0.06 was obtained for the sample with 80% TeNWs and 20% 

P3HT when doped with 0.02M FeCl3. To the best of our knowledge, this represents the highest zT 

value reported for P3HT-based inorganic nanocomposite hybrid p-type materials, as highlighted in 

the literature comparison presented in Figure 5.8. 
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Figure 5.8. A comparison of zT values of different conducting polymers based organic-inorganic 

composites at room temperature, indicating the highest zT values of our fabricated 

P3HT-TeNWs hybrid composite films.  

5.3.5 Interfacial Barrier Heights of TeNWs-P3HT-P6 Hybrid Composites 

To investigate the interface potential barriers in the composites, we prepared thin films of TeNWs-

P3HT-P6 composites with 70%, 80%, and 90% TeNWs (by weight) on quartz substrates. These films 

were immersed in FeCl3-acetonitrile solutions with concentrations ranging from 0.01M to 0.03M. 

The work function (WF) and highest occupied molecular orbital (HOMO) of the hybrid composite 

films were measured using a Kelvin probe and photoelectron emission spectroscopy in air (PESA), 

respectively. The results are presented in Figure 5.9. 

 

Figure 5.9. Work function (WF) and HOMO measurements for TeNWs-P3HT hybrid composites 

(H1=90%, H2= 80%, and H3= 70% TeNWs by weight) obtained using Kelvin probe and 

PESA, respectively. The figure includes PESA plots and tables summarizing the 
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measured WF and HOMO values for both undoped (w/o) samples and samples doped 

with FeCl3-acetonitrile solutions ranging from 0.01M to 0.03M. 

Alberto et al.116 demonstrated that the doping process significantly impacts the work function and 

electrical conductivity of hybrid materials. To investigate this effect, we can analyse the trend of 

the work function (WF) shown in Figure 5.9. The hybrid composite samples of Te80-P3HT20 were 

doped with FeCl3 at molar concentrations ranging from 0.01M to 0.03M. The undoped (w/o) film 

had a WF value of 4.53 eV, which increased progressively with higher dopant concentrations, 

reaching 4.68 eV at 0.03M. P-type doping shifts the Fermi level closer to the HOMO of the 

composites. As a result, the WF increases because the Fermi level moves away from the vacuum 

level. At low dopant concentrations, the Fermi level shift is moderate, causing a small change in 

WF. However, as the dopant concentration rises, the Fermi level shifts more significantly, leading 

to a greater increase in the work function. Moreover, in our transport measurements of the hybrid 

samples Te80-P3HT20, we observed that the electrical conductivity increased from 16 ± 2 S/cm to 91 

± 11 S/cm as the dopant concentration was increased from 0.01M to 0.02M.  

In hybrid composite materials, doping can significantly alter the interfacial barrier heights between 

the organic and inorganic components. The theoretical optimal energy barrier for maximum power 

factor enhancement is typically ≤0.2 eV.106 These interface barrier heights are determined by the 

difference between the HOMO of the organic component and the EVB of the inorganic component. 

As shown in Figure 5.9, the HOMO of P3HT is 4.57 eV, and the EVB of TeNWs is 4.77 eV, resulting in 

an interfacial barrier height of 0.2 eV (close to the theoretical limit). When the hybrid film (H2 = 

Te80-P3HT20) was doped with 0.02M, the HOMO shifted to 4.68 eV, creating a reduced interfacial 

barrier height of 0.09 eV (≤0.2 eV). This change corresponded with the highest observed power 

factor of 303 ± 38 µW/m-K². 

5.3.6 Kang-Snyder Charge Transport Model for Te-P3HT Hybrid Composites 

We investigated the charge transport within the P3HT-TeNWs hybrid systems using the Kang and 

Snyder charge transport model for conducting polymers, as explained in detail in Section 1.6.4. We 

initially conducted de-doping experiments on TeNWs-P3HT (50-70kDa) and TeNWs-P3HT-P6 (80-

143kDa) hybrid films, which were doped with 0.03M and 0.02M FeCl3, respectively. The Seebeck 

coefficient as a function of conductivity is presented in Figure 5.10 (a). De-doping was achieved 

through heat treatment at 70°C, which gradually removed dopants and reduced electrical 

conductivity. As expected, the Seebeck coefficient increased as conductivity decreased. 

Additionally, the power factors gradually declined with the reduction in electrical conductivity. 
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Figure 5.10. The application of the Kang-Snyder charge transport (CT) model to P3HT-inorganic 

hybrid systems. (a) The experimental data exhibiting relationship between Seebeck 

coefficient (S) and electrical conductivity (σ) for 0.02M and 0.03M FeCl3-doped TeNWs-

P3HT hybrid systems. (b) The data of electrical conductivity versus Seebeck coefficient 

for TeNWs-P3HT (olive stars) and TeNWs-P3HT ( half-filled royal blue squares) from 

this study, along with TeNWs-P3HT (dark yellow pentagons), Bi2Te3-P3HT ( half-filled 

black circles), pure P3HT (magenta square), PANI-Bi2Te3 ( half-filled purple squares), 

PEDOT-Bi2Te3 (half-filled red circles), PEDOT:PSS-CuTe (orange hexagons), PEDOT:PSS-

Bi2Te3 (wine squares), and PEDOT:PSS-Bi2Te3 (dark cyan triangles). Our experimental 

data aligns with the energy-dependent scattering parameter s = 3 curve, featuring 

energy-independent transport parameters σE0 of 0.11 S/cm and 0.15 S/cm for TeNWs-

P3HT (50-70kDa) and TeNWs-P3HT (80-143kDa) hybrid films, respectively. 

To compare various binary organic-inorganic hybrid composite materials, we present Figure 5.10 

(b), which shows the Seebeck coefficient as a function of electrical conductivity for several systems. 

These include TeNWs-P3HT (80-143kDa) [olive stars, this work], TeNWs-P3HT (50-70kDa) [half-filled 

royal blue squares, this work], TeNWs-P3HT [dark yellow pentagons, Liang Z.],113 pure P3HT 

[magenta squares, Kang & Snyder],127 Bi2Te3-P3HT [half-filled black circles, Ming H.],57 PANI-Bi2Te3 

[half-filled purple squares, Chatterjee],161 PEDOT-Bi2Te3 [half-filled red circles, Sahu],166 PEDOT:PSS-

CuTe [orange hexagons, Zaia],162 PEDOT:PSS-Bi2Te3 [wine squares, Du],186 and PEDOT:PSS-Bi2Te3 

[dark cyan triangles, Xiong].196 Our data exhibited the highest σE0 compared to those reported in 

the literature, therefore, indicating a superior power factor [see Table 7, Section 5.1]. 

The Kang-Snyder model was applied to analyse P3HT-based systems. As shown in Figure 5.10 (b), 

the experimental results for various P3HT-based hybrid materials consistently point to an energy-

dependent scattering parameter of s = 3 [See Appendix A.6., an example for the fitting process of 

data with the Kang -Snyder model for different values of “s”]. In our TeNWs-P3HT (80-143kDa) 

hybrid system, σE0 was determined to be 0.15 S/cm, representing a 65-fold increase compared to 
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the TeNWs-P3HT hybrid system reported in the literature113 and about 10 times higher than our 

previous study on Te-P3HT hybrid materials.156 

This significant enhancement in σE0 is primarily due to the improved templating of P3HT on the Te 

surface, as discussed in detail in our earlier work on TeNWs-P3HT hybrid materials.156 Longer 

nanowires with well-defined structures greatly improve both the templating effect and interfacial 

charge transport.128,66 Additionally, using a high molecular weight polymer with longer chain lengths 

to encapsulate the nanowires enhances charge transport at the interfacial layer by providing a 

large, well-ordered polymer region (templating effect) along the nanowires.198 The templating 

effect enhances mobility at the interface, while charge transfer at the interface induces de-doping, 

which increases the Seebeck coefficient of the interface layer. These factors collectively influence 

the conductivity and Seebeck coefficient trends in the hybrid composite materials. 

5.4 Conclusions 

In summary, in this study we adopted the strategies to enhance the thermoelectric (TE) 

performance of P3HT-TeNWs hybrid systems by increasing the length of the nanowires and using a 

high molecular weight polymer, both of which enhance the templating effect.  This was achieved 

by scaling up the ASS reaction to synthesize longer tellurium nanowires. The resulting nanowires 

were ~ 13 ± 2 µm in length and 60 nm in diameter, as confirmed by SEM and TEM imaging. 

These extended Te nanowires were then encapsulated in P3HT with two different molecular 

weights (50-70kDa and 80-143kDa) to create hybrid nanocomposites. TEM images of the individual 

nanowires showed a uniform conformal coating of the polymer (P3HT) layer, with an average 

thickness of about 5 nm for both samples. XPS and STEM-EELS analyses revealed no oxygen signal 

on a single nanowire from the hybrid sample, indicating successful encapsulation. 

When measuring the thermoelectric properties of the hybrid samples (Te-P3HT 50-70kDa and Te-

P3HT 80-143kDa), both systems showed optimal performance at a composition of 80 wt% Te and 

20% P3HT, achieving the highest power factors of 248 ± 5 µW/mK² and 303 ± 38 µW/mK², 

respectively. The highest-performing hybrid composite, Te-P3HT (80-143kDa), exhibited a thermal 

conductivity (к) of 0.25 W/m-K, leading to a zT value of 0.36 at room temperature—the highest 

reported for the P3HT-TeNWs hybrid system to date. The work function and HOMO of the high-

performing hybrid sample (Te80-P3HT20) doped with 0.02M FeCl3 were measured using Kelvin probe 

and PESA, showing a reduced interfacial barrier height of 0.09 eV, which is below the theoretical 

threshold (≤0.2 eV) needed to achieve the highest power factor in composite materials. 
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Using the Kang and Snyder Charge Transport Model on the TeNWs-P3HT (80-143kDa) hybrid 

system, σE0 was found to be 0.15 S/cm, confirming the strong templating of P3HT on the Te 

nanowire surface. As a result, the hybrid composite materials demonstrated improved 

thermoelectric performance. 

In conclusion, we have demonstrated that the thermoelectric performance of P3HT-TeNWs hybrid 

systems can be significantly enhanced by synthesizing longer tellurium nanowires and using high 

molecular weight P3HT, which enhance the templating effect. The optimized hybrid (Te-P3HT 80-

143kDa) achieved a record-high power factor of 303 ± 38 μW/mK² and a zT value of 0.36, the best 

reported for this system. These findings highlight the potential of structural and interfacial 

engineering to advance thermoelectric materials.
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Chapter 6 Conclusions and Prospectives 

6.1 Summary of Results 

This dissertation aimed to develop organic-inorganic hybrid thermoelectric composite materials 

and to explore various strategies for enhancing their thermoelectric properties. Through a series of 

experiments, we examined several approaches, such as controlling oxidation, improving doping 

efficiency, modifying the surface of nanowires, using long nanowires, and incorporating high 

molecular weight polymers to optimize the thermoelectric performance of these composite 

materials. The enhancements in thermoelectric properties achieved with each strategy are 

summarized in the following paragraphs. 

Oxidation Control and Doping Efficiency: In Chapter 3, we developed ASS synthesis of Tellurium 

nanowires. After thorough cleaning, these nanowires were drop-casted onto silicon substrates and 

analysed using SEM, revealing lengths between 1 and 3 µm and diameters between 45 and 55 nm. 

We then fabricated two types of hybrid composite materials: one with oxidation-controlled 

tellurium nanowires (TeNWs) mixed with P3HT polymer, and the other with oxidized tellurium 

nanowires (TeO2NWs) blend with P3HT. The nanowires, ranging in concentration from 10% to 90% 

by weight, were dispersed in chlorobenzene and drop-casted onto quartz substrates to measure 

the thermoelectric properties of the composite hybrid films. The films were doped with varying 

concentrations (0.01M to 0.07M) of FeCl3. Our experimental results demonstrated that TeO2NWs-

P3HT exhibited electrical conductivity values of 12 S/cm, Seebeck coefficient of 114 µV/K and power 

factor values of 15 µW/m-K2, whilst TeNWs-P3HT showed enhanced electrical conductivity of 39 

S/cm, Seebeck coefficient of 128 µV/K, and power factor of 65 µW/m-K2, at doping levels of 0.03M 

and 0.06M respectively. Both hybrid systems showed optimal performance at a composition of 

Te80-P3HT20 (wt%).  

To better understand charge transport within these composite systems, we performed theoretical 

modelling and molecular dynamics (MD) simulations. The experimental data indicated an energy-

dependent scattering parameter s = 3 for both hybrid materials. The energy independent 

parameter σE0 was found to be 0.017 S/cm for TeNWs-P3HT and 0.0023 S/cm for TeO2NW-P3HT. 

This higher σE0 and the observed conductivity trends were explained by (MD) simulations, which 

revealed that P3HT aligns preferentially on a pristine Te surface rather than on a TeO2 surface. This 

alignment or “templating” on the Te surface leads to the higher σE0 value compared to the TeO2 

hybrid system. This templating effect increases the charge carrier concentration, leading to 

increased electrical conductivity (σ). Whilst the charge transport can cause de-doping at the 
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composite interface, and results in a high Seebeck coefficient (S). The combined effects of σ and S 

contribute to enhancing the power factors of hybrid composites. 

Surface Modification of Nanowires: In Chapter 4, we demonstrated a significant enhancement in 

the thermoelectric (TE) properties of Tellurium nanowires (TeNWs) by modifying the surface of the 

TeNWs using sulfur moieties. The material characterization such as EDX, XPS exhibited that the 

surface modification effectively reduced oxidation within the TeNWs matrix. Temperature 

dependent thermoelectric transport properties measurements were conducted on thin films of 

TeNWs and Surface modified TeNWs (S2-TeNWs). For both TeNWs and S2-TeNWs films we observed 

that increasing the temperature decreases the Seebeck coefficient, while electrical conductivities 

show a steady increase, from 0.12 ± 0.09 S/cm at 300K to 7 ± 1 S/cm at 560K for TeNWs and 0.12 ± 

0.03 to 14 ± 1 S/cm for S2-TeNWs films. This leads to a peak power factor of 42 ± 3 µW/mK2 and 87 

± 3 µW/mK2at 560K for TeNWs and S2-TeNWs, respectively. Hall measurement demonstrated a 

slightly higher carrier concentration throughout the temperature range 300K - 400K in S2-TeNWs 

films compared to TeNWs films, which leads to a slightly lower Seebeck coefficient. At room 

temperature, the carrier concentration was about ~ 3-5 x1017cm-3 for S2-TeNWs films and ~ 2 x1017 

cm-3 for TeNWs films. On the other hand, mobility increases with temperature in both systems. This 

increase in mobility further enhances the electrical conductivity in both TeNWs and S2-TeNWs films.  

We further mechanically mix surface modified nanowires (S2-TeNWs) with a conducting polymer 

(P3HT) to fabricate robust composite hybrid materials to investigate on charge transport 

mechanism and their thermoelectric properties. Transport properties as a function of NWs (wt%) 

concentration indicated optimum composition of hybrid composite films was S2-Te80-P3HT20. The 

optimum doping level achieved in S2-TeNWs-P3HT system was 0.03M with p-type dopant FeCl3. At 

0.03M doping, hybrid films of S2-Te80-P3HT20 exhibited the maximum performance of 78 µW/mK2 

with electrical conductivity values of 35 S/cm and Seebeck coefficient of 150 µV/K at room 

temperature. Moreover, an optimum interfacial barrier height of 0.72 eV was found for 0.03M FeCl3 

doped hybrid composites. Based on our findings we demonstrate that surface modification of 

nanostructures can be an effective way of improving the TE transport properties of composite 

hybrid materials. This methodology could be implied to other high performing nanostructured 

materials with various conducting polymers in future work.   

Nanowire length and Polymer Molecular Weight: In Chapter 5, we adopted a third strategy to 

improve the charge transport at interfaces and to enhance the thermoelectric properties of hybrid 

composites. We demonstrated that the thermoelectric (TE) properties of P3HT-TeNWs hybrid 

systems can be significantly improved by increasing the length of the nanowires and using a high 

molecular weight polymer, both of which enhance the templating effect. We scaled up the ASS 
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reaction and synthesized longer TeNWs of length about 13 µm with an average diameter of 60 nm. 

To fabricate hybrid composites for thermoelectric properties investigation, we embedded these 

longer NWs into P3HT of two different molecular weights of 50-70kDa and 80-143kDa. The uniform 

conformal coating of P3HT on TeNWs was confirmed through TEM analysis for hybrid composite 

systems. On measuring the thermoelectric transport properties, we observed that TeNWs- P3HT 

(50-70kDa) showed optimal composition of Te80-P3HT20 with σ of 136 S/cm, S values of 135 µV/K 

and power factor of 248 µW/mK2. The optimum doping of 0.03M FeCl3 was observed in this 

composite system. The composite hybrid system of TeNWs- P3HT (80-143kDa) depicted the similar 

optimum composition of Te80-P3HT20. However, this hybrid system exhibited a slightly lower 

electrical conductivity of 91 S/cm, and higher Seebeck coefficient values of 183 µV/K compared to 

TeNWs- P3HT (50-70kDa) hybrid system. Nevertheless, the maximum power factor of 303 µW/mK2 

was achieved in TeNWs- P3HT (80-143kDa) hybrid system at an optimum doping of 0.02M.  

The high performing hybrid composite [Te-P3HT (80-143kDa)] was utilized to perform thermal 

conductivity measurements, and it exhibited a thermal conductivity (к) of 0.25 W/m-K, leading to a 

zT value of 0.36. The interfacial barrier height between NWs and P3HT at 0.02M FeCl3 doping 

showed 0.09eV values that is below the theoretical threshold (≤0.2 eV) reported in literature to 

achieve the highest PF of composite materials. For clear understanding of charge transport (CT) in 

TeNWs-P3HT (80-143kDa) hybrid system, Kang and Snyder CT model was utilised. The energy 

independent parameter σE0 was found to be 0.15 S/cm, which confirmed the strong templating of 

higher molecular weight P3HT on the TeNWs surface. This templating enhances the charge carrier 

concentration, leading to increased electrical conductivity. However, the charge transport induces 

de-doping at interface, and this results in high S. Finally, the composite hybrid materials exhibit the 

higher power factors.  

Finally, we developed a unipolar (three-leg) p-type flexible thermoelectric device by drop-casting 

TeNWs-P3HT hybrid composite materials (thickness of film ~ 7.3 μm) onto a Kapton substrate, as 

shown in Figure 6.1. The device was dried overnight at 100 °C and subsequently doped using a 

0.03M FeCl₃/acetonitrile solution. It produced an output voltage of 116 mV with a temperature 

difference of 40 °C after 40 seconds, achieving an output power of 2.23 nW/cm².  
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Figure 6.1. Unipolar flexible thermoelectric device fabricated by drop-casting TeNWs-P3HT hybrid 

composite onto a Kapton substrate. 

Overall, this dissertation has advanced our understanding of the charge transport mechanisms at 

the interfaces of organic-inorganic hybrid composites and provided effective strategies for 

enhancing their thermoelectric properties. The findings underscore the importance of interface 

engineering, surface modification, and material selection in designing high-performance 

thermoelectric materials. These insights pave the way for future research on the development of 

next-generation hybrid composites with tailored properties for energy harvesting applications. 

6.2 Future Work 

Future work in the development of hybrid thermoelectric materials for energy harvesting in 

wearable devices should focus on several key areas to enhance their performance and practicality. 

Although these materials are attractive due to their ease of fabrication, light weight, and flexibility, 

their current performance falls short of the requirements for practical application. To bridge this 

gap, new mechanisms within hybrid thermoelectric materials must be explored. Here, we propose 

several research directions for improving the thermoelectric properties of these hybrid composites. 

The ASS reactions used for synthesizing nanostructures should be revisited. The goal is to achieve 

high-quality nanostructures without relying on highly toxic substances like hydrazine hydrate. This 

can be pursued by investigating the potential of Ethylene Glycol (EG) reduction reactions on 

precursor chemicals, as well as exploring safer reducing agents like ascorbic acid. While we have 

successfully grown Tellurium Nanowires (TeNWs) using ascorbic acid, the nanowires exhibited 

significant surface oxidation, likely due to the ascorbic acid being dissolved in deionized water. 

Further research should explore alternative solvents or conditions to minimize oxidation and 

improve nanowire quality. 
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For extending the work presented in this thesis could involve optimizing ASS reactions for 

synthesizing nanostructures of other high-performing inorganic materials, such as Bi2Te3, Bi2Se3, 

and SnSe. These optimized nanostructures could then be combined with suitable polymers to 

fabricate advanced hybrid composite materials. During fabrication, controlling the dimensionality 

of the nanostructures and the interface between the polymer and inorganic components is crucial, 

as these factors significantly influence carrier transport within the composites. Moreover, the 

transport behaviour at the interfaces between the nanostructures and polymers requires further 

investigation to better understand the thermal and electrical properties of these composites—a 

longstanding challenge in the field. 

The interaction mechanisms between inorganic materials and polymers, as well as their impact on 

thermoelectric performance, remain under debate. Establishing a fundamental physical model to 

explain performance enhancement is difficult. Therefore, both theoretical and experimental 

analyses should be further developed to clarify these interactions. Additionally, the thermoelectric 

figure of merit (ZT) of current composites is too low for commercial use. Identifying strategies to 

enhance ZT values is essential for making these materials viable for real-world applications. Several 

strategies can help to achieve this, such as carefully designing the interface between 

nanocomposites, employing structural engineering techniques to create a carrier filtering effect, 

doping with other elements, modifying the polymers, and using other inorganic or organic fillers to 

create ternary or multi-component composites, can lead to higher ZT values.   

From a practical perspective, designing flexible thermoelectric generators (FTEGs) will require 

optimizing the electronic properties of both p-type and n-type composite materials while ensuring 

they remain stretchable and flexible. In this context, developing stable n-type conducting polymers 

is particularly important, as current versions are not air-stable. Future work should address the 

synthesis of these polymers, as well as optimize their integration with n-type inorganic 

nanostructures to produce high-performance n-type composites. This will be crucial for improving 

the overall thermoelectric properties of hybrid composites and advancing the development of 

flexible thermoelectric devices. 
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Appendix A [TEM images of TeNWs-P3HT Hybrid 

Composites]  

 

Figure A. 1. (a) Dilute dispersion solution of P3HT-TeNWs (50 wt.% TeNWs in P3HT matrix) 

nanocomposite in chloroform used to prepared grid samples and perform TEM 

characterization. (b), (c) and (d) Low-magnification TEM images of P3HT-TeNWs hybrid 

nanocomposites showing a few nanowires. The amorphous layer on the surface of 

nanowires in (d) indicates the conformal coating of polymer on nanowires. 
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Figure A. 2. (a) Bright-field (BF) and (b) dark-field (DF) STEM images of TeNWs at low-magnification 

showing random distribution and texture of the NWs. High-magnification (c) BF-STEM 

and (d) DF-STEM images of TeNWs from selected areas (red dotted squares) showing 

a cross-sectional view of the NWs. Most of the NWs when seen in cross-section are in 

hexagonal shape with flat facets or edges and free from any contamination or 

oxidation. 
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Figure A.3. (a) Bright-field (BF) and (b) dark-field (DF) STEM images of TeO2-NWs at low-

magnification showing random distribution and texture of the NWs. High-

magnification (c) BF-STEM and (d) DF-STEM images of TeO2-NWs from selected areas 

(red dotted squares) showing a cross-sectional view of the NWs. Most of the NWs when 

seen in cross-section are in hexagonal shape with flat facets or edges. However, in 

contrast to TeNWs, in this case we clearly see surface roughness due to surface 

oxidation. 
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Figure A. 4. A comparison of TE properties measured via cryostat probe station and portable 

Seebeck Tester (PMT) on de-doping the 0.06M FeCl3 hybrid film containing 90% Te and 

10% P3HT. 

In this study, we conducted thermoelectric measurements in ambient conditions utilizing a Seebeck 

coefficient Tester (PTM-3) manufactured by Wuhan Joule Yatch Technology. To ensure result 

consistency, we performed de-doping on hybrid films using a cryostat probe station. This allowed 

us to compare the results obtained with those from the PTM-3 and 4-probe as shown in Figure A.4 

 

Figure A. 5. MD simulation of P3HT polymer morphology and alignment at the organic-inorganic 

interface on Te and TeO2 surface. Here, the final polymer structures are depicted after 
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simulated annealing of five chains of P3HT on (a) Te (hexagonal) and (b) TeO2 

(tetragonal) surfaces. There is a high concentration of S atoms of P3HT observed at 3–

5 Å from the nanowire surfaces, suggestive of highly ordered and aligned P3HT chains 

at the organic-inorganic interface. Although alignment occurs, self-assembly of chains 

is reduced on TeO2 compared to the Te surface. (c) DFT calculations reveal electronic 

effects at the organic-inorganic interface. Electrons transfer from Te surface to P3HT 

chains monitored by increase of electron density (yellow) on P3HT and at the interface 

and decrease of electron density (cyan) at the Te phase. (d) Electron transfer from TeO2 

to P3HT. The iso-values in (c) and (d) are 10-3 and 2.5×10-3 Å-3, respectively. Obviously, 

the amount of charge transfer is more significant in the case of TeO2 substrate. 

 

 

Figure A. 6. Application of the Kang-Snyder charge transport model on composite and polymer 

materials. Experimental data for Seebeck coefficient and electrical conductivity of (a) 

TeNW-P3HT composite, and (b) P3HT polymer, including curve fitting with the energy-

dependent parameter “s”. 

Figure A.6 illustrates the curve fitting process for the data from the TeNWs-P3HT composite and 

the P3HT polymer using the Kang - Snyder charge transport model. The curve fitting was conducted 

using MATLAB simulations. The results indicate that the P3HT-based systems align best with the 

data, with an energy-dependent scattering parameter s = 3.
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Appendix B [Thermoelectric Properties of Te-P3HT-P6 

Hybrid Composites] 

 

Figure B. Thermoelectric Properties of TeNWs-P3HT hybrid systems (a) conductivity and Seebeck 

coefficient, (b) power factor in nanocomposites, with high molecular weight of P3HT 

(80- 143kDa).  

Long TeNWs were encapsulated in highest molecular weight of P3HT (80- 143kDa) by varying 

concentration of NWs into polymer matrix (10-90 wt%). Each composition of composites was doped 

with different molar concentration of FeCl3 (10-70mM). The transport properties are measured as 

a function of NWs concentration, as Shown in Figure B. 
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Appendix C [Thermal Conductivity Measurements] 

The LINSIES Thin Film Analyzer (TFA) was used to measure thermal conductivities of Hybrid 

composites for TeNWs-P3HT-P6 (80-143kDa). Three hysteresis from 20 °C to 100 °C were performed 

for each batch and three different measures was performed for the samples H2(Te80-P3HT20), and 

H3(Te70-P3HT30) and named as follows: H2 sample (H2.1, H2.2, H2.3), and H3 sample (H3.1, H3.2, 

H3.3). The thermal conductivities of the undoped and 0.02M- FeCl3 doped samples of H2, and H3 

are shown in Figure C. The Figure (c, f) represents the average Thermal conductivities of both 

samples.  

 

 

Figure C. Thermal conductivities of H2 and H3 samples (a & d) undoped (b & e) doped, (c & f) 

average undoped, and doped thermal conductivities.
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Appendix D [Thermoelectric Properties of Conducting 

Polymers] 

 

Figure D. 1. Thermoelectric properties of various conducting polymers doped in a 0.005M 

FeCl₃/acetonitrile solution. De-doping of each polymer film was conducted through 

heat treatment at 50°C, progressively removing dopants and reducing electrical 

conductivity. 



Appendix D 

118 

 

Figure D. 2. UV-Vis-NIR spectra of various conducting polymers, showing the polaron peaks. The 

spectra were recorded after each heating interval during the de-doping process of the 

conducting polymers. 

 

Figure D. 3. Doping level of the conducting polymer PBTTT-C14. Transport properties as a function 

of dopant concentration for PBTTT-C14 polymer films. The films of PBTTT-C14 exhibit 

optimum doping when treated with a low FeCl₃ concentration of 0.005 M. Vertical 

error bars (red colour) are standard deviation in measurements.
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