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PREFACE 

 

The global energy sector is undergoing a critical transformation driven by the 

depletion of non-renewable resources, increasing electricity demand, and the 

pressing environmental challenges of climate change and greenhouse gas emissions. 

Fossil fuels, which currently account for the majority of power generation, are being 

exhausted at an alarming rate, necessitating an urgent shift to renewable energy 

sources. According to the Institute of Sustainable Energy Policies, by 2050, only 

33% of non-renewable energy will remain available for power generation, 

underscoring the urgent need for innovative energy strategies. Scientists and 

industries around the world are striving to create innovative technologies that 

minimize reliance on traditional energy sources while tackling environmental 

challenges. Significant advancements have been made in improving energy 

efficiency, utilizing renewable resources, and enhancing energy conversion 

techniques paving the way for a cleaner and more resilient energy future. Among 

these, the vast amounts of waste heat generated from industrial processes and power 

plants remain a largely untapped resource, offering a substantial opportunity for 

energy recovery. Thermoelectric materials, which directly convert temperature 

differences into electricity, have emerged as a viable technology for harnessing both 

waste heat and renewable energy, contributing to a more sustainable energy future. 

However, its practical implementation is hindered by challenges such as high 

material costs, limited operational temperature ranges, and the difficulty of 

simultaneously optimizing electrical and thermal transport properties. This has 

driven growing interest in developing advanced thermoelectric materials and 

improving the conversion efficiency of existing ones through innovative material 

design and optimization strategies. Among various thermoelectric materials, copper 

selenide (Cu2Se) a p-type semiconductor that exhibits outstanding thermoelectric 

performance, due its unique phonon-liquid electron-crystal behaviour. To fully 

harness its potential, further enhancement of its thermoelectric properties through 

strategies such as nanostructuring and band engineering is essential. This thesis 



focuses on enhancing the thermoelectric properties of Cu2Se nanostructures by 

optimizing both electronic and thermal transport properties. 

The thesis, titled "Advanced Studies on the Thermoelectric Properties of Cu2Se 

Based Nanostructures", presents a comprehensive investigation into strategies aimed 

at enhancing the thermoelectric performance of Cu2Se based systems. The study 

focuses on doping and nanoinclusion approaches as key methods for optimizing 

both electrical and thermal transport properties, which are critical for improving 

energy conversion efficiency. By systematically incorporating dopants and 

secondary phases, the research explores how modifications at the nanoscale 

influence the structural, morphological, and electronic properties of Cu2Se. A 

significant emphasis is given to nanostructuring, band engineering, and defect 

modulation which are the keys to optimizing charge carrier dynamics and phonon 

scattering mechanisms, that directly influence the thermoelectric efficiency. This 

thesis is structured into eight chapters, with the contents outlined as follows. 

Chapter 1 provides a comprehensive introduction to thermoelectricity, detailing the 

fundamental principles that influence the performance of thermoelectric materials. It 

explores various strategies used to enhance the thermoelectric properties, including 

doping, nanostructuring, band engineering, the incorporation of a secondary phase 

etc. The chapter also introduces Cu2Se as a promising thermoelectric material, 

highlighting its unique phonon-liquid electron-crystal behaviour and recent 

advancements in performance enhancement. Additionally, it outlines the research 

motivation, scope, and objectives of the thesis, focusing on doping and 

nanoinclusion strategies to achieve specific improvements in Cu2Se based systems. 

Chapter 2 outlines the synthesis method and characterization techniques utilized in 

this study. It details the approaches used to synthesize Cu2Se based nanostructures 

and provides an overview of the analytical techniques employed to examine the 

structural, morphological, electrical, optical and thermoelectric properties of the 

synthesized materials. Techniques such as X-ray diffraction (XRD), Raman 

spectroscopy, scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), UV-visible spectroscopy, thermoelectric and thermal 



conductivity measurements are discussed, highlighting their crucial role in assessing 

the performance of grown materials.  

Chapter 3 investigates the doping strategy implemented to enhance the 

thermoelectric properties of Cu2Se, with a specific focus on Ni doping and its impact 

on the structural, morphological, and transport properties of the synthesized samples. 

The incorporation of Ni into the Cu2Se lattice, synthesized via the hydrothermal 

route, significantly influences its electronic and thermal transport properties. This 

study emphasizes band structure modification to optimize carrier transport by 

maintaining a balance between carrier mobility and effective mass. Band sharpening 

induced by Ni doping tailors the carrier's effective mass, leading to enhanced carrier 

mobility without reducing carrier concentration. Additionally, the presence of Ni at 

interstitial sites results in a simultaneous increase in both carrier mobility and carrier 

concentration, contributing to improved thermoelectric performance. These results 

highlight Ni as an effective dopant capable of improving Cu2Se’s thermoelectric 

features through defect and band engineering. 

Chapter 4 explores the dual doping strategy as a means to further enhance the 

thermoelectric properties of Cu2Se. This study presents a novel approach by 

simultaneously optimizing electronic and thermal transport through Ni and Zn co-

doping, a method that has not been previously explored. The incorporation of both 

dopants into the Cu2Se lattice via a low-temperature hydrothermal route effectively 

modifies electrical and thermal properties by improving carrier mobility and 

enhancing phonon scattering through lattice defects. These defects intensify 

scattering mechanisms, reducing phonon relaxation time and significantly lowering 

the thermal conductivity. The combined effect of reduced thermal conductivity and 

enhanced power factor results in the highest thermoelectric efficiency in the co-

doped samples. 

Chapters 5 examine the impact of nanoinclusions on the thermoelectric properties of 

Cu2Se, utilizing the physical method through planetary ball milling techniques to 

introduce secondary phases at the nanoscale. This approach modifies the 

microstructure of Cu2Se, enhancing phonon scattering and reducing thermal 



conductivity while maintaining favourable electrical transport properties. The 

chapter focuses on the incorporation of ZnSe nanoinclusions to decouple the 

interdependency of transport parameters. ZnSe alloying modifies the band structure 

of Cu2Se by converging the energies of the light and heavy valence bands, thus 

improving charge carrier transport. Moreover, ZnSe additions fine-tune the Fermi 

level, facilitate valence band convergence, and increase the density of states, 

optimizing p-type charge carriers. These modifications result in improved electrical 

conductivity and Seebeck coefficient due to enhanced carrier concentration and 

variation in the effective mass of the charge carriers. The controlled incorporation of 

ZnSe nanoinclusions not only improves electrical conductivity and the Seebeck 

coefficient but also reduces thermal conductivity, leading to a significant improve- 

ment in the thermoelectric figure of merit of the materials.  

Chapter 6 explores the impact of nanoinclusions of MgO on the thermoelectric 

properties of Cu2Se, focusing on their role in modifying electronic and thermal 

transport behaviour. The incorporation of MgO using planetary ball milling 

introduces heterointerfaces, which act as energy filtering barriers, selectively 

scattering low-energy carriers while allowing high-energy carriers to enhance 

electrical transport. This energy filtering effect significantly improves the Seebeck 

coefficient without severely affecting electrical conductivity. Moreover, MgO 

nanoinclusions introduce strong phonon scattering, which effectively reduces 

thermal conductivity, thereby enhancing the overall thermoelectric efficiency. This 

nanoinclusion strategy, combined with alloying induced valence band convergence 

and interface energy filtering, results in a significant improvement in the value of the 

thermoelectric figure of merit. 

Chapter 7 provides a general summary and conclusions of the study, consolidating 

the key findings from the doping and nanoinclusions strategies employed to enhance 

the thermoelectric properties of Cu2Se. It outlines the most effective methods for 

optimizing both electrical and thermal transport properties and delves into the 

underlying mechanisms responsible for these improvements. The chapter reviews 

the impacts of Ni doping, dual Ni-Zn co-doping, ZnSe and MgO nanoinclusions on 



the transport properties of Cu2Se, focusing on the strategies that most effectively 

boost its performance. Through these investigations, the study accomplishes its 

objectives of enhancing Cu2Se’s thermoelectric efficiency by tuning its electronic 

and phonon transport properties.  Ultimately, this chapter underscores the potential 

of these strategies in advancing high-performance thermoelectric materials for 

sustainable energy applications. 

Finally, chapter 8 presents the future scope and recommendations for further 

enhancing Cu2Se based thermoelectric materials. While significant improvements 

have been achieved through doping, dual doping, and nanoinclusion engineering, 

additional research is needed to fully optimize Cu2Se for energy conversion 

applications. Exploring advanced material design strategies and scalable fabrication 

methods will be crucial for applying these developments to practical thermoelectric 

devices. Future research could optimize thermoelectric properties with additional 

dopants, explore thin films for lower thermal conductivity, and develop n-type 

counterparts for efficient the fabrication of p-n modules.  
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This chapter provides an overview of the fundamental principles of thermoelectricity, 
highlighting the key concepts that govern thermoelectric materials. It discusses various 
innovations and strategies to enhance thermoelectric properties and to optimize material 
performance. The goal is to establish a comprehensive foundation for understanding the 
thermoelectric properties of materials and the approaches used to tune them for practical 
applications. Moreover, the chapter discusses the research motivation and the objectives to 
attain the specific output.  





Introduction to thermoelectricity: fundamentals and innovations 

 1

1.1.Introduction  

Globalization has intensified the scientific community's emphasis on green energy, 

driven by the growing demand for energy in daily life, which largely relies on 

depleting fossil fuel resources such as coal, petroleum, and natural gas. These 

limited resources are not only depleting but also adversely affecting the ongoing 

deterioration of air and water quality. Conventional carbon-based fossil energy 

sources emit greenhouse gases and fail to meet the growing demands of higher 

living standards and advanced industrialization. It's worth noting that only 30–40% 

of the energy produced from fossil fuel combustion is efficiently utilized, while the 

remaining 60–70% is lost as waste heat [1]. An analysis of industrial waste heat 

shows that 80% of it is released as hot gas, with temperatures ranging from 373 to 

573 K. Efficient heat removal is often critical in cooling systems for electronics, data 

centers, and air conditioning [2]. Air conditioning, in particular, accounts for a 

significant portion of energy consumption approximately 10% across Europe. 

Similarly, refrigeration is a major energy drain, with chillers consuming about 29% 

of the energy in a typical hypermarket [3]. Roughly 30% of the energy supplied to 

an internal combustion engine is lost in the exhaust as waste heat. Recovering 

approximately 6% of this heat from the exhaust could satisfy an automobile's 

electrical requirements and potentially reduce fuel consumption by around 10% [4].  

However, the effectiveness of such recovery systems is often hindered by the 

limitations of current power generation and conversion technologies, which operate 

well below the theoretical Carnot efficiency. Capturing and converting this waste 

heat into usable electrical energy offers significant potential for improving overall 

energy efficiency and provides a promising approach to sustainably meet rising 

energy demands. Traditional methods for converting heat energy rely on rotating 

machinery operating on the Rankine cycle, such as pumps or turbines [5]. While 

effective in certain applications, these systems present challenges in scaling 

efficiently for compact or distributed setups and often demand substantial ongoing 

maintenance, limiting their practicality in some scenarios [5].  
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The release of waste heat into the environment, along with emissions of 

carbonaceous compounds such as CO2 exacerbates the rise in environmental 

temperatures and amplifies the greenhouse effect [6]. This process disrupts local 

climates, contributes to global warming, intensifies extreme weather events, and 

threatens ecosystems. Inefficiencies in energy use across industrial and 

technological processes further compound the problem by dissipating residual heat, 

which elevates environmental temperatures and increases greenhouse gas emissions. 

These inefficiencies result in the unnecessary emission of additional greenhouse 

gases, particularly in sectors reliant on high energy consumption. Consequently, 

waste heat and inefficient cooling systems create a cycle of environmental harm by 

simultaneously increasing temperatures and intensifying greenhouse gas emissions. 

While some energy loss is unavoidable due to the need to maintain non-zero heat 

flow, optimizing energy efficiency and implementing waste heat recovery systems 

are critical for mitigating these adverse impacts. Achieving net zero, which involves 

balancing greenhouse gas emissions and removals from the environment, has 

emerged as a crucial objective [7]. Countries like the UK, Sweden, and France are 

striving to reach net zero by 2050, but progress has been slow. To overcome these 

challenges and accelerate the transition to a net zero future, technological 

advancements are crucial. The growing demand for substantial contributions to the 

global primary energy supply, combined with the urgent need to mitigate climate 

change by eliminating additional greenhouse gas emissions, frames today's energy 

challenge. This challenge entails searching for new, clean, and renewable energy 

resources to meet global energy needs sustainably [8]. Thermoelectric (TE) devices 

play a crucial role in capturing waste heat and directly converting it into electrical 

power, making them essential for energy scavenging and green energy harvesting. 

While they are currently used in specialized applications, their potential impact 

extends far beyond these niches. Enhancing their efficiency and sustainability is 

vital for their wider adoption, as these advancements could significantly contribute 

to achieving global net zero emissions targets.  

Thermoelectric materials, which convert temperature differences into electricity, are 

crucial for advancing energy technology. Their inherent advantages, including 
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safety, high reliability, compact size, no moving parts, and lack of pollution make 

them promising solutions in the search for sustainable energy sources [9]. Their 

effective use relies on carefully designed electrical circuits to manage the generated 

electricity and on optimizing thermal coupling with both hot and cold sources 

through thermal resistances. This integrated approach not only enhances the 

efficiency of energy extraction from heat sources but also supports sustainable 

energy practices by harnessing unused waste heat, thereby minimizing the overall 

environmental impact. Thermoelectric generators hold significant potential for 

harnessing the liberated waste heat to generate electricity, a concept already 

demonstrated in small-scale applications like charging devices with heat from 

portable stoves while camping [10]. However, their impact could be much broader. 

In many human activities, from industrial processes to air conditioning, vast 

amounts of heat are produced and then lost without being utilized. For instance, in 

gasoline-powered vehicles, only about one-third of the energy is used for its 

working, while the remaining two-thirds is wasted in the form of heat energy. By 

capturing this lost heat with thermoelectric devices, we could greatly improve fuel 

efficiency and reduce energy waste in the form of heat. Implementing such systems 

in factories and other heat intensive environments could play a crucial role in 

achieving our net-zero emissions target by 2050 [11].  

1.2. Thermoelectricity: An overview 

Thermoelectric is a domain within thermal energy harvesting that has a rich history 

spanning nearly two centuries [12]. Its development has been marked by a series of 

groundbreaking concepts and innovations, driven by ongoing research and 

advancements in the field. The history of thermoelectric dates back to the late 18th 

century, rooted in the exploration of electrical phenomena in living organisms. Luigi 

Galvani, a physiologist at the University of Bologna, was among the first to observe 

the connection between electricity and muscle contractions in frogs, leading to the 

concept of "galvanism." Galvani observed that when he connected the nerves of a 

dissected frog to a conductor linked to an electric machine, the frog's muscles would 

twitch violently. He also noticed that these contractions were even stronger when the 
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conductor was made from two different metals, like iron and copper. This led 

Galvani to hypothesize that electricity was somehow inherent in the animal’s body, 

flowing from the nerves to the muscles in a manner similar to how a Leyden jar 

discharges electricity [12,13]. Galvani's work intrigued Alessandro Volta, another 

prominent Italian physicist and chemist, who extended these experiments. He further 

demonstrated this by setting up an experiment where the frog's hind legs were 

placed in water at one temperature and its back in water at another, connected by a 

metallic arc. Volta noticed that the muscle contractions only occurred when there 

was a temperature difference between the two water baths. This led him to conclude 

that the temperature difference generated an electrical current between the metals a 

phenomenon we now recognize as the thermoelectric effect. These early 

experiments by Galvani and Volta were pivotal in the discovery of thermoelectricity, 

marking the beginning of a field that explores the direct conversion of thermal 

energy into electrical energy.  

 

Fig.1.1 Luigi Galvani observed that touching a frog's nerves with a bimetallic arc 
caused convulsive muscle contractions, revealing the electrical nature of nerve 
signals. 

1.3. Thermoelectric coefficients 

1.3.1. Discovery of Johann Seebeck 

Thomas Johann Seebeck, a German physicist, made a pivotal contribution to science 

with his discovery of the thermoelectric effect in 1821 [14]. After being inspired by 
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Hans Christian Oersted's work on electromagnetism, Seebeck explored the 

relationship between temperature and electrical currents. He observed that a 

compass needle would shift when placed near a closed circuit composed of two 

different metals, provided there was a temperature gradient between the metal 

junctions. This phenomenon later termed the Seebeck effect, occurs because a 

temperature gradient causes charge carriers (electrons or holes) to move from the 

hotter side to the cooler side, generating an electric current through the circuit. 

Seebeck initially believed that the temperature difference created magnetism, 

possibly due to the Earth's magnetic field. Later, it was discovered that the 

"thermoelectric force" generated an electric current, which caused the magnet to 

move in accordance with Ampère's law [8,15]. In 1851, Gustav Magnus 

demonstrated that the Seebeck voltage, which arises due to the temperature 

difference in a thermoelectric material, is unaffected by how the temperature is 

distributed along the length of the metals between the junctions. This discovery 

established that thermopower is a thermodynamic state function, meaning it depends 

only on the properties at the junctions and not on the temperature variations in 

between. This principle is fundamental to the operation of thermocouples, which are 

widely used for accurate temperature measurements in various applications. The 

voltage difference V generated across the terminals of an open circuit consisting of 

two dissimilar metals, A and B shown in Fig.1.2 is directly proportional to the 

temperature difference between the hot (T�) and cold junctions (T�).  

 V α (T� − T�)   ........................................................ (1.1)  

or  

  V = S(T� − T�)   ...................................................... (1.2) 

where the proportionality constant S is known as the Seebeck coefficient is 

expressed in volts per kelvin (V/K). This relationship forms the basis of the Seebeck 

effect, where the thermoelectric voltage arises due to the temperature gradient 

between the junctions of the metals. The Seebeck effect is commonly used to 

measure temperature with thermocouples, which consist of two different metals or 

alloys, like copper and constantan, with a differential Seebeck coefficient. To 
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measure temperature, one junction must be maintained at a known reference 

temperature, such as 0 °C in an ice bath [16].  

 

Fig.1.2 Schematic of the Seebeck effect in a thermocouple with metals A and B,  
where a temperature difference (Th−Tc) generates a voltage (ΔV). 

The thermoelectric effects that form the basis of thermoelectric energy conversion 

can be illustrated using the schematic of a thermocouple, as shown in Fig.1.3. A 

thermocouple consists of a circuit formed by two dissimilar conductors, labeled as A 

and B.  These conductors, also known as thermocouple legs, arms, thermoelements, 

or simply elements (sometimes referred to as pellets by device manufacturers), are 

electrically connected in series but thermally connected in parallel [17]. When one 

end of the thermocouple is heated, the electrons in the hotter region move faster than 

those in the colder region, leading to the migration of electrons from the hot end to 

the cold end. This results in an accumulation of electrons at the cold end and 

positive ions at the hot end, generating a charge separation and an electric field, 

which in turn creates a voltage across the material. The magnitude of this voltage is 

described by the Seebeck coefficient between the two junctions, A and B, denoted as 

(SAB). The Seebeck coefficient (SAB), measures the magnitude of the thermoelectric 

effect and is determined by the ratio of the induced electric potential difference 

(VAB) appear between two ends to the temperature difference (∆T) across a 

thermoelectric material ie., 

    S�� =  
���

∆�
……………………………….(1.3) 
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The net electron flow is influenced by the Fermi functions of the hot and cold 

regions and the material's density of states. At the hot end, more electrons exist 

above the Fermi energy level compared to the cold end, and the difference between 

the Fermi functions is positive above the Fermi level and negative below it. This 

difference, together with the material's density of states, dictates the direction of 

electron flow and the sign of the Seebeck coefficient. In n-type materials, where 

electrons are the main charge carriers, the Seebeck coefficient is negative, while in 

p-type materials, where holes are the primary carriers, the coefficient is positive 

[18]. 

 

Fig.1.3 Seebeck effect. 

 

1.3.2. The Peltier and Thomson effects 

The Seebeck effect underpins thermoelectric power generation devices, the Peltier 

effect forms the basis of many modern thermoelectric refrigeration technologies. In 

1834, the French watchmaker and physicist Jean Charles Athanase Peltier 

discovered the phenomenon now referred to as the Peltier effect. He observed that 

when an electric current flows across the junction of two different materials, heat is 

either absorbed or released at that point, as illustrated in Fig.1.4. At the subatomic 

level, the effect results from the differences in energy levels between n-type and p-

type materials. When electrons move from a p-type material to an n-type material 
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due to an electric current, they move to a higher energy state, absorbing heat from 

the surrounding environment. Conversely, when electrons move from an n-type 

material to a p-type material, they drop to a lower energy state, releasing heat into 

the surroundings. This heat exchange, driven by the movement of electrons between 

materials with different energy levels, forms the basis of the Peltier effect [19]. This 

phenomenon is determined by the Seebeck coefficients of the materials, which 

indicate their capacity to produce a voltage difference when exposed to a 

temperature gradient. The Peltier effect is reversible ie, changing the direction of the 

electric current will reverse the direction of heat transfer at the junction [1,20]. 

 

Fig.1.4  Peltier effect. 

The Peltier coefficient (П�� ) describes how the heat absorbed or released at the 

junction of two different semiconductors is related to the amount of current passing 

through it given by 

П�� (T) =
∆���

�
  .................................................................. (1.4) 

where ΔQAB is the heat absorbed or released, T is the temperature and I is the 

current. A Peltier cooler, or electronic refrigerator, uses thermoelectric energy 

conversion based on the Peltier effect. When an electric current flows through a 

thermoelectric material, it generates heat, creating a temperature gradient: heat is 

absorbed on the cold side, transferred through the material, and expelled at the hot 

side. When current flows through the junction, it creates either a forward or reverse 

bias, generating a temperature gradient. By efficiently dissipating heat from the hot 
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side, the temperature of the cold side can be significantly lowered, often by several 

tens of degrees, enabling effective cooling [21]. The innovative concept of 

thermoelectric self-cooling, which involves cooling and temperature regulation of a 

device using thermoelectric technology without consuming electricity, was explored 

by Martinez, Astrain, and Rodriguez in 2011. This principle is widely used in 

medicine, where thermoelectric cooling helps preserve vaccines and syringes at low 

temperatures to maintain their potency [22]. While liquid nitrogen is commonly used 

for such purposes, its application in hospitals is limited due to storage challenges. 

Conventional cooling systems are also bulky and prone to temperature regulation 

issues that may cause damage. Thermoelectric cooling offers a promising 

alternative, providing several advantages over traditional thermal methods. Although 

Peltier coolers have lower cooling power compared to traditional compressor-based 

refrigerators, they are valuable in niche applications like infrared detectors, CPU 

coolers, beverage storage units, etc.  

In 1854, William Thomson discovered that when an electric current passes through a 

conductor that has a temperature difference between two points, heat is either 

absorbed or released, depending on the type of material and the direction of the 

current. This phenomenon called the Thomson effect, demonstrates the dual 

characteristics of thermoelectric materials as they can either generate electricity 

when exposed to a temperature gradient or produce heat when an electric current is 

applied [18, 23]. The Thomson effect arises from the interaction between the flow of 

electrical carriers and a temperature gradient within a conductor. Charge carriers 

moving against the thermal gradient absorb heat, increasing their potential energy, 

while those moving with the thermal gradient release heat, reducing their potential 

energy. Unlike the Seebeck and Peltier coefficients, which are determined by the 

characteristics of a junction between two different materials, the Thomson 

coefficient is a property of a single conductor [24]. 
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Fig.1.5 Schematic diagram of Thomson effect. 

                                                                                                                                                                           

When a current passes through a single conductor with a temperature gradient, the 

heat transfer is given by the Thomson effect equation, 

��

��
=  C I �

��

��
�.  ....................................................... (1.5) 

The Thomson coefficient (C) describes how the rate of heating per unit length  
��

��
 , 

the electric current (I), and the temperature gradient �
��

��
� relate to each other. By 

applying the first and second laws of thermodynamics, the correlation between the 

Seebeck and Peltier coefficients can be derived as follows,  

П�� =  S�� T .................................................................... (1.6) 

Using equations 1.4 and 1.5, equation 1.6 is related to Thomson coefficient С, given 

by 

C� − C� = T 
����

��
 ........................................................... .(1.7) 

These are called the Kelvin relation. For a single conductor, the equation 1.7 can be 

rewritten as   

 C = T 
��

��
 ........................................................................... .(1.8) 

This relationship demonstrates the interconnection among the three thermoelectric 
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effects, highlighting the thermal and electrical characteristics of conductive 

materials. This formula applies to most metals and semiconductors, providing a 

robust theoretical basis for modern thermoelectric energy conversion technology. 

1.4. Thermoelectric generation and the figure of merit (ZT) 

 

Fig.1.6 Power generation and cooling in thermoelectric materials. 

Thermoelectric materials have the potential to directly convert heat into electricity or 

vice versa. The thermoelectric performance, whether for power generation or 

cooling as shown in Fig.1.6, relies on the material's efficiency in converting heat 

into electricity. As a type of heat engine, a thermoelectric converter follows the laws 

of thermodynamics, with its maximum theoretical efficiency represented by the 

Carnot engine efficiency. However, in practice, most energy generation systems 

operate at efficiencies well below this ideal. For an ideal thermoelectric converter 

with no heat losses, its efficiency is defined as the ratio of the electrical power 

output to the heat absorbed at the hot junction [17]. Despite theoretical limits, real-

world devices must account for factors such as material properties, thermal 

conductance, and electrical resistance, which impact their overall performance. The 

maximum efficiency of a thermoelectric generator was initially calculated using a 

constant property model by Altenkirch in 1909. This formula was refined over time, 

and since Ioffe established the optimal conditions for achieving maximum efficiency 

in 1957, it has been commonly utilized given by [25] 
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  ƞ��� =  
∆�

��
 

����������

���������
��
��

 .............................................. (1.9) 

where ∆T and Tavg denote their temperature difference (Th – Tc) and average (Th + 

Tc)/2 respectively. The thermoelectric conversion efficiency, as outlined in equation 

1.9, is determined by multiplying the Carnot efficiency 
∆�

��
 by a reduction factor that 

depends on the material's figure of merit S2σ/κ. In this equation S is the Seebeck 

coefficient, σ is the electrical conductivity, and κ represents the thermal 

conductivity. The dimensionless figure of merit (ZT) integrates these parameters to 

assess the material's efficiency in thermoelectric applications. It is defined as  

ZT =
���

�
T  ..................................................................... .(1.10) 

The figure of merit ZT(T) is generally a temperature dependent property derived 

from the temperature-dependent material properties S(T), σ (T), and κ(T). The total 

thermal conductivity (κ) is the sum of the lattice and electronic contributions, 

expressed as (κ = κ�+κ�). For a thermoelectric generator to be efficient, it must 

function across a finite temperature difference (∆T = Th - Tc), resulting in variations 

in material properties between the hot and cold ends [26]. The combined parameter 

S2σ known as the power factor (PF), is used to assess the conversion efficiency of 

TE materials.  

1.5. Thermoelectric materials  

The thermoelectric performance of devices is largely determined by the materials 

used and their key properties, including the Seebeck coefficient, electrical 

conductivity, thermal conductivity, and thermal stability. These properties 

collectively determine how efficiently a material can convert heat into electricity or 

vice versa [27]. Materials are often classified based on their electrical conductivity. 

Metals have high electrical conductivity, while insulators have very low 

conductivity, often considered zero under normal conditions, and semiconductors 

fall between these two extremes [17]. However, metals lack the necessary 

characteristics to achieve a high figure of merit (ZT) for thermoelectric applications 
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because modifying one property, such as electrical conductivity, typically affects 

others, like thermal conductivity, making it challenging to optimize them for 

thermoelectric efficiency [28]. In contrast, semiconductors are better suited for 

achieving a high figure of merit due to their intermediate carrier concentrations, 

which offer a more favourable balance between electrical conductivity and thermal 

properties.  

 

Fig.1.7 Variation of Seebeck coefficient (S), electrical conductivity (σ), power 
factor (S2σ), and thermal conductivity (κ) with carrier concentration (n). 

The primary challenge in designing a highly efficient thermoelectric material lies in 

managing the interdependence of the Seebeck coefficient, electrical conductivity, 

and thermal conductivity with the carrier concentration. Both the Seebeck 

coefficient and electrical conductivity are heavily influenced by the Fermi level, 

which itself is dependent on the carrier concentration, the effective mass of the 

carriers, and temperature. The Seebeck coefficient and electrical conductivity of a 

material are intrinsically related to the carrier concentration (n), making it crucial to 

find an optimal balance among these parameters to enhance thermoelectric 

performance. The Seebeck coefficient (S), electrical conductivity (σ), and carrier 
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concentration (n) of a material are related through the Mott relation, which is 

expressed as:    

  S= 
�����

�

���� m*T �
�

��
�

�
��

............................................... (1.11)  

where                                           σ = neμ ........................................................................... (1.12)  

 μ =  
����

�∗ … ..................................................................... (1.13) 

where m* is the effective mass of holes (electrons), μ is the mobility of the charge 

carriers, kB is the Boltzmann constant, e is the electronic charge = 1.6 ×10−19C, h is 

the Planck's constant = 6.626×10−34 J Hz−1, ⟨τ⟩ is the average relaxation time and T 

is temperature. Since electrical conductivity depends on charge carrier concentration 

and mobility, an increase in carrier concentration generally leads to a decrease in the 

Seebeck coefficient. Consequently, the power factor (S²σ) reaches its maximum 

when the carrier concentration is within an optimal range, striking a balance between 

electrical conductivity and the Seebeck coefficient. Heavily doped degenerate 

semiconductors, with carrier concentrations in the range of 10¹⁹ to 10²¹ cm-3, are 

widely regarded as efficient thermoelectric materials [29]. These semiconductors are 

particularly suitable due to their appropriate bandgap, optimal carrier concentration, 

and negligible electronic contribution to thermal conductivity, making them highly 

effective for thermoelectric applications. Ideal thermoelectric materials do not occur 

naturally, so the focus of thermoelectric research is on developing materials that are 

both efficient and cost-effective. The goal is to enable large-scale production and 

widespread use, all while minimizing resource consumption. The majority of bulk 

thermoelectric materials are semiconductors, and the distribution of free charge 

carriers is described by the Fermi-Dirac function [30]. 

1.6.  Metrics for assessing thermoelectric performance 

1.6.1. Seebeck coefficient 

The Seebeck coefficient is a crucial parameter for assessing the performance of 

thermoelectric materials and serves as one of the primary criteria for evaluating their 

effectiveness in thermoelectric power generation and refrigeration applications [31].  

Equation 1.10 indicates that the ZT of a material is directly proportional to the 



Introduction to thermoelectricity: fundamentals and innovations 

 15

square of its Seebeck coefficient, highlighting the importance of enhancing the 

Seebeck coefficient to optimize the ZT of thermoelectric materials [32]. The Bethe-

Sommerfeld expansion for the Seebeck coefficient is given by [27] 

S = 
����

��

��
 �

�

�

��(�) 

��
+ 

�

�

�� (�)

��
�

����

 .......................  (1.14) 

where n(E) represents the carrier density at energy E, μ(E) denotes the mobility at 

energy E, Ef is the Fermi energy, and e is the electronic charge. The Seebeck 

coefficient is influenced by several factors that can be optimized to enhance 

thermoelectric performance. Since S is directly proportional to the effective mass of 

charge carriers (m∗) and inversely proportional to the carrier concentration (n), 

increasing m∗ while reducing n can effectively improve S [32]. Additionally, the 

Seebeck coefficient is dependent on the asymmetry of the electronic density of states 

(DOS), n(E) around the Fermi level (Ef) and the asymmetry in the energy-dependent 

mobility of charge carriers. Therefore, strategies to enhance S involve (i) increasing 

the energy dependence of the mean free path through a scattering mechanism that 

significantly affects the charge carriers and (ii) locally increasing the density of 

states (DOS) to amplify the energy dependence of the carrier density n(E) [33]. 

According to Boltzmann transport theory, the Seebeck coefficient S for a material 

conducting with a single type of carrier (either electrons or holes) is given by: 

S =  
�

�
 
∫ � (�) ��� (����) 

���(�)

��
 ��

�
�

� ∫ � (�) ��� 
���(�)

��
 ��

�
�

 ...............................  (1.15) 

 Where Ef, f0, e, and τe denote the Fermi level, the Fermi distribution function, the 

electron charge, and the relaxation time for charge carriers. The Seebeck 

coefficient’s sign and magnitude are primarily determined by the numerator of the 

equation 1.15, while the denominator represents electrical conductivity [34]. Here, − 

and + denote contributions from electrons (E > Ef) and holes (E < Ef), respectively. 

Fig.1.8 shows schematic plots of the integrand function g (E) τ�E (E − E�) 
���(�)

��
  

from the numerator of equation 1.15, plotted against the Fermi energy. It illustrates 
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that the contributions to the Seebeck coefficient from carriers with energy above and 

below the Fermi level (denoted as S1 and S2) have opposite signs. 

S� =  g (E) τ�E (E − E�) 
���(�)

��
 dE > 0 .............. ..(1.16) 

S� =  g (E) τ�E (E − E�) 
���(�)

��
 dE < 0 .............. ..(1.17) 

Using the reduced Fermi energy η = E/kB T , equation 1.15 can be simplified into a 

form that involves Fermi–Dirac integrals, applicable for charge transport in a 

parabolic band. The simplified expression is given by:  

S(ƞ) =  ±
��

�
 �

(���/�) �(���/�)(ƞ)

(���/�) �(���/�)(ƞ
−  ƞ� .....................  (1.18) 

The scattering parameter r in this context is the exponent that relates the relaxation 

time τe to energy in the form τ0 E
r, where τ0 is the relaxation time for non-degenerate 

carriers. This indicates that the Seebeck coefficient S depends solely on the reduced 

chemical potential for a specific type of scattering. Since acoustic phonon scattering 

predominantly influences carrier behavior in most high-performing thermoelectrics 

(which corresponds to a high ZT), a key observation in thermoelectric is that the 

Seebeck coefficient S tends to decrease with increasing carrier concentration (which 

corresponds to a higher η) at a constant temperature. Conversely, S tends to increase 

as the temperature rises at a fixed carrier concentration (which corresponds to a 

lower η).  

 
 

Fig.1.8 Schematic of the integrand in equation 1.15 vs reduced Fermi energy. 
Shaded areas (S1 and S2) show opposite contributions to the Seebeck coefficient 
from carriers above and below the Fermi level. 
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1.6.2. Electrical conductivity 

The electrical conductivity (σ) be derived by solving the Boltzmann transport 

equation under the relaxation time approximation given by 

 σ =
���

��∗  ∫ g (E) τ(E)E
���(�)

��
 dE

�

�
………… ....... ….(1.19) 

where                                       g(E) = N(E)υ�(E)τ(E)… .........................................  (1.20) 

where N(E), υ(E), and τ(E) represent the density of states, Fermi velocity, and 

scattering time, respectively [35]. The term g(E), encompassing these factors, is 

known as the transport distribution function, which describes how carriers at 

different energy states contribute to electrical conductivity. Accordingly, σ(E) 

indicates the contribution of electrons at a given energy E to the total conductivity. 

σ(E) is influenced by two energy-dependent components: (i) the band structure, 

which determines g(E) and related parameters, and (ii) the scattering time τ(E), 

which depends on factors beyond the band structure itself such as phonon scattering, 

impurity scattering, and electron-electron interaction [36]. The mobility of charge 

carriers is directly proportional to the average relaxation time (τ) and inversely 

proportional to the effective mass (m∗) of the carriers, meaning that longer relaxation 

times and smaller effective masses result in higher mobility [37]. Since the average 

relaxation time is determined by these scattering mechanisms, it is crucial to 

consider its value when calculating the carrier mobility. Understanding the scattering 

processes that affect τ(E) is essential for optimizing the mobility and thus the overall 

conductivity of materials. Since electrical conductivity is strongly influenced by 

carrier behaviour, optimizing key parameters such as carrier concentration and 

mobility becomes essential for achieving high thermoelectric performance. The 

carrier concentration directly affects the position of the Fermi level, which in most 

high-performance thermoelectric materials typically falls within the range of ~1019 

to 1021 cm-3, with the Fermi level near the edge of the valence (conduction band) 

[38]. Carrier mobility which offers insights into the transport properties of the 

carriers, as its temperature dependence reveals the dominant scattering mechanisms 

that affect the material's overall conductivity. Furthermore, mobility is intimately 
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linked to the relaxation time (τ), determined as the reciprocal sum of contributions 

from various scattering processes [39]. Thus, both carrier concentration and mobility 

play interconnected roles in shaping the transport and thermoelectric properties of 

materials. 

1.6.3. Electronic band structure  

The electronic band structure, representing energy as a function of momentum, 

including energy bands and gaps, is fundamental to the thermoelectric properties of 

materials. Band theory provides essential insights into σ, S, and n which are key to 

understanding thermoelectric properties [40]. Thermoelectric performance hinges on 

both electronic and lattice structures: the former dictates carrier concentration and 

effective mass, while the latter influences electron and phonon scattering. Equations 

(1.11) – (1.13) emphasize the inherent trade-off between electrical conductivity and 

the Seebeck coefficient, driven largely by carrier concentration and effective mass, 

where enhancing one often compromises the other [41]. Therefore, strategies for 

improving thermoelectric performance focus on optimizing either carrier 

concentration or effective mass with minimal impact on the counterpart property. 

These strategies fall into two primary approaches: electronic structure modification 

and carrier scattering management, with our emphasis here on electronic structure 

modifications.  

Before diving into specific modifications, it is essential to identify the electronic 

structure characteristics that best support high thermoelectric performance. 

Foundational work by Mahan and Sofo has greatly informed our understanding of 

these ideal features [42]. Studying a material's electronic structure not only offers 

insight into its electrical properties but also reveals valuable information about its 

thermal behaviour, such as bonding characteristics and lattice anharmonicity, both 

critical for achieving efficient thermoelectric material. Using Boltzmann transport 

theory, the electrical conductivity (σ) and the Seebeck coefficient (S) can be 

expressed as: 

σ =  ∫ σ(ϵ, T) �−
���

��
� dϵ

��

��
 ....................................... .(1.21) 

SσT =  
�

�
∫ σ(ϵ, T)(ϵ − μ�) �−

���

��
� dϵ

��

��
 .............. .(1.22) 
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In these equations, ε represents the reduced energy, μ0 denotes the chemical 

potential, and σ(ε) is the spectral conductivity. These equations highlight the 

importance of tailoring the electronic structure to maximize thermoelectric 

performance. At finite temperatures, the Fermi-Dirac distribution function dictates 

that only electrons near the Fermi energy Ef contribute to conduction. The Fermi 

window factor, −
���

��
 , is a bell-shaped curve centered around Ef with a width of kB. 

[36]. The 'effective' electronic structures that govern electrical transport lie within a 

narrow energy range defined by this factor [42]. This shape reflects the fact that only 

electrons within this thermal energy range are accessible for conduction, as those 

further from Ef are either fully occupied or empty and cannot contribute effectively 

[43]. Consequently, a rapid variation in the transport distribution function near Ef 

becomes essential for achieving a large Seebeck coefficient. This behavior depends 

on the asymmetry of the density of states (DOS) and the relaxation time (τ) around 

Ef, emphasizing the importance of tailoring the electronic band structure to optimize 

thermoelectric performance.  

Fig.1.9 illustrates the critical role of band structure in governing electronic transport 

properties, with a focus on the DOS and scattering time (τ) near Ef. In Fig.1.9 (a), 

the DOS (g(E)) represents the number of electronic states available for conduction 

and interacts with the energy-dependent derivative of the Fermi-Dirac distribution 

function (−
���

��
), which defines the energy range where electrons contribute most to 

transport. Fig.1.9 (b) emphasizes the scattering time (τ(E)), which describes how 

frequently electrons scatter as a function of energy. In both figures, the red curve 

represents −
���

��
 , peaking near the Fermi level, which indicates that electronic 

transport is dominated by states close to Ef. The dashed red lines show the effective 

energy range for transport contributions. Together, the figure underscores that the 

band structure shapes electronic transport by governing the DOS and scattering time, 

both of which play pivotal roles in determining the efficiency of charge carrier 

movement in thermoelectric materials.  
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Fig.1.9 Schematic representation of (a) band engineering through modifications in 
the density of states (DOS) and (b) scattering engineering via changes in relaxation 
time (τ). 

1.6.4. Effective mass of charge carriers 

The effective mass (m∗) in thermoelectric materials indicates the curvature of the 

energy band and can be altered by strategies like doping and nanostructuring. It 

serves as a crucial parameter in parabolic band models used to analyze the electronic 

structure and transport properties of these materials [30]. Using a classical statistical 

approximation, Ioffe proposed that [44] 

  n∗ =  (m∗T)
�

��  ...........................................................  (1.23) 

Where the density of state effective mass,   

                                                        m∗ =  N�

�
��

m�
∗ ………….....................…………(1.24) 

For semiconductors with a valley degeneracy of Nυ and an average effective mass 

m�
∗   of the charge carrier per valley. At a fixed carrier concentration, a larger 

effective mass leads to a higher density of states in the energy band, which increases 

the Seebeck coefficient by enhancing the energy difference between carriers [42]. 

This is especially true in materials with flat, narrow bands that have a high density 

of states near the Fermi level (Ef). However, since the effective mass is also 

associated with the inertial mass, heavier carriers move more slowly, resulting in 

lower mobility [45]. This reduction in mobility decreases electrical conductivity, 
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which can negatively impact the overall thermoelectric efficiency. Therefore, 

optimizing thermoelectric materials requires a careful balance between enhancing 

the effective mass and preserving sufficient electrical conductivity. The inertial 

effective mass can be mathematically determined by calculating the inverse of the 

curvature of the band structure responsible for electronic transport. In low band gap 

materials, the interaction between the valence and conduction bands induces non-

parabolicity, often characterized by the Kane band model [46]. Within this 

framework, the dispersion E(k) and the carrier effective mass (m∗) are linked to the 

band gap (Eg).  

 

Fig.1.10 Schematic of reduced Fermi levels for (a) conduction and (b) valence bands 
showing carrier distribution changes. 

For degenerate semiconductors exhibiting Kane-type band dispersion, the effective 

mass (m∗) is directly proportional to the band gap (Eg) through the relationship [47], 

  
ћ� ��

��∗ = E �1 +
�

��
� ......................................................  (1.25) 

where ћ is the reduced Planck’s constant, k is the crystal momentum, and E is the 

energy of electron states. This relationship underscores the intricate connection 

between the band structure and carrier dynamics in thermoelectric materials. By 
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modifying the band gap and shaping the band curvature, the effective mass can be 

tuned to enhance the power factor, a critical parameter for thermoelectric 

performance. However, this optimization demands a delicate balance, as excessively 

increasing the effective mass may reduce mobility and, in turn, lower electrical 

conductivity. Strategies such as controlled doping or exploiting quantum 

confinement effects are often employed to fine-tune the effective mass and achieve 

an optimal combination of thermoelectric properties for practical applications. 

1.6.5. Thermal conductivity 

Thermal conductivity is a key factor that influences the conversion efficiency of 

thermoelectric materials. For optimal efficiency, the material should exhibit a high 

power factor while maintaining low thermal conductivity. However, achieving both 

simultaneously is challenging due to the inherent interdependence between these 

parameters. Thermal conductivity is defined as. 

κT = κe + κl, ............................................................ (1.26) 

which is influenced by both electrons and phonons. According to the Wiedemann-

Franz law, the electronic component of thermal conductivity is directly related to 

electrical conductivity as follows 

κe = L0σT  .............................................................. (1.27) 

where L0 is a constant known as Lorentz’s number, with a value of 2.4×10-8 J² K⁻² 

C⁻². Therefore, the electron contribution to thermal conductivity can be reduced by 

decreasing electrical conductivity, as S, σ, and κe are all linked to carrier 

concentration and effective mass. The primary goal is to lower the thermal 

conductivity by minimizing the lattice contribution, as it is an independent 

thermoelectric parameter. In the process of lattice vibration energy transfer, the 

energy spreads out diffusively through collisions instead of moving in a direct path. 

Lattice thermal conductivity results from the diffusion of phonons. Based on the 

kinetic theory of heat conduction, lattice thermal conductivity can be described by 

the following equation [41]                                                                    
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κl = vs Cv Lph  ........................................................ .(1.28) 

where vs is the sound velocity, Cv is the specific heat capacity at constant volume, 

and Lph is the mean free path of phonons. These parameters generally depend on 

temperature and the material's properties, such as the Debye temperature, mean 

phonon velocity, and other material-specific factors like average crystalline size, 

defect density at different length scales, and three-phonon scattering parameters 

[48]. Specific heat capacity is an intrinsic property of the material, while the mean 

free path of phonons depends on scattering mechanisms. Lattice thermal 

conductivity is linked to phonon transport and is not directly influenced by electrical 

conductivity or the Seebeck coefficient, allowing it to be independently controlled. 

To reduce thermal conductivity, it is essential to enhance scattering centers, such as 

point defects, dislocations, boundary scattering, and phonon-phonon Umklapp 

scattering. The electronic component of thermal conductivity (κe) is primarily 

influenced by carrier concentration (n), while the lattice component (κl) is controlled 

by impurities and various phonon scattering mechanisms. The strategies for 

lowering thermal conductivity involve reducing the mean free path (MFP) of 

phonons by increasing the phonon scattering rate [49]. An alternative approach is to 

explore materials with intrinsically low thermal conductivity to achieve a reduced 

thermal conductivity value.  

1.7. Cu2Se based thermoelectric materials 

Metal chalcogenides, composed of metal elements and chalcogens (S, Se, Te), have 

gained significant attention for their potential in a wide range of energy applications, 

including solar cells, light-emitting diodes, sensors, batteries, supercapacitors, and 

thermoelectric devices [50]. Unlike oxides, metal-chalcogenide-based TE materials 

exhibit a higher power factor due to their weaker covalent bonding, which results 

from their lower electronegativity. Additionally, their relatively high atomic weight, 

compared to certain other thermoelectric materials, aids in minimizing thermal 

conductivity [51]. Transition metal chalcogenides, subgroups of these compounds, 

are formed by combining one or more transition metals with chalcogen elements. 

These compounds feature a stable chalcogenide structure formed by the interaction 
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between d-block transition metals and p-block group-16 elements [52]. This 

combination primarily enables the tuning of the material's band gap, which in turn 

provides enhanced flexibility in tailoring its electronic structure. The tunable 

electrical transport properties of metal chalcogenide compounds are due to their 

band structures, which can be easily modified through doping or by forming solid 

solutions [53]. As a result, these materials have become attractive for thermoelectric 

applications because of their high power factor values. The "phonon-glass electron-

crystal" (PGEC) concept, proposed by Slack, further underscores their potential. 

This concept envisions an ideal thermoelectric material as one that facilitates free 

electron movement while impeding heat-carrying phonons, achieving a balance of 

high electrical conductivity and low thermal conductivity [54]. In PGEC materials, 

the crystal structure consists of two sublattices: one provides the electrically 

conductive pathway, while the other functions as a thermal barrier and sometimes as 

a charge reservoir. This dual-sublattice design has positioned Cu-based 

chalcogenides as promising candidates for power generation applications. 

Copper chalcogenides, including Cu2-xX (where X can be S, Se, or Te), are gaining 

considerable attention as promising thermoelectric materials because of their 

exceptional properties [55]. Cu2Se has emerged as a leading candidate in this 

category, achieving a peak thermoelectric figure of merit (ZT) > 2, due to its crystal 

structure that imparts an ultralow thermal conductivity similar to that of a liquid. 

This impressive performance is complemented by its ecofriendly nature, enhancing 

its appeal for sustainable energy applications [56]. Cu2Se is a p-type semiconductor 

with a bandgap of approximately 2.1-2.3 eV, and it is composed of abundant, 

inexpensive, and non-toxic elements [57]. Cu2Se is known as a phase-transition 

material, existing in a monoclinic phase at lower temperatures, but transitioning to 

an antifluorite structure in the temperature range 350-400 K. In its fluorite phase, 

Cu2Se crystallizes in the cubic Fm̅3m space group, where each Cu¹⁺ ion is bonded to 

four equivalent Se²⁻ ions, forming a combination of edge and corner sharing CuSe4 

tetrahedra with uniform Cu-Se bond lengths of 2.51 Å. The Se²⁻ ions adopt a body-

centered cubic arrangement, each bonded to eight equivalent Cu¹⁺ ions. It is possible 

to reverse such a phase transition by heating or cooling processes [55].  
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Fig.1.11 Schematic representations of the crystal structures for (a) low-temperature 
monoclinic Cu2Se and (b) high-temperature antifluorite Cu2Se, highlighting the 
reversible phase transition occurring around ∼400 K [58].  

The average crystal structure of α-Cu2Se was determined to have a trigonal 

symmetry [59]. It exhibits a layered structure with alternating copper-deficient and 

copper-rich layers along the c-axis, a structural characteristic that is typical of many 

previously reported materials. Upon heating, Cu ions migrate from the copper-rich 

layer to the copper-deficient layer, characterized by a space group of Fmm and a 

lattice parameter of a = 5.74 Å. This process eventually leads to the formation of the 

high-temperature β-phase [60]. Generally, Cu2Se in its β-phase exhibits remarkable 

thermoelectric performance at mid to high temperatures, which is closely linked to 

its intricate superionic structure [61]. As shown in Fig.1.11, β-Cu2Se features an 

antifluorite cubic structure with two distinct sublattices: a rigid face-centered cubic 

sublattice made up of Se atoms, and a disordered Cu sublattice where Cu ions are 

randomly distributed across tetrahedral (8c) and trigonal (32f) sites. This transition 

involves a reorganization of Cu and Se atoms, leading to notable changes in both its 

crystal structure and properties [58]. As the temperature increases, the disordered 

copper atoms in Cu2Se tend to become superionic throughout the crystalline 

structure while Se atoms create a stable sublattice that offers pathways for carrier 
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transport. The cation sublattice, exhibiting liquid like behavior, efficiently scatters 

heat carrying phonons and suppresses certain transverse vibrational modes, resulting 

in exceptionally low lattice thermal conductivity [62]. As a result, Cu2Se exhibits the 

"phonon-liquid, electron-crystal" characteristic, making it a highly promising 

thermoelectric material for medium temperature power generation [63]. 

To develop high-performance thermoelectric materials, it's crucial to understand 

how parameters like effective mass, symmetry, and atomic arrangements affect 

transport properties. These factors are tied to the material's electronic structure, 

which is determined by its crystal structure [64]. According to the PLEC concept, 

Cu2Se-based thermoelectric materials are known for their low intrinsic thermal 

conductivity, which contributes to their high energy conversion efficiency owing to 

their unique stoichiometric frameworks [65]. The thermoelectric properties of Cu2Se 

can be significantly modified by varying the concentration of copper vacancies 

within its crystal structure. The β-phase of Cu2Se exhibits a complex superstructure, 

which is highly sensitive to both the composition and preparation methods of the 

samples [59]. Despite its potential, challenges such as structural instability, lower 

conversion efficiency, and reduced thermoelectric performance have constrained the 

broader application of these materials in recent years [65]. To overcome these 

limitations and harness the promising attributes of Cu2Se, it is crucial to explore and 

implement innovative strategies aimed at enhancing its thermoelectric performance. 

Various approaches, including optimizing dopant levels, incorporating 

nanostructures, and refining synthesis techniques, offer potential pathways to 

improve the material's efficiency and stability. The following section discusses some 

of these adopted strategies that can be implemented to further enhance the 

performance of Cu2Se. 

1.8. Approaches to maximize thermoelectric potential 

1.8.1. Nanostructuring  

Nanomaterials, with at least one dimension spanning from 1 to 100 nm, are highly 

valued for their unique properties. The advancement of different nanostructures 

provides remedies for many of the limitations associated with conventional 
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thermoelectric materials. When the dimensions of a material fall within the 

nanometer range, its surface to volume ratio increases significantly, leading to 

drastic changes in its properties. Hicks and Dresselhaus showed through theoretical 

calculations that low dimensional nanostructured materials exhibit far superior 

thermoelectric properties compared to their bulk counterparts [66]. In these devices, 

the final properties depend on both the individual nanoparticles and how they are 

assembled at a macroscopic scale in thin films or bulk materials [67].   

 

Fig.1.12 DOS vs. energy for materials of various dimensionalities: 3D, 2D, 1D, and 
0D. 

Nanostructured materials such as bulk nanostructures (3D), quantum wells (2D), 

quantum wires (1D), and quantum dots (0D) with nanosized inclusions alter the 

power factor and ZT by modifying the electronic density of states (DOS) [68]. 

Reducing dimensionality alters the DOS near the Fermi level in nanomaterials 

through quantum confinement effects that increase the Seebeck coefficient [32]. The 

quantum confinement and energy filtering effects become prominent when the 

system size approaches the electron mean free path or wavelength. Under these 

conditions, the DOS increases, which enhances the Seebeck coefficient [33]. 

Simultaneously, thermal conductivity decreases due to phonon scattering at 

nanostructured surfaces or interfaces. In heavily doped semiconductors, electrons 

have a much shorter mean free path (mfp) compared to phonons. Nanostructuring 
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introduces numerous interfaces that can scatter phonons of different mfp more 

efficiently. This process effectively lowers the lattice thermal conductivity while 

maintaining good carrier mobility and electronic conduction [69]. To optimize this 

effect, nanostructures should be designed with dimensions smaller than the phonon 

mfp but larger than the electron mfp [70]. Traditionally, nanostructured TE materials 

are commonly prepared using many methods, which include methods like ball 

milling, co-precipitation, hydrothermal method, sol gel method, etc [48]. 

1.8.2. Doping 

Most effective thermoelectric materials are heavily doped semiconductors with 

carrier concentrations in the range of 10¹⁸ to 10²⁰ cm⁻³ [36]. To enhance the 

thermoelectric performance dopants must fulfill certain criteria: (i) increase the 

Seebeck coefficient, (ii) improve electrical conductivity, and (iii) reduce thermal 

conductivity.  A high level of doping is essential to achieve the high density of 

charge carriers required for efficient electrical conduction. Generally, electrical 

conductivity can be significantly improved by introducing p-type or n-type 

impurities. However, this improvement in conductivity often comes at the cost of 

decreased carrier mobility due to the scattering effects introduced by the impurities 

[71]. In semiconductors, a modulation doping mechanism has been introduced to 

separate charge carriers from ionized dopants, thereby reducing carrier scattering. 

This approach enhances the mobility of charge carriers, which in turn improves the 

electrical conductivity of the material. In the superionic antifluorite Cu2Se, which 

features a stable Se sublattice and a mobile Cu sublattice, point defects caused by 

vacancies or doping at different sites impact thermoelectric properties in different 

ways [58]. The high thermoelectric performance is primarily due to dopants creating 

point defects and dislocations, inducing mass and strain fluctuations in the lattice, 

and altering microstructures, all of which significantly scatter phonons and carriers, 

reducing thermal conductivity below the glassy limit [72]. The impact of point 

defects at the Cu site on the thermoelectric performance of Cu2Se is closely linked to 

the homogeneity of doping, which, in turn, depends on the material preparation 
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method. Therefore, exploring new dopants and optimizing existing ones is crucial 

for further enhancing thermoelectric performance. 

 

Fig.1.13 Diagram illustrating the techniques of (a) modulation doping and (b) 
uniform doping. 

1.8.3. Composite engineering 

Composite engineering has emerged as a transformative strategy to enhance the 

performance of TE materials by combining multiple components to create 

synergistic effects that surpass the capabilities of individual constituents [73]. A key 

aspect of this approach is nanostructuring, where nanometer-scale features such as 

polycrystals and interfaces are integrated into bulk materials. This design 

significantly increases phonon scattering, effectively reducing lattice thermal 

conductivity and enhancing thermoelectric efficiency [69]. The incorporation of 

nanoparticles, nanoinclusions, or secondary phases into the nanostructured host 

material further optimizes these properties, offering precise control over scattering 

characteristics through tunable factors such as size, shape, composition, and 

arrangement of the nanoscale features [55,74]. These synergistic effects have 

positioned composite engineering as a pivotal approach for advancing thermoelectric 

technologies, offering significant improvements in efficiency and performance.  

Nanocomposites, a prime example of this approach, offer unique advantages in 

thermoelectric applications. They enhance electrical conductivity by creating new 

electron transport channels or improving carrier mobility via modified band 

structures. Additionally, nanocomposites provide superior mechanical stability 

compared to single-component materials, making them ideal for environments with 
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thermal gradients and mechanical stress [42]. Quantum confinement effects in 

nanocomposites alter the electronic band structure, thereby increasing the Seebeck 

coefficient and improving thermoelectric sensitivity. Mechanisms such as band 

alignment and carrier energy filtering further refine charge carrier transport, 

contributing to the overall enhancement of thermoelectric performance [75]. 

A defining feature of nanocomposites is their high density of interfaces between 

nanoscale domains. These interfaces play a critical role in determining transport 

properties by influencing carrier scattering. Abrupt changes in scattering rates and 

the density of states near the Fermi level enhance the Seebeck coefficient, while 

boundary scattering of phonons at the interfaces reduces thermal conductivity. This 

dual optimization of electron and phonon transport makes nanocomposites a highly 

promising solution for advancing thermoelectric technologies, offering a balance of 

improved efficiency, mechanical stability, and sensitivity to thermal gradient. 

 1.8.4. Carrier energy filtering 

Interfaces or grain boundaries are the defects formed at the crystal lattice that scatter 

the charge carriers and affect conductivity. The minority carriers and the charge 

carriers with lower energies are more scattered than the majority carriers and high 

energy charge carriers. This can be overcome by introducing energy barriers that 

allow the higher energy charge carriers to pass through and block the diffusion of 

low-energy carriers (blue circles). This is known as carrier energy filtering. This 

energy filtering effect increases the Seebeck coefficient with a negligible impact on 

electrical conductivity. Under quasi-equilibrium conditions with diffusive electron 

transport, the Seebeck coefficient (S) is approximately proportional to the mean 

excess energy ⟨E – Ef⟩, as outlined in equation 1.15. This means that for a fixed 

carrier concentration, an increase in ⟨E - Ef⟩ leads to a higher Seebeck coefficient. 

To achieve a high power factor, it is crucial to maintain a significant and energy-

asymmetric differential conductivity, σ(E), within the Fermi energy window. This 

principle underpins the carrier energy filtering approach [73]. As shown in equations 

1.15 and 1.19, energy filtering selectively allows carriers with higher mean excess 

energy to contribute, thus boosting the Seebeck coefficient. However, this process 
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also reduces carrier concentration, which can lower electrical conductivity, creating 

a trade-off that impacts overall performance. Therefore, the reduction in 

conductivity should be offset by the increase in the Seebeck coefficient, ultimately 

enhancing the power factor [76]. This can be achieved by introducing tall barriers 

either in the valence band of p-type materials or the conduction band of n-type 

materials [77]. Thus, charge carriers selectively get transmitted through the barriers, 

and the Seebeck coefficient increases, therefore the height of the barrier is an 

important factor for effective energy filtering. 

 

         Fig.1.14 Schematic representation of the carrier energy filtering mechanism. 

1.8.5. Valence band convergence 

Band convergence plays a crucial role in improving thermoelectric performance by 

increasing charge carrier density at a given Fermi level, typically enhancing 

electrical conductivity without significantly affecting the Seebeck coefficient [77]. 

This strategy involves aligning the valence or conduction bands to achieve greater 

valley degeneracy, resulting in a simultaneous increase in both the Seebeck 

coefficient and electrical conductivity [40]. Band convergence occurs when separate 

energy bands are engineered to align at the same energy level, which can be 

achieved by adjusting the energy of a band at specific symmetry points, such as the 

Γ point in the Brillouin zone, to match the energies of nearby bands at different 

symmetry points, often through alloying or doping [78]. When two energy bands are 

closely spaced, their band multiplicity combines, leading to a higher density of 

states. The density of state effective mass (m���
∗ ) quantifies the density of states at a 
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given Fermi level [43]. A higher DOS effective mass indicates more states per 

energy level, which increases the Seebeck coefficient, as described by the Mott 

formula.  

 

Fig.1.15 Impact of band convergence on m���
∗ , boosting the Seebeck coefficient 

without sacrificing conductivity. 

However, as the density of states increases, the band structure may distort, resulting 

in a higher effective mass (m*), which can reduce carrier mobility and thermopower. 

To mitigate this, introducing multiple valleys in semiconductors can offset the 

reduction in mobility. Mahan demonstrated that multivalley semiconductors with 

low inertial mass can enhance the density of state effective mass (m���
∗ ) without 

significantly decreasing mobility, provided intervalley scattering is minimized [18].  

The density of state effective mass is equal to  

m���
∗ = N�

�
�� (m�m�m�)

�
��    ............................. (1.29) 

where Nv is the number of equivalent valleys and m123 is inertial masses in each 

direction. This indicates that semiconductors with multiple valleys and low inertial 

mass can achieve higher carrier mobility. Therefore, optimizing the Seebeck 

coefficient in these materials can lead to greater thermopower. Increasing the 

number of valleys near the energy band edge enhances the power factor, making 

high-degeneracy band structures advantageous for improving thermoelectric 

performance. Cu2Se has a valence band maximum (VBM) at the Γ point with low 
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degeneracy (3) and a secondary VBM at the L point with higher degeneracy (8) as 

shown in Fig.1.16. This band structure suggests a potential for band engineering to 

increase degenerate bands, which is desirable for enhancing thermoelectric 

performance [79,80]. 

 

Fig.1.16 Electronic band structure of Cu2Se [Adapted from 58]. 

1.8.6. Band Sharpening  

The carrier effective mass is typically influenced by the electronic band structure 

and is connected to the shape of the band and the degree of valley degeneracy. This 

effective mass plays a significant role in determining carrier mobility, with larger 

effective masses generally leading to lower mobility, while smaller effective masses 

result in higher mobility [81]. Although a large carrier effective mass can increase 

the Seebeck coefficient, it typically reduces electrical conductivity due to the inverse 

relationship between effective mass and mobility of charge carriers. Band 

sharpening balances the conflicting relationship between effective mass and carrier 

mobility, helping to maintain optimal carrier transport properties. Therefore, 

optimizing the carrier effective mass is crucial to achieving a balance between 

electrical conductivity and the Seebeck coefficient [82]. One key strategy for 

enhancing thermoelectric properties is through the manipulation of the band shape to 

optimize the carrier effective mass [83]. Band sharpening is an effective method for 

tuning the carrier effective mass, as it reduces the single band effective mass by 
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modifying the band shape. This process involves converting a broad, flat band with a 

large effective mass (m*) into a sharper, narrower band with a smaller effective 

mass (m*), thereby increasing carrier mobility. This strategy has been successfully 

applied to enhance mobility and thereby improve electrical conductivity in various 

chalcogenide-based thermoelectric materials [84]. 

 

Fig.1.17 Bandgap narrowing shown through shifting conduction (CB) and valence 
band (VB) edges. 

1.9. Motivation and objective of the thesis  

Thermoelectricity presents a transformative opportunity to harness waste heat and 

convert it into usable electrical energy, yet its practical implementation faces 

significant challenges due to the limitations of current materials. The traditional 

thermoelectric materials such as telluride-based alloys for room temperature 

applications and silicon germanium for high-temperature scenarios, both present 

limitations such as high costs and specific operational temperature ranges. Notably, 

several thermoelectric materials, including lead and tin based chalcogenides like 

PbSe, PbS, SnTe, and SnSe, exhibit exceptional performance at elevated 

temperatures, often exceeding 773 K. However, there is a growing interest in 

developing materials that perform efficiently at medium temperatures, particularly 

for waste heat recovery, as many industrial processes and power plants generate 

waste heat in this temperature range, making its effective utilization crucial for 

improving energy efficiency. Achieving high thermoelectric efficiency, as measured 

by the figure of merit (ZT), requires a delicate balance between maximizing the 
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power factor (PF) and minimizing thermal conductivity (κ), both of which are 

influenced by carrier concentration and electronic structure. This interdependence 

makes it challenging to optimize these parameters simultaneously, as improving one 

often detrimentally impacts the others. The motivation to explore Cu2Se as a 

thermoelectric material lies in its potential to overcome these challenges. Cu2Se is 

one of the copper based binary chalcogenides that has garnered a lot of attention 

recently because of its ecofriendly composition, affordability, and potential 

thermoelectric performance at medium temperature.  The diverse structure of Cu2Se, 

featuring disordered Cu ions and tightly packed Se atoms, presents the substantial 

potential for improving thermoelectric performance through its high mobility traits, 

which induce superionic behavior and phonon liquid like behavior, offer a promising 

pathway to decouple electron and phonon transport, allowing for simultaneous 

optimization of electrical and thermal properties. The high mobility of Cu ions 

within the matrix enhances electrical properties while suppressing thermal 

conductivity, offering a unique opportunity to achieve a high figure of merit. The 

research shows that by examining systems where a crystalline sublattice exists for 

electronic conduction and is surrounded by liquid-like ions, a new strategy and 

approach for developing high-efficiency thermoelectric materials has become 

conceivable. In this context, the Cu2Se matrix stands out as a versatile platform for 

further enhancements. Its structure allows for modifications such as doping and 

nanostructuring, which can significantly improve thermoelectric performance. By 

introducing dopants or designing composite structures, the carrier concentration and 

electronic structure can be precisely tailored to maximize the power factor while 

minimizing thermal conductivity. These modifications not only enhance efficiency 

but also address stability and durability concerns, making the material more practical 

for real-world applications. By exploring new doping strategies and material 

modifications, Cu2Se presents an exciting opportunity to advance thermoelectric 

performance beyond the constraints of traditional materials, making it a highly 

promising candidate for more efficient and cost-effective thermoelectric generators.  

The objective of this thesis is to synthesize Cu2Se nanostructures and systematically 

enhance their thermoelectric properties through a series of strategic approaches. This 
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study aims to improve the thermoelectric performance of Cu2Se through 

nanostructuring and band engineering techniques, which synergistically regulate 

charge carrier dynamics and phonon transport. By facilitating the decoupling of 

electrical and thermal properties via mechanisms such as energy filtering, band 

convergence, and enhanced phonon scattering, these strategies contribute to a 

significant enhancement in the figure of merit. The thesis aims to synthesize Cu2Se 

nanostructures using hydrothermal and planetary ball milling techniques, which will 

enable controlled nanostructuring and optimization of transport properties. It 

investigates the effect of Ni doping on the thermoelectric properties of Cu2Se, 

particularly its influence on carrier concentration, effective mass, and electrical 

conductivity. Additionally, the thesis explores a novel approach to enhance the 

thermoelectric properties of Cu2Se by simultaneously optimizing electronic and 

thermal transport through co-doping with Ni and Zn, a method that has not been 

previously explored. By carefully tuning the dopant concentration within the 

crystalline matrix, the research aims to optimize the electronic band structure, 

thereby improving carrier transport and significantly boosting the material's overall 

thermoelectric efficiency. Furthermore, the strategy of introducing nanoinclusions 

into the Cu2Se matrix is also explored as a potential method to reduce thermal 

conductivity and enhance electrical transport properties, demonstrating a promising 

synergy for achieving superior thermoelectric efficiency. This is achieved through 

composite engineering, utilizing a planetary ball mill to facilitate the uniform 

dispersion of nanoinclusions within the Cu2Se matrix. This approach provides a 

pathway to further boost the thermoelectric performance by simultaneously 

improving carrier transport and reducing thermal conductivity, ultimately enhancing 

the overall power factor and efficiency. 
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This chapter outlines the synthesis methods and characterization techniques used in the 
preparation of Cu2Se based nanomaterials. It provides an overview of the various techniques 
employed for characterizing the structural, morphological, optical, electrical, and 

thermoelectric properties of the synthesized materials. 
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2.1. Introduction 

The development of nanomaterials requires careful control over the synthesis 

methods, as these directly influence the nanostructure and resulting physical 

properties [1]. The selection of appropriate synthesis methods is based on their 

scalability, cost-effectiveness, and ability to produce high quality nanostructured 

materials. Additionally, these methods must provide the flexibility to control the 

size, morphology, and composition of the materials, which are essential for 

enhancing the ZT and ensuring optimal thermoelectric performance. This chapter 

focuses on the synthesis and characterization techniques employed to produce Cu2Se 

based nanostructures. Two primary synthesis methods were used, hydrothermal 

synthesis and planetary ball milling, both of which are critical for producing 

nanostructured materials with tailored properties at the nanoscale. In this study, 

single and dual-doped Cu2Se were synthesized using the hydrothermal method, 

while Cu2Se based nanocomposites were prepared through planetary ball milling. 

Hydrothermal synthesis was selected for its ability to precisely control doping and 

dual doping, which enables the fine-tuning of carrier concentration and electrical 

conductivity. On the other hand, ball milling was used to fabricate Cu2Se based 

composites, which are expected to enhance thermoelectric performance by 

optimizing phonon and electron scattering mechanisms. Following the synthesis 

processes, the resulting materials were characterized using a range of analytical 

techniques. This section provides a brief overview of the techniques used for 

structural, morphological, optical, electrical, and thermoelectric characterization, 

including thermal conductivity measurements. The chapter offers a detailed 

explanation of these synthesis methods and characterization principles, crucial for 

optimizing the physical properties of these materials. 

2.2. Synthesis method 

2.2.1. Hydrothermal synthesis 

The term 'hydrothermal' originated in earth sciences, where it referred to conditions 

characterized by high temperature and water pressure [2]. The hydrothermal process 

is a highly esteemed and extensively employed technique for generating 
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nanostructured materials [3]. This method relies on solution based reactions, 

enabling the formation of nanomaterials across a broad temperature spectrum, from 

room temperature to very high temperature. It is now commonly employed for 

synthesizing oxides, silicates, selenides, and sulfides compounds with distinctive 

properties. In the synthesis of inorganic compounds, the process typically begins 

with aqueous solutions of simple salts like metal chlorides, nitrates, or acetates. 

These solutions may be converted to metal hydroxides by adding a base such as 

sodium hydroxide (NaOH), potassium hydroxide (KOH), or ammonium hydroxide 

(NH4OH), depending on the specific synthesis requirements. Apart from this, 

different precursors for pH control, reduction, oxidation, or coating can be 

incorporated before the hydrothermal treatment as needed. The selection of 

precursors, reducing agent, reaction duration, and temperature are critical phases in 

the hydrothermal process because they affect particle size, size distribution, purity, 

and morphology of the final product [4].  

The principle of the hydrothermal method involves allowing an insoluble material to 

crystallize when the temperature is elevated above the solvent's boiling point and the 

pressure exceeds 1 bar. This method makes ultrafine metal particles by hydrolyzing 

and condensing metal salts in water at high temperatures and pressure [5]. During 

the reaction, the metal salt or precursor undergoes hydrolysis leading to the 

formation of metal hydroxide, which then condenses into metal oxides or metal 

particles. In the case of metal selenide nanoparticles, the metal hydroxide formed 

reacts with a selenium source to produce metal selenide nanoparticles. The 

hydrothermal medium, generally water at a temperature up to 646.95 K and pressure 

up to 22.064 MPa, offers perfect conditions for the synthesis, development, and 

stabilization of the desired products, while minimizing the generation of undesirable 

byproducts [5]. The morphology of the resulting materials can be precisely 

controlled by adjusting the pressure conditions either low or high based on the vapor 

pressure of the primary components involved in the reaction [6]. Optimizing the 

hydrothermal synthesis requires a thorough understanding of the formation and 

stability of species under specific conditions, including reaction temperature, 

pressure, reagent concentration, and pH [5,6]. 
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In this method, appropriate chemical precursors are dissolved in water and 

transferred into a container made of steel or another compatible metal capable of 

withstanding temperatures up to 300°C and pressures above 100 bars.This vessel 

called an autoclave, is typically equipped with controls for temperature and pressure, 

as well as measurement gauges [7]. The autoclave must possess high mechanical 

strength to endure long-term high-pressure and high-temperature conditions. It 

should also be highly resistant to acids, alkalis, and oxidants. Additionally, the 

autoclave needs to be properly sized and shaped to achieve the desired temperature 

gradient [8]. The design should be simple for ease of operation and maintenance, 

and it must provide excellent sealing to maintain the required temperature and 

pressure. Also to prevent corrosion and maintain sample purity, protective liners 

such as noble metals or Teflon are used. Teflon is particularly suitable for alkaline or 

neutral conditions under 300°C and 250 bars, as it expands with heat to create a 

hermetic seal. The Teflon liner must fit precisely inside the autoclave to ensure 

proper sealing during the reaction. However, Teflon degrades beyond 300°C and its 

coating tends to wear out, requiring frequent reapplication to maintain effective 

protection. 

 

Fig.2.1 Teflon-lined stainless steel autoclave. 
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2.2.2. Ball milling  

Mechanical milling is a cost-efficient technique for creating nanoscale substances 

from bulk materials. It is also effective for blending different phases, particle size 

reduction, and producing nanocomposites [3]. The kinetics of mechanical milling are 

influenced by the energy imparted to the powder by the milling balls. This energy 

transfer is controlled by several factors, including the type of mill, powder quantity 

in the milling chamber, milling speed, ball size and distribution, milling conditions 

(dry or wet), temperature during processing, and milling duration [9]. The kinetic 

energy of the balls is determined by their mass and velocity, so using dense 

materials such as steel or tungsten carbide is more effective than using ceramic balls. 

Furthermore, optimizing the size and distribution of the balls for the particular mill 

is crucial. Generally, milling reduces particle sizes by breaking down the original 

grains into smaller fragments. At a macroscopic level, this process increases the 

surface area of the powder. Typically, as particles break down, the reactivity of the 

powder increases [10]. High energy ball mills, including tumbler ball mills, 

vibratory mills, planetary mills, and attritor mills are commonly used [8].  

 

Fig.2.2 Schematics of (a) planetary ball mill, (b) The rotation of the disc and vials, 
along with the motion of the grinding balls. 

Planetary ball milling (PBM) is a widely used ball milling technique for 

synthesizing nanoparticles. In our work, we utilize planetary ball milling for 

synthesizing Cu2Se nanocomposites. The ball mill system consists of four bowls and 

a turn disc, sometimes known as a turntable. The bowls revolve in the opposite 

direction from the direction in which the turn disc rotates. The centrifugal forces 

created by the bowls rotating on their axes, along with the rotation of the turn disc, 
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act on the powder mixture and milling balls in the bowls. This overall centrifugal 

force promotes the rotation of the balls inside the mill, leading to the sample's 

fragmentation through friction and impact [11]. The centrifugal forces are alternately 

synchronized due to the opposing rotational directions of the turntable and the bowl. 

This results in friction as the powder mixture and the hardened milling balls roll 

alternately on the inner wall of the bowl and collide with its outer wall. Gravitational 

acceleration can enhance the impact energy of the milling balls in the normal 

direction by up to 40 times. As a result, the planetary ball mill is highly suitable for 

high speed grinding [12]. 

 

Fig.2.3 Planetary ball mill. 

2.3. Densification process for powder sample consolidation 

The densification processes used in the fabrication of thermoelectric materials are 

crucial for determining their microstructure, which has a significant effect on their 

thermoelectric properties and overall performance [13]. After the nanomaterials are 

synthesized, densification methods will be used, followed by sintering to prepare the 

samples for thermoelectric measurements. Sintering is the process of compacting 

and shaping materials into dense bulk forms using pressure or heat at temperatures 

lower than their melting point. This process effectively minimizes porosity and 

improves key material properties, such as thermal and electrical conductivity [14]. In 
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this work, Cu2Se pellets were consolidated using a conventional sintering process. 

The synthesized powder was compacted into a circular pellet with a diameter of 13 

mm and a thickness of 3 mm using a hydraulic pelletizer, applying a force of 

approximately 10 tons under ambient conditions. The resulting densified pellet was 

then subjected to a sintering process at 573 K for 3 hours. The sintered samples were 

subsequently prepared for comprehensive characterization. Detailed analyses were 

performed to evaluate the material’s structural, morphological, optical, and 

thermoelectric properties, providing insights into their performance and potential 

applications. 

 

Fig.2.4 Hydraulic pelletizer and the die set. 

2.4. Characterisation techniques 

2.4.1. Powder X-ray diffraction techniques 

The Debye and Scherrer methods, commonly known as powder X-ray diffraction 

(XRD), offer a non-destructive and rapid approach for both qualitative and 

quantitative analysis of a broad range of materials, including minerals, polymers, 

plastics, metals, semiconductors, ceramics, etc [15]. XRD is utilized to analyze and 

characterize the atomic positions, their arrangement within each unit cell, and the 

spacing between atomic planes. According to Hull (1919), every crystalline 

substance produces a distinct diffraction pattern; the same substance consistently 

yields the same pattern; and in a mixture of substances, each one generates its 
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pattern independently of the others. XRD offers insights into the average properties 

of a large number of particles, unlike direct imaging methods like electron 

microscopy, which only analyze a small sample of particles [16]. The atomic 

structure of a crystal is unveiled through the diffraction pattern generated when X-

rays interact with it. A crystal is made up of countless repeating structural units, 

each featuring an identical atomic arrangement that extends uniformly in three 

dimensions, resembling a three-dimensional wallpaper pattern. The pattern of each 

crystal includes specific symmetry elements that create a three-dimensional 

framework for the arrangement of atoms. These symmetry elements are integral to 

the crystal's structure and can be uniquely identified through X-ray diffraction, 

providing a detailed understanding of the crystal's atomic arrangement. The 

diffraction of X-rays is influenced by the spacing between these repeating units, 

determining the directions in which the X-rays are scattered. Meanwhile, the 

intensity of the diffracted beams is decided by the specific arrangement of atoms 

within each unit cell [17].  

When periodic structures with a specific spacing are illuminated by a radiation of 

comparable wavelengths, such as X-rays with wavelengths around 1Å, they scatter 

off the electrons surrounding the atomic nuclei. These scattered waves, which are 

emitted in various directions, interact and interfere with one other. The type of 

interference may be either constructive or destructive, depending on the waves 

direction and properties. Bragg's Law, first formulated by W.H. Bragg in 1912, 

states the condition for the diffraction of an incident beam of monochromatic X-rays 

by the successive atomic planes in a crystal. When a collimated beam of 

monochromatic X-rays with a wavelength λ interacts with a crystal, penetrating its 

structure and being partially scattered by successive atomic planes. For a specific 

interplanar spacing d, there is a distinct angle θ where the scattered X-rays from 

consecutive planes align in phase, creating a coherent wavefront as they exit the 

crystal. Ie, If the path difference between waves reflected from successive planes is 

an integer multiple of the wavelength, these waves will constructively interfere, 

producing a strong reflected beam. This condition for constructive interference is 

given by Bragg's law, 
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        nλ = 2dsinθ……………………………………....2.1 

where n is an integer representing the order of the reflection, λ is the wavelength of 

the X-rays, d is the interplanar spacing, and θ is the angle of incidence that satisfies 

the condition for constructive interference. Different materials have unique 

interplanar distances in three dimensions, which means that the angles at which they 

diffract X-rays are specific to each material [17,18]. By determining the peak 

positions and intensities of a specimen's diffraction pattern and calculating the 

corresponding interplanar spacings using Bragg’s law, we can identify the 

constituent phases of an unknown sample. This identification is achieved by 

comparing the recorded interplanar spacing values and strongest peak intensities 

with those in the international centre for diffraction data (ICDD) database. 

 

Fig.2.5 Schematic of X-ray diffraction based on Bragg's law. 

The average crystallite sizes (D) for all the samples were determined using the well-

established Scherrer formula 

  D = 
��

�����
……………………………………….(2.2) 

where K -Scherrer constant, λ -incident ray wavelength (= 0.15408nm), β - FWHM 

in radian, and θ - diffraction angle.  

The effect of dopant can cause a strain in the lattice of Cu2Se which can be 

calculated using the formula, 
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                                        Microstrain ε = 
� ����

�
  …………………………………(2.3) 

and    Dislocation density δ = 
�

��……….......…………...…….(2.4) 

In addition to sample dependent effects, XRD peaks can also broaden due to 

instrumental factors, known as instrumental broadening. It is crucial to account for 

instrumental broadening to obtain accurate diffraction patterns and properly discern 

the physical broadening contribution. Instrumental full width at half maximum 

(FWHM) (βi) was calculated using a standard silicon sample with exactly the 

same measuring parameters as those used for the sample. Then the Gaussian 

correction is used to obtain the true broadening by using the equation 2.5. 

β�
�+β�

� = β�
� ………………………………..….......(2.5) 

where βS
 is the broadening related to the sample and βT is the total broadening. Then 

the instrumental broadening is subtracted from the total broadening to get the actual 

sample value. These βs values are then used for the calculation of all other structural 

parameters like microstrain crystallite size, dislocation density, etc.  

2.4.1.1. Instrumentation 

X-ray diffractometer consists of three primary components: an X-ray tube, a sample 

holder, and an X-ray detector. X-rays are produced in a cathode ray tube through the 

heating of a filament, which releases electrons. A high voltage is applied to 

accelerate these electrons toward the target material.  When the accelerated electrons 

collide with the target material, they have enough energy to dislodge inner-shell 

electrons from the atoms of the target. This displacement of inner-shell electrons 

leads to the emission of characteristic X-ray spectra, which are specific to the target 

material. Copper is the most common target material for single crystal diffraction, 

producing CuKα radiation with a wavelength of 1.5408 Å. These X-rays are 

collimated and directed onto the sample. As both the sample and detector rotate, the 

intensity of the reflected X-rays is recorded. When the incident X-rays meet the 

sample at an angle that satisfies Bragg's law, constructive interference occurs, 

resulting in a peak intensity [19]. The detector captures and processes the X-ray 
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signal, converting it into a count rate, which is then displayed on an output device 

such as a computer monitor or printer. In an X-ray diffractometer, the sample is 

positioned in the path of a collimated X-ray beam and rotates at an angle θ, while the 

detector, mounted on a movable arm, rotates at 2θ to detect the diffracted X-rays. 

The goniometer is the instrument used to maintain these angles and rotate the 

sample, ensuring precise alignment for accurate measurement. 

 

Fig.2.6 Diagram illustrating the diffractometer system. 

 

Fig.2.7 Rigaku-Miniflex 600 X-ray diffractometer. 
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We have used a Rigaku-Miniflex X-ray diffractometer, equipped with CuKα 

radiation (λ = 1.5408 Å), to investigate the structure of materials within the angular 

range of 20° to 80°. The diffractometer has a maximum power output of 600 W (40 

kV and 15 mA) for X-ray generation. The analysis is generally conducted at room 

temperature using the continuous mode of the X-ray diffraction method. X-ray 

diffractograms are then analyzed by comparing them with standard diffraction data 

to identify and characterize the materials. 

2.4.2. Raman spectroscopy 

Raman spectroscopy, named after its inventor C.V. Raman, is a versatile tool 

extensively used for the determination and identification of molecular structure. It 

overcomes many limitations of other techniques and can be used for both qualitative 

analysis, by measuring scattered radiation frequency, and quantitative analysis, by 

assessing the intensity of scattered radiation [20]. The technique involves measuring 

the frequency shift of light that has been inelastically scattered by a sample. Raman 

spectra are generated from the inelastic collision between incident monochromatic 

radiation and the molecules in a sample [20]. When incident photons interact with 

the molecules in the sample, they are scattered with changed frequencies. The 

majority of this scattered radiation maintains a frequency equal to that of the 

incident radiation, constituting Rayleigh scattering. The scattered light can either 

have a lower frequency than the incident light, known as Stokes Raman scattering, 

or a higher frequency, referred to as anti-Stokes Raman scattering. In the case of 

anti-Stokes scattering, the photon gains energy from the molecular bond when the 

bond is initially in an excited vibrational state. Stokes-shifted Raman bands involve 

transitions from lower to higher energy vibrational levels, making them more intense 

than anti-Stokes bands. Therefore, Stokes bands are typically measured in 

conventional Raman spectroscopy. In contrast, anti-Stokes bands are used with 

fluorescing samples, as fluorescence interferes with the measurement of Stokes 

bands [20]. This frequency shift reveals information about the vibrational modes of 

the molecules, facilitating the analysis of the sample’s molecular composition and 

structure. According to the Raman selection rule, a change in molecular 
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polarizability occurs when the constituent atoms are displaced from their 

equilibrium positions due to molecular vibrations [21]. 

 

Fig.2.8 Energy diagram illustrating Raman scattering (Rayleigh, Stokes, and anti-
Stokes). 

When a photon strikes a molecule, it interacts with the molecule's electric dipole. 

The induced dipole moment occurs as a result of the molecular polarizability, α 

which represents the deformability of the electron cloud around the molecule in 

response to an external electric field [22,23].  

The intensity of the Raman scattered radiation (IR) can be expressed as: 

  I�  ∝  υ� I� N �
��

��
�

�
……………………………….(2.6) 

Where I�  represents the incident laser intensity, N denotes the number of scattering 

molecules in a given state, υ is the frequency of the exciting laser, and Q signifies 

the vibrational amplitude. Only molecular vibrations that result in a change in 

polarizability during vibration or rotation are Raman active. In this context, the 
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change in polarizability with respect to variations in the vibrational amplitude, Q, 

must be greater than zero. 

��

��
 ≠ 0……………..……………………………..(2.7) 

The scattering intensity is proportional to the square of the induced dipole moment, 

which is equivalent to the square of the derivative of the polarizability.  

2.4.2.1. Instrumentation 

A Raman micro-spectrometer consists of an optical microscope coupled with a 

Raman spectrometer [23,24]. A Raman spectrophotometer comprises several 

essential components for its operation. The primary component is a monochromatic 

light source, typically a 532 nm green laser, used to excite the sample. An optical 

arrangement directs the laser beam onto the sample and collects the resulting 

scattered light. This scattered light is then analyzed by the spectrophotometer, which 

acts as a wavelength selector to differentiate between the various wavelengths 

present in the scattered light. In Raman imaging, the principle involves scanning the 

surface with a laser tuned to a specific wavenumber characteristic of a specific 

component in the mixture. As the focused laser beam interacts with a specific 

element in the sample, the corresponding Raman response is measured, while signals 

from unrelated elements are filtered out. Finally, a charge-coupled device (CCD) 

detector collects the data, allowing for the detailed analysis and interpretation of the 

Raman spectra. The precise focusing of the incident laser light through the 

microscope's objective concentrates the laser energy onto a highly confined region. 

To prevent damage from thermal and photo-induced effects on the samples, it is 

essential to use low laser energy. Therefore, improving signal collection requires an 

objective with a wide solid angle and a short focal length [25]. In this study, the 

Raman spectra of the samples were measured using a Jasco NRS 4100 micro-Raman 

spectrometer with a 532 nm green laser at room temperature. 
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Fig.2.9 Diagrammatic representation of a micro-Raman spectrometer. 

 

Fig.2.10 Jasco NRS 4100 micro-Raman spectrometer. 

2.4.3. Scanning electron microscopy 

The scanning electron microscope (SEM) is a highly flexible tool used for 

examining and analyzing microstructural morphology and chemical composition 

[26]. The SEM is commonly employed to examine the surface structure and 

chemistry of various biological and synthetic materials at micrometer to nanometer 

scales. Its user-friendly nature, typically simple sample preparation, and clear image 

interpretation along with high resolution, extensive depth of field, and capabilities 
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for microchemical and crystallographic analysis make this as one of the most 

effective and versatile characterization techniques [26].  Another key feature of this 

technique is the 3D appearance of the specimen, which is a direct consequence of its 

large depth of field [27]. SEM operates on the principle of directing a focused beam 

of high energy electrons onto a specimen. The interactions between the incident 

electrons and the specimen can be categorized into elastic and inelastic scattering. 

Elastic scattering involves the deflection of electrons by atomic nuclei or outer shell 

electrons, resulting in backscattered electrons (BSEs) that provide compositional and 

topographic information. Inelastic scattering transfers significant energy to specimen 

atoms, leading to the emission of secondary electrons (SEs) with energies less than 

50 eV, which are primarily used for imaging surface features. These secondary 

electrons, which are slowed upon striking the specimen's surface, are collected by a 

detector. The resulting secondary electron signal is used to create a magnified image 

of the specimen, revealing its morphology and topology. The SEM can also detect 

other signals such as characteristic X-rays and Auger electrons for additional 

analysis. 

2.4.3.1. Instrumentation 

The primary components of the SEM include the electron column, specimen 

chamber, and computer control system, as depicted in Fig. 2.11. The SEM 

instrumentation may include secondary and backscattered electron detectors, an 

energy-dispersive X-ray spectrometer (EDS), a low vacuum detector, and an 

electron backscattered diffraction (EBSD) detector, among other components. While 

some of these components are not necessary for basic imaging, they become 

increasingly important for advanced microscopy applications. An electron beam is 

generated by an electron source and accelerated toward the specimen using a 

positive electrical potential. The accelerating voltage, which ranges from 2 to 30 kV 

depending on the sample and analysis requirements, controls the force of the 

electrons. Early SEM systems typically utilized tungsten "hairpin" or lanthanum 

hexaboride (LaB6) cathodes. However, modern SEMs increasingly favour field 

emission sources, which offer improved current and reduced energy dispersion. A 
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high vacuum is essential for the operation of a field emission gun, making it costly. 

However, this setup provides greater brightness and higher resolution. The beam 

emitted from the gun is too broad to generate a clear and well-defined image, so the 

SEM is equipped with lenses to compress the spot and direct the focused electron 

beam onto the specimen. The beam is then focused and confined by metal apertures 

and magnetic lenses, creating a thin, monochromatic beam that is directed onto the 

specimen. The condenser lenses, situated after the beam passes the anode, converge 

the beam to a focal point and along with the accelerating voltage, control the 

intensity of the beam on the specimen. Deflection coils within the objective lens 

direct the electron beam across the specimen, producing a clear image. Secondary 

electrons emitted from the specimen are drawn toward a detector because of its 

positive charge. Detectors in the SEM capture signals resulting from the interaction 

between the electron beam and the specimen. These signals are converted into 

digital images by electronic detectors. Commonly collected signals include 

secondary electrons detected by the Everhart–Thornley detector, backscattered 

electrons detected by a solid-state detector, and X-ray signals captured by an energy 

dispersive spectrometer (EDS) [28].  

 

             Fig.2.11 Diagrammatic representation of a scanning electron microscope. 
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In this work, the morphology of the synthesized samples was examined using a 

Gemini SEM 300 field emission scanning electron microscope (FESEM). 

 

Fig.2.12 Gemini SEM 300 field emission scanning electron microscope (FESEM). 

2.4.4. EDS spectroscopy  

Most scanning electron microscopes (SEMs) are equipped with energy-dispersive X-

ray spectrometers (EDS) for chemical analysis, which detect characteristic X-rays 

produced by the incident electron beam [26]. EDS utilizes the X-ray spectrum 

emitted by a solid sample when it is bombarded with a focused electron beam for the 

identification and quantification of chemicals present at detectable concentrations. 

When the primary electron beam interacts with the specimen material, it generates 

characteristic X-rays and background X-rays, together forming an X-ray signal. This 

signal is collected by an X-ray detector, which measures its energy and intensity 

distribution. The detector, typically an EDS spectrometer, analyses these X-rays to 

identify the elements present and determine their concentrations within the 

examined region of the specimen [27]. It can detect elements from Beryllium (Be) 

(atomic number 4) to Uranium (U) (atomic number 92), though some instruments 

may miss lighter elements [29].  
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The inelastic interaction of the electron beam within the specimen generates two 

types of X-rays. Characteristic X-rays are produced when incident electrons eject 

inner shell electrons from the atoms, and electrons from higher energy levels fill 

these vacancies, emitting X-rays with energy corresponding to the difference 

between the shells involved (e.g., Kα, Kβ). These X-rays appear as distinct peaks in 

the energy spectrum. Continuum (Bremsstrahlung) X-rays arise from interactions 

between the incident electrons and the nuclei of the specimen atoms, creating a 

broad background in the spectrum. The EDS spectrometer detects these X-rays, 

measures their energy and intensity, and generates a spectrum that reveals peaks 

corresponding to the characteristic X-rays of the elements in the specimen. This 

analysis facilitates both qualitative and quantitative determination of the specimen's 

elemental composition.  

 

Fig.2.13 Schematic representation of the working principle of energy dispersive X-
ray spectroscopy (EDS). 

2.4.4.1. Instrumentation 

Typically, SEM instrumentation includes an EDS system for chemical analysis. The 

primary component of the EDS system are: an X-ray detector that detects and 

transforms X-rays into electrical signals. A pulse processor examines electrical 

signals to estimate the energy of each detected X-ray and, a multi-channel analyzer 

(MCA) shows and interprets X-ray data. When an X-ray photon is absorbed by the 

detector, it generates a photoelectron that creates electron-hole pairs in a single 
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crystal. This process results in a charge pulse, which is then converted into a voltage 

pulse by a preamplifier. The voltage pulse, which is proportional to the energy of the 

incoming X-ray photon, is subsequently amplified and shaped by a linear amplifier. 

Each atom emits a distinct amount of energy during the transition process, enabling 

element identification by measuring the energy of emitted X-rays. The processed 

signal is then analyzed by the MCA, which displays the data as a histogram of 

intensity versus voltage. X-ray spectra are shown with energy (in keV) on the x-axis 

and the number of counts on the y-axis as shown in the Fig.2.14. 

 

Fig.2.14 EDS spectra of Cu2Se. 

2.4.5. Transmission electron microscopy 

Transmission electron microscopy (TEM) is an advanced technique that provides 

detailed information about the microstructural properties of materials, including 

atomic orientations through crystal diffraction patterns [30]. TEM can magnify 

objects up to 50 million times, offering atomic-scale resolution far beyond the 

capabilities of optical microscopes, which are limited by the visible light spectrum 

[31]. This exceptional resolution is due to the much shorter wavelengths of 

electrons, which are approximately 100,000 times smaller than those of visible light. 

A focused electron beam passes through an ultrathin sample, typically less than 

100nm thick, with the transmitted electrons being detected to generate high-

resolution images. These images reveal intricate details of the sample's internal 
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structure, crystal arrangement, atomic configuration, and the positions of individual 

atoms [32]. However, since electrons have limited penetration ability, the specimen 

must be extremely thin, usually no thicker than a few 100 Å. In some cases, slightly 

thicker samples can be used in high-voltage electron microscopes. In contrast to 

scanning electron microscopy, which only provides information about a specimen's 

morphology, TEM can reveal detailed insights into its structure, crystallization, 

morphology, and strain in the lattice planes. However, preparing specimens for TEM 

can be more time-consuming, as it requires samples to be thin and semi-transparent 

to electrons. 

 

Fig.2.15 Interactions of the incident electron beam with the TEM sample. 

There are two modes of operation for a standard TEM microscope: image mode and 

diffraction mode [33]. In image mode, a high-resolution image of the sample is 

generated by projecting the transmitted electrons onto a camera once the electron 

beam has passed through the sample. Conventional TEM employs three imaging 

modes: bright-field, dark-field, and high-resolution electron microscopy, also 

referred to as phase-contrast mode. In diffraction mode, the interaction of the 

electron beam with the sample generates a diffraction pattern, which is displayed on 

a fluorescent screen. This pattern is similar to an X-ray diffraction pattern. A single 

crystal produces a distinct spot pattern, a polycrystalline material forms concentric 

rings or a powder pattern, and an amorphous or glassy material shows diffuse halos.  
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2.4.5.1. Instrumentation 

The TEM operates through a high-resolution imaging system consisting of three 

main components: the electron gun, the image-producing system, and the image-

recording system [34]. The electron gun generates the electron beam by emitting 

electrons from a heated tungsten filament (cathode), which is controlled by a 

Wehnelt cylinder and focused towards an anode with high voltage. The electron 

beam passes through an aperture and is refined by a condenser lens system that 

focuses it onto the specimen. Two condenser lenses are employed to produce a 

smaller, high-magnification image, which is then directed to the objective lens. The 

image-producing system includes the objective, intermediate, and projector lenses, 

as well as a movable stage that holds the specimen. The objective lens, with a short 

focal length, creates an intermediate image from the transmitted electrons, which is 

further magnified by the projector lens to produce high resolution imaging. These 

lenses require stable, high power supplies to ensure optimal resolution. The image-

recording system features a fluorescent screen to display the image and a digital 

camera for permanent recording. To maintain the integrity of the electron beam, a 

vacuum system is used to prevent air molecules from interfering. The resulting 

image is typically monochromatic (black and white) but can be digitally processed 

to produce colour images for better visualization, identification, and characterization 

of the specimen. As the electron beam passes through the thin specimen, it is 

scattered and transmitted by the atomic structure, creating contrast in the image 

based on the degree of electron scattering. In our study, HRTEM images of the 

samples were captured using a Jeol/JEM 2100 high-resolution transmission electron 

microscope. 
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Fig.2.16 Schematic diagram of a transmission electron microscope. 

 

Fig.2.17 Jeol/JEM 2100 high-resolution transmission electron microscope. 
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2.4.6. Ultraviolet-Visible spectrophotometer 

In ultraviolet-visible (UV-Vis) spectroscopy, the absorption of light as a function of 

wavelength provides insights into electronic transitions within a material. For 

semiconductors, this technique is useful for estimating the optical band gap by 

examining electronic transitions between the valence band and the conduction band. 

During the measurement, the sample is illuminated with electromagnetic rays of 

various wavelengths, covering the visible (Vis) range as well as the adjacent 

ultraviolet (UV) and lower infrared (near IR) regions of the spectrum. The substance 

partially absorbs this light, and the remaining transmitted light is recorded as a 

function of wavelength by a suitable detector. This process generates the sample's 

UV-Vis spectrum. The spectral range of a UV-Vis spectrometer typically spans from 

190 nm to 900 nm. High-end commercial spectrophotometers can extend this range 

into the near-infrared (NIR) region, reaching up to 3300 nm, allowing for the 

measurement of the NIR properties of the material under investigation. 

The interaction of light from the UV-Vis-NIR region with solids is considered 

complex due to absorption and scattering phenomena. Many of these challenges are 

effectively overcome by utilizing methods such as diffuse reflectance spectroscopy 

(DRS). In the current research work, the DRS technique is employed to estimate the 

optical band gap of the synthesized samples. This method relies on the reflection of 

light from a powdered sample, where the size of the individual particles is similar to 

the wavelength of the light, typically ranging from 0.2 to 3 µm [35,36]. Diffuse 

reflection results from single, multiple, and dependent scattering, with the dependent 

scattering involving multiple scattering events where the phase coherence of the 

scattered photons is preserved [37]. The reflectance R is defined as the ratio of the 

total intensity J0 of light reflected from a sample to the total intensity I0 of the 

incident light. Mathematically, it is expressed as  

R =
��

��
…………………………….…………..(2.8) 

In the presence of both scattering and absorption, the amount of light backscattered 

in a unit volume of the illuminated material is described by the scattering coefficient 
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S(λ) while the light absorbed in the unit volume of the specimen is characterized by 

the absorption coefficient K(λ) These effects are combined in the Schuster-Kubelka-

Munk (SKM) equation. 

F(R�) =  
(����)�

���
=  

�

�
………………………..(2.9) 

where R∞ represents the reflectance of an "infinitely" thick sample. The SKM 

function replaces the Bouguer-Lambert-Beer law, facilitating the determination of 

absorbed radiation loss in materials with strong scattering properties. 

The correlation between the energy band gap (Eg) and the absorption coefficient (α) 

for direct band transitions is given by Tauc's relation, 

                                                     (αhυ)� = A�hυ − E��………….…..………..(2.10) 

Here A and n represent a constant, and the nature of the electronic transition, 

respectively. For direct allowed transitions, n=1/2, for direct forbidden transitions, 

n=3/2, for indirect allowed transitions, n=2, and for indirect forbidden transitions, 

n=3. The optical band gap of the material can be estimated by extending the straight-

line portion of the graph plotted between (hν) versus (αhν)2 to the energy axis [38].  

2.4.6.1. Instrumentation 

In DRS, the instrumentation involves measuring the ratio of light scattered from an 

infinitely thick layer of the sample to that from an ideal non absorbing reference 

sample (Teflon) as a function of wavelength. When powdered samples are 

illuminated by incident radiation, the material experiences diffuse illumination. This 

incident light is then partially absorbed and partially scattered diffusively by the 

catalyst particles. The UV-visible spectrophotometer essentially comprises four key 

components: a light source, a sample holder, a diffraction grating, and a detector.  A 

double-beam UV-Visible-NIR spectrophotometer operates with two light sources: a 

deuterium lamp for UV light (160-375 nm), and a tungsten halogen lamp for visible 

and near-infrared (NIR) light (350-2500 nm), providing a continuous spectrum 

across these ranges. The light from these sources is first separated into its 

component wavelengths using a monochromator. The resulting spectrum is then 
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split into two equal intensity beams by a beam splitter. One beam is directed through 

the sample under investigation, while the other is directed through a reference 

sample. The two beams are then recombined, and the differences in their intensities 

are measured. The reflected light is detected using different detectors: a 

photomultiplier tube (PM) for the UV-Vis region (200-800 nm) and a lead sulfide 

(PbS) detector for the NIR region (750-3000 nm). Additionally, modern DRS 

instruments may employ photodiode arrays (PDA) and charge-coupled device 

(CCD) detectors, which cover the 200-1100 nm range, enabling simultaneous 

acquisition of the entire spectrum. In this thesis work, DRS spectra of the samples 

were obtained using a Cary 5000 high-performance UV-Vis-NIR spectrophotometer, 

covering a wavelength range from 200 to 1100 nm. 

 

Fig.2.18 Schematic diagram of a UV-Visible spectrophotometer. 

 

     Fig.2.19 Carry 5000 high-performance UV-Vis-NIR spectrophotometer. 
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2.4.7. Hall measurement 

The Hall effect, discovered by Edwin Hall in 1879, is a key tool for studying the 

transport properties of charge carriers in semiconductors such as carrier 

concentration and mobility [39]. It occurs when a magnetic field is applied 

perpendicular to the current flow through a material, generating a voltage across the 

material that is perpendicular to both the magnetic field and the current, due to the 

Lorentz force acting on moving charge carriers. In 1906, Gans provided the first 

successful explanation of the Hall effect, demonstrating that the Hall coefficient 

(RH) is inversely proportional to the free-carrier concentration (n). The relationship 

is given by the equation  

  R� =  
��

��
…………………….………………..(2.11) 

where e is the elementary charge and rH is the Hall scattering factor. This inverse 

dependence forms the basis for using the Hall effect to measure the carrier 

concentration in materials, particularly in semiconductors [40]. The Hall effect 

arises when a magnetic field is applied perpendicular to the direction of current flow 

in a conductor. In the absence of this magnetic field, the current flows evenly along 

the length of the sample. However, when the magnetic field is introduced, the charge 

carriers in the conductor experience a Lorentz force, which deflects them towards 

the edges of the sample. This deflection causes a buildup of charge on the edges, 

creating an electric field that opposes the magnetic force. The system reaches 

equilibrium when the electric field force counteracts the Lorentz force, resulting in a 

measurable voltage known as the Hall voltage [41]. It is schematically represented in 

the Fig. 2.20. This voltage is detected across the sides of the sample that are oriented 

parallel to the current flow, providing valuable information about the carrier 

concentration and the nature of the material.  

The Hall coefficient (RH) is a material property that indicates how its free charge 

carriers react to a magnetic field. It is defined as the ratio of the transverse electric 

field (EH) to the product of the current density (J) and the magnetic field strength 

(B).  
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  R� =
��

�×�
 ………………………………………(2.12) 

EH is the Hall electric field, which is the electric field perpendicular to both the 

current density and the magnetic field strength. J is the current density, representing 

the current per unit area of the conductor's cross-section and B is the magnetic field 

strength. The Hall coefficient is positive for p-type semiconductors and negative for 

n-type semiconductors.  

 

Fig.2.20 Schematic illustration of the Hall effect. 

2.4.7.1. Instrumentation 

The core of the setup includes a sample holder with precise contact points, often 

using spring-loaded probes or other types of contacts, to ensure accurate electrical 

measurements. Gold-coated contacts are ideal for measuring very low voltages and 

currents. A permanent magnet or electromagnet is employed to create a magnetic 

field of known strength, which is essential for inducing the Hall voltage. It utilizes a 

four-point probe configuration in the Van der Pauw arrangement to accurately 

measure electrical transport properties such as carrier concentration and mobility. 

The measurements require four ohmic contacts to be placed on the sample, ideally 

positioned at the sample's boundary. For optimal accuracy, these contacts should be 

as small as possible to minimize their impact on the measurement results. In this 

study, the carrier concentration was estimated using the Ecopia HMS 5500. The 
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measurements were conducted on pellet sample with dimensions of 13 mm 

diameter, using spring-loaded gold probes with silver dot contacts positioned at 

equidistant corners. A permanent magnet, providing a flux density of 0.51 Tesla, 

was used to apply the magnetic fields necessary for the Hall effect measurements. 

The system uses a constant current source to supply current, with the ability to adjust 

according to the sample's resistance. It can provide direct current in a range from 1 

nA to 20 mA, ensuring compatibility with various sample resistivities and allowing 

for precise Hall effect measurements. 

 

Fig.2.21 Ecopia HMS 5500. 

2.4.8. Thermoelectric measurement 

In thermoelectric measurement systems, while the ZT is difficult to measure directly 

in experiments, it can be calculated using the measured Seebeck coefficient (S), 

electrical conductivity (σ), and thermal conductivity (κ). Both S and σ can be 

measured simultaneously using a thermoelectric measurement system.  The 

fundamental aspect of Seebeck measurement involves determining the voltage 

difference (∆V) across a sample subjected to a constant temperature gradient (∆T) at 

a specific average temperature (T). The Seebeck coefficient (S) is then calculated as 

the ratio of ∆V to ∆T. 
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S =  
∆�

∆�
…………………..……………………..(2.13) 

Both voltage and temperature are measured at the same nominal points on the 

sample [42]. For a specimen under a temperature gradient, temperatures at points A 

and B are measured using two thermocouples to determine the temperature 

difference (∆T = TB - TA). The voltage difference (∆V) between points A and B is 

measured using the positive (or negative) wires of the two thermocouples. Typically, 

at least three pairs of ∆V and ∆T are collected to plot the curve [43]. The slope of 

the curve represents the measured Seebeck coefficient (SM), at the average 

temperature (TA + TB)/2. The metal wires themselves have their own Seebeck 

coefficients (SW), which must be subtracted from SM to determine the material’s 

Seebeck coefficient (S). While commercial instruments automatically apply this 

correction, it is often overlooked in homemade setups. Electrical resistivity is 

measured using the standard four-probe method. This approach calculates the 

electrical resistivity with the formula 

   ρ =
�×�

�
 σ…………………………………………(2.14) 

where R represents the electrical resistance between points A and B, A is the cross-

sectional area of the sample, and d denotes the distance between the probes. The 

measurement system automatically selects the optimal current value for measuring 

the resistivity of the sample. 

2.4.8.1. Instrumentation 

In this study, a ULVAC ZEM 3-M8 instrument was employed to simultaneously 

measure the Seebeck coefficient and electrical conductivity of thermoelectric 

materials. This instrument is capable of evaluating the thermoelectric properties of a 

diverse range of materials, including semiconductors, ceramics, and metals. 

Electrical resistivity is determined using the four-probe technique. The system 

utilizes an ADCMT-6146 DC source for supplying current and a KEITHLEY-2010 

multimeter for voltage measurement. The sample is placed between electrodes fixed 

to the upper and lower blocks, which are used to apply the temperature. A 
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microheater at one end of the sample maintains the temperature gradient across it. 

The system utilizes an infrared gold image furnace known for its superior 

temperature control, along with a micro heater to manage temperature differences 

precisely. Temperature measurements are taken using thermocouple probes made of 

platinum rods positioned on the sample's side. To avoid oxidation, the sample is kept 

in a helium atmosphere at a low pressure of 10-3 Torr. The measurement range 

extends from room temperature (RT) to 900°C measurements are controlled by a 

computer, enabling precise control over temperature differences at specific 

temperatures and automating the process to eliminate dark electromotive forces. 

Additionally, it features a standard ohmic contact self-check function, which is 

monitored through a voltage-current (V-I) plot to ensure accurate measurements. 

 

Fig.2.22 Schematic illustration of S and σ measurements. 

 

Fig.2.23 ULVAC ZEM 3-M8 thermoelectric measurement system. 
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2.4.9. Thermal conductivity measurement 

Thermal conductivity (κ) is a material property that quantifies the rate at which heat 

is conducted through a material. It is defined as the amount of heat (Q) transferred 

per unit time (t) through a unit cross-sectional area (A) of the material, given a unit 

temperature gradient (dT) perpendicular to that area [44]. Whenever a thermal 

gradient exists within a material, heat transport occurs in an attempt to equalize the 

gradient. This process of heat transfer is characterized by the thermal conductivity 

coefficient (κ), which is defined as 

Q = −κA �
��

��
�…………………………………(2.15) 

Where dT represents the differential temperature across the sample, while dx 

denotes the differential thickness of the test sample. It predicts the rate of energy 

loss through a material and is typically measured in units of Wm⁻1K⁻¹.  

In a crystal, heat is transported by phonons, which are the fundamental excitations of 

the system. The thermal conductivity can be described as [45] 

      κ = �
�

�
� C� υ λ……………..………………….(2.16) 

Where C� is the specific heat at constant volume, υ and λ represent the mean 

velocity and mean free path of the carriers, respectively. 

To determine the thermal conductivity of metals, early methods involved heating a 

rod at one end and measuring the temperature gradient with thermocouples placed 

along its length [46]. Experimental techniques for measuring thermal conductivity 

are divided into two main types: steady-state and transient methods. Steady-state 

methods involve assessing heat flow and temperature gradients along a sample by 

taking temperature readings at various points. While these methods are accurate, 

they require lengthy equilibration periods and are not ideal for high temperatures. 

They also necessitate precise heat insulation or compensation systems. On the other 

hand, transient methods, like the hot-wire and flash techniques, use advanced 

instruments to monitor quick temperature changes, often aided by computer 
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analysis. The hot-wire method calculates thermal conductivity by measuring the 

temperature increase caused by a consistent heat source embedded in the material. 

 

Fig.2.24 Schematics showing divided-bar method. 

2.4.9.1. Instrumentation 

Several methods exist for determining thermal conductivity, one of which is the 

divided bar method which is a steady state technique [47]. In this approach, a sample 

is sandwiched between two metal rods, with the sample cross-section matching that 

of the metal rods. Heat is introduced at one end of the setup, passing through the 

first metal rod, then through the sample, and finally exiting through the second metal 

rod. Conditions are adjusted to ensure a steady state is reached. Temperatures are 

measured at specific points, labeled as A, B, C, and D, in the setup. These 

temperature readings are used to calculate the thermal gradient �
��

��
�

�
 within the two 

metal rods. By extrapolating the temperature gradients from lines AB and DC to the 

interfaces between the sample and the metal rods, the thermal conductivity of the 

sample  �
��

��
�

�
 can be determined. 

If the entire apparatus is placed in a chamber with minimal heat loss due to 

radiation, the thermal conductivity can be accurately determined by equating the 

heat flow through the metal blocks to that through the sample. 

we can derive,                       κ� A �
��

��
�

�
=  κ� A �

��

��
�

�
………………………(2.17) 
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   κ� =
��  �

��

��
�

�

  �
��

��
�

�

………………………...……….(2.18) 

��, the thermal conductivity of the sample is then calculated using this equation 

2.18.  

 

Fig.2.25 Variation of temperature with distance from one end of the block. 

 

Fig.2.26 Thermal conductivity measurement system. 
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Impact of Ni doping on the thermoelectric 
performance of Cu2Se crystallites 

 

 

 

 

 

 

 

 

This chapter investigates the enhancement obtained in the thermoelectric performance of 
Cu2Se through the strategy of doping. The inclusion of nickel in the Cu2Se lattice has a 
substantial influence on its structural, morphological, optical, electrical, and thermal 
transport properties. The strategy of modifying electronic band structures has been 
examined to enhance carrier transport by optimizing the balance between carrier mobility 
and effective mass, aiming to achieve advancements in thermoelectric applications     
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3.1. Introduction  

Cu2Se has emerged as a highly promising thermoelectric material due to its 

exceptional electrical properties and naturally low thermal conductivity. Its unique 

structure, where copper ions exhibit liquid-like mobility within a crystalline 

selenium lattice, plays a critical role in its thermoelectric behavior. This dynamic 

interaction between charge carriers and copper ions aligns with the phonon liquid 

electron crystal (PLEC) concept, offering an innovative approach to improving 

thermoelectric efficiency. Achieving high thermoelectric performance requires 

optimizing both electrical transport properties, such as the Seebeck coefficient and 

electrical conductivity, and phonon transport properties, like thermal conductivity. 

However, this is a challenging task because these parameters are interdependent. For 

example, increasing charge carrier concentration can improve electrical conductivity 

but may also reduce carrier mobility due to scattering, ultimately limiting 

thermoelectric performance. To overcome this, researchers are employing various 

strategies, including doping, composite engineering, energy filtering, 

nanostructuring, and advanced band engineering techniques such as band sharpening 

and band convergence, to decouple and optimize these interdependent transport 

characteristics for enhanced thermoelectric performance. Among these, doping is 

particularly effective which involves introducing controlled alterations to the 

material's electronic and structural characteristics. By precisely adjusting the charge 

carrier concentration and scattering mechanisms, doping helps to decouple these 

interdependent properties, enabling significant enhancements in thermoelectric 

performance. 

Doping is a widely employed technique to optimize thermoelectric performance by 

introducing acceptors or donors to modulate the type and concentration of charge 

carriers. The interaction between the dopant and charge carriers strongly influences 

the electronic transport properties, often enhancing electrical conductivity by 

increasing charge carrier concentration [1,2]. However, this approach poses 

challenges, as increasing carrier concentration often induces scattering, which 

diminishes carrier mobility. Since carrier mobility is intrinsically linked to both the 
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Seebeck coefficient and electrical conductivity, this reduction can hinder the overall 

enhancement of thermoelectric performance [3,4]. So, researchers are becoming 

more aware of the significance of maintaining carrier mobility in high performance 

thermoelectric materials. Band engineering techniques, such as band sharpening, 

band flattening, and band convergence, have emerged as effective strategies to 

achieve this balance [5–8]. Due to the inherent relationship between carrier mobility 

and effective mass, the electrical transport characteristics exhibit different behaviors 

in these band modification methods [9]. Band sharpening is a band structure 

modification approach that increases the mobility of charge carriers by lowering 

their effective mass [10].  This reduction in carrier effective mass improves the 

carrier mobility, resulting in high electrical conductivity. So, to obtain good 

electrical transport properties, we must rationally optimize these transport 

parameters.   

The selection of an appropriate dopant requires thorough investigation and 

characterization to optimize a material’s properties for specific applications. In this 

study, we focus on modifying the thermoelectric properties of Cu2Se by 

incorporating Ni as a dopant. Ni is considered a potential dopant for Cu2Se due to its 

ability to integrate into the lattice without affecting structural stability, suggesting 

suitability for long-term thermoelectric applications. Its smaller atomic size 

compared to Cu may introduce lattice strain, which could influence material 

properties depending on concentration. Ni doping is expected to impact carrier 

concentration, potentially altering electrical conductivity and thermal transport 

through phonon interactions. Additionally, its presence might influence the 

electronic band structure, hinting at possible changes in optical and electrical 

characteristics. These factors indicate that Ni doped Cu2Se could exhibit improved 

thermoelectric performance. 

To validate these, we systematically investigated the effect of Ni doping on the 

structural, morphological, optical, electrical, thermoelectrical, and thermal transport 

properties of Cu2Se. By varying the Ni concentration, we were able to fine-tune both 

carrier density and mobility. The incorporation of Ni into the interstitial sites of the 
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Cu2Se lattice led to a simultaneous enhancement of carrier concentration and 

mobility. This doping strategy introduced defects and disorders within the lattice, 

boosting the thermoelectric properties of Cu2Se. The synergistic effect of 

nanostructuring and band modification further enhanced the thermoelectric 

performance by reducing thermal conductivity while improving electrical transport 

properties, thereby achieving a notable increase in ZT [11].  

3.2. Experimental details 

Cu2Se nanoparticles were synthesized through a low temperature hydrothermal route 

as detailed in section 2.2.1. All experimental reagents of analytical purity were 

purchased and used for the synthesis of materials. Copper chloride dihydrate 

(CuCl2.2H2O, > 99%), nickel chloride hexahydrate (NiCl2.6H2O, > 98%), selenium 

metal powder (> 99.5%), sodium hydroxide (NaOH > 98%), sodium borohydride 

(NaBH4, > 96 %) purchased from sigma aldrich were used. To synthesize pristine 

Cu2Se, CuCl2.2H2O was mixed in 150 ml of deionized water at 500C. To maintain 

the pH at 10, NaOH is added dropwise to this solution. Se metal powder is used as a 

selenium precursor and sodium borohydride is chosen as the reducing agent to 

convert Se to Se2- ion. NaBH4 is a widely used reducing agent in various chemical 

processes, including the reduction of metal ions to create nanoparticles [12-14]. 

During this reaction, NaBH4 provides hydride ions (H-) to selenium (Se), initiating a 

reduction process that leads to the creation of a reduced selenium compound 

(Na2Se). This reaction can be represented as follows: 

                          (3.1)……………OBNa + 15H + SeNa O7H +NaBH4Se 7422
-2

224    

Simultaneously, hydrogen gas (H2) is produced as a secondary product, and sodium 

metaborate (NaBO2) is generated as well during the reaction. The overall reaction 

results in the formation of Cu2Se can be written as  

CuCl2·2H2O + 4NaOH + Se + 
4NaBH4 + 7H2O → Cu2Se + 4NaCl   

+ Na2B4O7 + 15H2…..........(3.2) 

To synthesize undoped Cu2Se, the stoichiometry between Cu and Se is fixed at 2:1. 

Here we choose 1.875g of CuCl2 2H2O, 0.4342g of Se metal powder, and 0.8493g 
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of sodium borohydride for the synthesis of pristine Cu2Se. The resultant solution 

was mixed thoroughly with a magnetic stirrer at 50⁰C for 1 hour. After the reaction 

is over the solution is transferred to an autoclave which is maintained at 150⁰C for 24 

hours. After heating it was allowed to cool down to room temperature. Then the 

precipitate was collected, separated by centrifugation, washed several times with 

deionized water and ethanol, and dried at 80°C under a vacuum overnight. For Ni-

doped samples, the concentration of CuCl2.2H2O and NiCl2.6H2O is varied. Nickel 

was introduced at different weight percentages (x=0.5, 1.0, 1.5, and 2.0 wt%) for 

doping, and, the same synthesis procedures were followed. All the synthesized 

powder was then densified by pressing into a circular pellet of 13mm diameter with 

3mm thickness using a hydraulic pelletizer with a force of about 10 tons in air. The 

densified pellet was sintered at 300°C for 3 hours were taken for further 

characterization. The structural, morphological, optical, and thermoelectric 

properties of the sintered pellets were thoroughly analyzed. Chapter 2 provides a 

detailed explanation of the synthesis procedures and the characterization methods 

utilized for this work. 

3.3. Results and discussion 

3.3.1. Phase and structure analysis 

Powder X-ray diffraction (PXRD) patterns of the Cu2Se samples doped with 

different nickel concentration (x= 0 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%) are 

shown in Fig.3.1. The diffraction peak at 26.79⁰, 30.98⁰, 44.44⁰, 52.63⁰, 64.70⁰, and 

71.23⁰ can be indexed to cubic planes of the Cu2Se phase (ICDD-03-065-2982) 

without the presence of any secondary phases, suggesting that Ni is incorporated 

into the Cu2Se lattice. The average crystallite size (D), Microstrain (ε), and 

dislocation density (δ) for all the samples were determined using the equations 

(equation 2.2-2.4) described in chapter 2.  
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Fig.3.1 PXRD pattern of undoped and Ni doped samples. 

The PXRD spectra show that the diffraction peaks of doped samples are somewhat 

displaced towards lower angles in comparison to undoped Cu2Se when the 

concentration of Ni2+ increases up to 1 wt%. According to Vegard’s law, a shift to a 

higher angle side is expected for Ni2+ as it is slightly smaller than Cu+. But Fig.3.2 

shows that the impact of Ni inclusion in Cu2Se results in a lower angle shift when 

the doping % increases to 1 wt%. Furthermore, it has been reported that relatively 

small atoms may cluster at interstitial sites and cause lattice distortions and strain 

[15,16]. Therefore, to determine the impact of Ni on the lattice, we calculated the 

microstrain and d-spacing, and Fig.3.3 illustrates how these variables changed with 

respect to Ni concentration. As the Ni content increases to 1 wt% there is an increase 

in both d-spacing and microstrain which indicates an expansion of the lattice. This 

implies that when the doping percentage increases up to 1 wt%, Ni2+ occupies the 

interstitial site rather than the substitutional site. Because Ni2+ ions (0.55Å) are 

typically smaller than Cu+ ions (0.60 Å), they have a strong tendency to occupy the 

interstitial sites of the Cu2Se lattice [17]. The lattice will slightly expand as cations 

are added to interstitial sites to occupy them, which increases the d-spacing.  Some 

Ni2+ dopant ions reside as interstitial ions rather than directly replacing Cu+ in the 

lattice up to a doping percentage of 1 wt%. This interstitial occupancy of Ni in the 
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Cu2Se lattice can cause microstrain, which results in the expansion of the lattice 

[18].  With further increases in Ni content, the peak position shifts by a very small 

angle toward higher 2θ, and microstrain and d-spacing decrease. Following Bragg's 

law, when smaller dopant atoms substitute at host sites, the d-spacing in the lattice is 

expected to decrease and diffraction peaks shift to higher 2θ [19]. This suggests that 

as the Ni content increases from 1 wt % Ni2+ will substitute at the Cu+ site. The 

presence of Ni in the Cu2Se lattice can be confirmed by calculating the lattice 

parameters. A shift to the lower angle side signifies an increase in the lattice 

parameter. To confirm this, we calculated the lattice parameters from the PXRD data 

which are shown as a function of Ni content in Fig.3.3 (b). Lattice parameters first 

increase up to a nickel content variation of 1 wt% and subsequently decrease. The 

increase in the lattice parameter is due to lattice expansion, which supports the 

presence of Ni in the interstitial site of Cu2Se since ionic radii of Ni2+ are smaller 

than Cu+.  At higher doping content the lattice parameters decrease which indicates 

the substitution of Ni2+ in the Cu+ sites.  

 

 

 

  

 

 

 

 

 

  

Fig.3.2 Shift observed in the 220-reflection peak with increasing nickel 
concentration. 



Impact of Ni doping on the thermoelectric performance of Cu2Se crystallites 

 

 89

  

Fig.3.3 Variation of (a) microstrain and d-spacing (b) lattice constant with nickel 
concentration. 

 

Fig.3.4 Raman spectra of undoped and Ni doped samples. 

Fig.3.4 shows the Raman spectra of pristine and Ni doped Cu2Se samples recorded 

at room temperature. The observed Raman modes for all samples are consistent with 

the previously reported values [20,21]. There was only one prominent peak cantered 

~ 259 cm-1, (1LO phonon frequency of Cu2Se) which can be attributed to Cu-Se 

stretching vibration in Cu2Se [22,23]. There is no vibrational mode corresponding to 

nickel in any of the spectra, confirming the phase purity of the doped samples. The 
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absence of a peak at 237.3 cm-1 also shows that there is no residual amount of 

selenium present in the samples [24]. Raman investigations reveal that the Ni atoms 

were effectively incorporated in the Cu2Se lattice during hydrothermal growth and 

hence no substantial influence on the final composition is detected. The increase in 

the intensity of the Raman peaks is observed as the doping % of nickel is increased. 

Similar to PXRD results, when the doping percentage increases to 1 wt%, we can 

observe a shift in the Raman spectra to a higher frequency, followed by a shift to a 

lower frequency which is consistent with the PXRD results. This higher frequency 

shift corresponds to decreased bond length with increased doping, and vice versa. 

The occurrence of dopants at the interstitial site or substitution causes lattice 

distortion which might affect the bond length of Cu-Se. The nickel incorporation 

leads to a modest Raman shift with changes in peak width, as seen in Fig.3.4 

indicating that the nickel inclusion is responsible for the improvements in the 

thermoelectric properties. 

The peak shift observed relative to pristine Cu2Se, resulting from the strain induced 

by Ni doping in the Cu₂Se lattice, is determined using the following equation 3.3 

[21]. 

  ϵ =
����

Г
………………..……………………….(3.3) 

Γ is the FWHM of the Raman peak measured in cm-1, ω denotes the Raman 

frequency for the doped samples, and ω0 is the reference Raman frequency of 

pristine Cu2Se.  

Phonon relaxation time τ can be calculated using the equation 3.4. 

�

�
=  

∆�

�
= 2πcГ………………………………….(3.4) 

ΔE represents the uncertainty in the energy of the phonon mode, while h is the 

Planck constant, and c denotes the velocity of light. The Raman peak position, 

FWHM, along with the calculated strain (ϵ) and phonon relaxation time (τ) for the 

various doped samples, are presented in table 3.1.  
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Table 3.1: Variation of Raman frequency (ω), FWHM (Γ), strain (ϵ), and phonon 
relaxation time (τ).  

Sample ω (cm-1) Г(cm-1) � (cm-1) τ (ps) 

x=0 259.23 34.35 0.00 0.15 

x=0.5 261.01 32.07 0.06 0.17 

x=1 261.52 26.93 0.02 0.19 

x=1.5 258.79 26.18 -0.12 0.20 

x=2 257.88 26.90 -0.23 0.19 

 

The strain values indicate that as the doping level increases to 1.5 wt% Ni, the strain 

initially decreases. However, with further doping, the strain increases, suggesting 

lattice expansion, possibly due to the substitution of Ni in the Cu2Se lattice. This 

change in strain influences phonon behavior, with τ increasing from 0.15 ps to 0.20 

ps and then decreasing, which in turn impacts the thermal conductivity of the 

samples. 

3.3.2. Morphological studies 

Fig.3.5 shows the morphology of synthesized materials using high-resolution 

FESEM.  Fig.3.5 (a) shows that the pristine Cu2Se have an irregular nanoflakes like 

morphology. The inset in Fig.3.5 (a) clearly reveals a dense array of well-formed 

nanoflakes. The dopant has a substantial influence on the morphology of samples, it 

deviates with the addition of Ni, as seen in Fig.3.5. As the dopant is introduced into 

the pristine lattice the structure is transformed into an agglomerated one. The flake-

like morphology breaks down as the dopant concentration increases, resulting in 

dense particle agglomerations. The change in morphology shows that doping Ni2+ 

brings more defects and disorders which may affect the thermoelectric performance 

of the system.  
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Fig.3.5 FESEM images of (a) undoped Cu2Se, and samples doped at (b) 0.5 wt% Ni, 
(c) 1 wt% Ni, (d) 1.5 wt% Ni, (e) 2 wt% Ni.   

The composition of the synthesized samples was identified using the EDS analytical 

technique as shown in Fig.3.6. Only the peak corresponding to Cu and Se is detected 

in pristine samples. For all the doped samples no peaks associated with elements 

other than Cu, Se, and Ni are observed, revealing the pure phase formation of Cu2Se 

which is compatible with the XRD and micro Raman results. EDS mapping in 
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Fig.3.7 (a-d) illustrates the distribution of Cu, Se, and Ni in the Cu2Se matrix for the 

1.5 wt% Ni-doped sample. The maps confirm the successful incorporation of Ni, 

showing its random and uniform distribution throughout the matrix. 

 

  

 
 

Fig.3.6 EDS spectra of (a) undoped Cu2Se, and samples doped at (b) 0.5 wt% Ni, (c) 
1 wt% Ni, (d) 1.5 wt% Ni, (e) 2 wt% Ni.   
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Fig.3.7 EDS elemental mapping for the Cu2Se sample with 1.5 wt% Ni showing (a) 
the combined distribution of all elements, (b) the distribution of Cu, (c) Se, and (d) 
Ni. 

3.3.3. Thermoelectric measurement studies  

Temperature dependence on the Seebeck coefficient, electrical conductivity, and 

power factor are shown in Fig.3.8. The positive sign of the Seebeck coefficient 

confirms the p-type nature of the doped samples. With increasing dopant 

concentration, the electrical conductivity increases, while the Seebeck coefficient 

decreases concurrently for up to 1 wt% of dopant concentration. At higher doping 

concentrations Seebeck coefficients of the sample increase and approach near the 

value of pristine Cu2Se. Impurity doping is a typical approach for tuning the 

semiconductor properties by adding impurities with acceptor (positively charged) or 

donor (negatively charged) charge carriers. Normally, Ni2+ substitution at the Cu+ 

site reduces p-type conductivity [25]. Here, we can see an increment in the electrical 

conductivity with Ni doping as compared to pristine Cu2Se. The results showed that 
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electrical conductivity increased in low-doping regions as Ni content increased 

while the conductivity decreased as the doping content increases from 1 wt%. Due 

to increased degeneracy and intervalley scattering, mobility should typically decline 

as carrier concentration rises. This is a real concern for TE performance optimization 

in most TE materials [26].  

  

 

Fig.3.8 Temperature dependence of (a) electrical conductivity (b) and Seebeck 
coefficient (c) power factor of the synthesized samples. 

The temperature dependence of carrier concentration and mobility are shown in 

Fig.3.10.  Here simultaneous enhancement of carrier concentration and mobility can 

be observed for doping concentration up to 1 wt%. Such an increment is reported by 

Lou et al. in In4Se2.5 with iodine doping [27]. According to the PXRD studies, at this 

doping %, Ni ions may choose to occupy interstitial positions rather than 

substitution. Similarly, up to that doping %, we can see an improvement in both 
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carrier concentration and mobility resulting in an increase in electrical conductivity. 

The interstitial Ni ion causes a simultaneous increase in carrier concentration and 

mobility in these samples, which makes TE performance significantly improved. 

Here the Ni2+ is a donor type dopant in the Cu2Se lattice. So it should obviously 

decrease the electrical conductivity. We observed a reduction in conductivity when 

the nickel level increased over 1 wt% due to the substitution of Ni2+ in Cu+ sites. 

However, an anomaly is observed at low Ni doping content. We were able to 

demonstrate through structural analyses that, at these doping percentages, Ni 

occupies interstitial sites rather than Cu+ sites. Therefore, we must verify how Ni 

interstitial improves conductivity in Cu2Se. This can be explained by the possibility 

of 3d and 3d interaction between Cu+ and Ni2+ in the Cu2Se samples. The 

mechanical impact of introducing an impurity causes strain, which further 

redistributes the conduction electron around the impurity ion [28]. When Ni2+ occurs 

at the interstitial sites of Cu2Se, there will be electrical coulomb repulsion between 

the Ni and nearby Cu ions.  The valence orbital (3d) of Ni 2+ may interact with the 

valence orbital (3d) of Cu+ ion results in a d-d orbital repulsion, which forces the Cu 

atoms out of their positions, resulting in the formation of numerous acceptor-type 

copper vacancies as shown in Fig.3.9. This increases the total p-type carrier 

concentration and, as a result, the p-type conductivity [29]. The conductivity 

increases with increasing doping density up to 1 wt% Ni, but beyond that, the 

conductivity begins to decrease due to the substitution of Ni2+ in the Cu+ sites. This 

is supported further by the carrier's temperature-dependent behavior.  We can 

observe that when the temperature increases, the concentration of carriers decreases. 

This is because the repulsion between the 3d orbitals becomes minimal as 

temperatures increase.  The change in conductivity is caused by a change in carrier 

concentration as the nickel content increases. At higher doping % holes in the 

valence band decrease whereas the mobility increases which enhances the 

conductivity. The interstitial site may be the ideal site to dope in order to control the 

electrical transport properties in the p-type Cu2Se system since the distortion caused 

by Ni atoms occupying the interstitial sites of Cu2Se has no significant effect on the 

carrier transport. These Ni interstitial presents a dynamic doping behavior that 
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concurrently increases the carrier density and the carrier mobility. The mobility 

increases as the doping % increases up to 1.5 wt % and thereafter decreases. At this 

stage of doping, the neutralization of holes by electrons due to the substitution of 

Ni2+ in the Cu+ site decreases the carrier concentration, increasing electrical 

resistance when compared to the other samples. A corresponding increase in the 

power factor can be seen in Fig.3.8 (c) and a maximum power factor of 614 

µW/mK2 is observed for the sample doped at 1.5 wt% Ni at 573 K. The electron 

transport in the conduction band results in an increase in the conductivity. The 

decreases in mobility at a doping concentration of 2 wt% are attributable to 

increased carrier scattering caused by Ni2+ inclusion in the Cu2Se lattice, which 

lowers the carrier concentration, as seen in Fig.3.10. A high level of doping results 

in the creation of many scattering sites (defect centers) for the charge carriers [30]. 

This increases the Seebeck coefficient while decreasing electrical conductivity, 

consequently lowering the power factor at a higher doping of 2 wt%. 

 

 

Fig.3.9 Schematic representation of electronic defects due to the presence of Ni in 
the lattice of Cu2Se. 
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Fig.3.10 Temperature dependence of (a) carrier concentration and (b) mobility of the 
synthesized samples. 

3.3.4. Optical studies 

The electronic structure of the material is directly investigated by measuring the 

optical characteristics, which yields a great deal of information essential for 

developing thermoelectric materials [31]. The optical properties of the samples were 

studied to assess the influence of Ni2+ insertion on the band gap tuning of the doped 

samples. We employed the Tauc relation, 

αhʋ = A(hʋ-Eg)
1/n……………………………….(3.5) 

where α is the absorption coefficient and n=2 for direct band gap semiconductor to 

calculate the direct band gap [32]. The value of the optical band gap is obtained by 

extrapolating the linear portion until they intercept the photon energy axis as shown 

in Fig.3.11. The value of the band gap for pristine Cu2Se was found to be 2.29 eV is 

in good agreement with the literature values. The doping of Ni in Cu2Se can cause 

band sharpening and the band gaps of the 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt% Ni 

doped Cu2Se are 2.18, 2.10, 2.11, and 2.19 eV, respectively which is smaller than 

the undoped Cu2Se. The structural modification may be responsible for the reduction 

in the optical band gap of Cu2Se upon Ni doping. The sharpening of band gaps was 

expected to have a substantial impact on electrical transport properties thereby 

enhancing the thermoelectric performance of doped samples. The presence of 

interstitial or substitutional Ni2+ ions causes structural deformation in the lattice, 
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which increases the energy level in the Cu2Se band gap near the valence band edge 

and decreases the energy associated with the direct transition [33]. The decrease in 

bond length as nickel doping percentage increases to 1wt%, enhancing hybridi-

zation between Cu and Se orbitals, reducing band gap, and increasing carrier 

concentration [34]. When Cu vacancies are introduced into the lattice through Ni 

doping there will be a shift of the electronic states with respect to the Fermi level. 

The transport properties will vary when the Fermi level is shifted from the valence 

band maximum into the valence band despite a similar electron configuration. The 

existence of additional carriers reduces electron conductivity and the Seebeck 

coefficient decreases due to the metallic nature of the states at the Fermi level [35].  

 

Fig.3.11 Optical band gap variation of undoped and doped samples.  

The bandgap in Cu2Se decreases continuously as the nickel concentration increases 

to 1.5 wt %, accompanied by a process of band shape sharpening in both the valence 

and conduction bands [3,10,36].  The carrier effective mass is intrinsically related to 

band shape and bandgap. The effective mass and Seebeck coefficient are related to 

the equation, 

S= 
�����

�

����  m*T �
�

��
�

�
��
…………………………...(3.6) 
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where m* is the effective mass of holes (electrons), μ is the mobility of the charge 

carriers, kB is the Boltzmann constant, e is the electronic charge = 1.6 ×10−19 C, h is 

the Planck's constant = 6.626×10−34 J Hz−1 and T is temperature. 

For degenerate semiconductors with Kane-type band dispersion, the effective mass 

of carriers (m*) is proportional to the band gap (Eg) through the relation [37],  

ћ� ��

��∗ = E �1 +
�

��
�………………………………..(3.7) 

where ħ is the reduced Planck’s constant, k is the crystal momentum, and E is the 

energy of electron states. The band sharpening due to Ni doping can lower the 

carrier effective mass which exhibits high carrier mobility to maintain high carrier 

transport properties. Thus, a reduced carrier effective mass and a sharp band shape 

will result from a decreased bandgap. The temperature-dependent carrier effective 

mass of the samples was calculated by using equation 3.6 and shown in Fig.3.12. As 

the doping content of Ni increases there is a reduction in the carrier effective mass 

up to 1.5 wt % and increases thereafter, consistent with the band gap studies. The 

considerable decrease in m* from 0.927 m0 (m0 is the free electron mass) for the 

undoped sample to 0.556 m0 for the 1.5 wt% of Ni sample at RT clearly shows that 

either Ni-doping has a large impact on the dispersion at the valence band top or there 

is a significant band nonparabolicity [36]. Such a reduction in the effective mass 

suggests that the band structure is affected by the doping of Ni in the Cu2Se lattice. 

According to the relationship,  

µ α
�

�∗…………....……………........…………...(3.8) 

this decreased carrier effective mass theoretically results in a high carrier mobility, 

which significantly benefits a high thermoelectric performance. With increasing the 

Ni content, the valence band of Cu2Se gets sharper which reduces the carrier's 

effective mass and promotes high carrier mobility [9]. As shown in the Fig.3.10 (b) 

the mobility increases as the doping % increases up to 1.5 wt % and thereafter 

decreases. Thus, band sharpening can reduce the bandgap while concurrently 

lowering the carrier effective mass, allowing for increased carrier mobility which 
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results in high electrical conductivity. At higher doping content due to enhanced 

carrier-carrier and ionized impurity scattering, the high population of free carriers in 

strongly doped semiconductors causes a reduction in carrier mobility [38].  

 

Fig.3.12 Temperature variation of carrier effective mass of samples. 

3.3.5. Thermal transport measurements 

Fig.3.13 (a) shows the total thermal conductivity as a function of temperature for the 

samples. Initially, there is an increase in the thermal conductivity of the samples as 

the doping % increases to 1 wt% which is due to the simultaneous increase in both 

carrier concentration and mobility. An enhancement in the electrical conductivity at 

these doping concentrations, results in an increment in the total thermal conductivity 

of the samples. While at 1.5 wt% Ni, a reduction in the carrier concentration causes 

a decrease in electrical conductivity, which in turn causes a decrease in the samples' 

thermal conductivity. Raman studies also reveal that the phonon relaxation time (τ) 

increases with increasing Ni content, indicating reduced phonon scattering. 

However, at 2 wt% Ni, τ decreases, suggesting enhanced phonon scattering, which 

likely contributes to a reduction in thermal conductivity. A very low thermal 

conductivity of 0.49 W/mK at 573 K is obtained for the sample doped at 2 wt% of 

Ni. From the PXRD and Raman studies, we found that when the doping percentage 

exceeds 1 wt% Ni2+ will occupy the substitutional sites, hence carrier concentration 
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of holes reduces. So, the reduction of electrical conductivity favours the 

enhancement of the Seebeck coefficient which concurrently reduces the thermal 

conductivity.  

 

Fig.3.13 Temperature dependence of (a) total thermal conductivity and (b) Figure of 
merit (ZT) of the samples. 

The temperature dependent figure of merit (ZT) was calculated using the measured 

thermoelectric parameters as shown in Fig.3.13 (b). The ZT values show an 

increasing trend with temperature which is undeniably due to the tremendous 

improvement in its electrical transport properties due to Ni doping.  The maximum 

ZT value of 0.535 is obtained at 573 K for the sample doped at 2 wt% of Ni, which 

is almost 3 times higher than that of pristine Cu2Se which is due to the optimized 

electronic and thermal transport parameters. ZT obtained in this study is compared 

with the literature. Chalermpol Rudradawong et al reported a maximum figure of 

merit of 0.47 at 523 K for Cu2Se samples through Sb doping [39]. Cu2Se0.75Te0.25 

synthesized through mechanical alloying and solid-state reaction method shows a 

ZT value of ~ 0.55 at 573 K [40]. A ZT value of 0.25 at 473 K is reported by Adam 

et al for Ag-doped Cu2Se [41]. However, we synthesized the sample using the 

hydrothermal method, and sintering was processed using the conventional cold 

pressing technique, obtained values are comparable to Cu2Se samples synthesized 

through spark plasma sintering or hot press method. This study shows that 

optimizing the carrier concentration and carrier mobility simultaneously through 

band modification is an effective method to augment the thermoelectric properties of 

Cu2Se. 
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3.4. Conclusion 

In this study, the strategy of Ni doping was employed to improve the thermoelectric 

performance of Cu2Se. The hydrothermal route is utilized for the synthesis of Cu2Se 

and the effect of nickel doping on the structural, morphological, optical, electrical, 

and thermoelectric properties were discussed. Benefiting from the doping 

advantages, such as better electrical conductivity and low thermal conductivity, 

Cu2Se exhibits dramatically enhanced thermoelectric performance in comparison to 

pristine sample. The PXRD and micro-Raman studies confirm the phase purity with 

the presence of Ni in the lattice of Cu2Se. FESEM micrographs shows that the 

dopant has a significant influence on the agglomeration of particles and EDS spectra 

confirm the presence of Ni in the Cu2Se lattice. The presence of Ni in the interstitial 

and substitutional sites of Cu2Se augments the electrical and thermal transport 

properties. The inclusion of Ni2+ in the interstitial sites of Cu2Se results in a 

simultaneous improvement in carrier concentration and mobility. Here the nickel 

doping causes band sharpening which lower the carrier effective mass and a high 

mobility of ~ 600 cm2/Vs is achieved for the sample doped at 1.5 wt% Ni at 573 K. 

Tuning the mobility and carrier concentration through doping helps to achieve a 

maximum power factor of 614 µW/mK2 at 573K for the Cu2Se sample doped at 1.5 

wt% Ni. These synergistic effects enable the 2 wt% Ni added sample to reach a peak 

ZT of 0.535 at 573 K through the conventional sintering method. Our results show 

that Ni doping may successfully modify Cu2Se’s thermoelectric characteristics and 

enhance its power generation as well as sensor performance, widening the 

possibilities for technological applications in the medium-temperature range. 
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  Synergistic effect in the thermoelectric 
properties of Ni and Zn dual doped Cu2Se  

    

  

 

         

 

 

 

This chapter presents a novel method for enhancing the thermoelectric properties of Cu2Se 
by concurrently optimizing the electronic and thermal transport properties through Ni and 
Zn co-doping strategy, which has not been explored previously. Integrating both Ni and Zn 
into the lattice of Cu2Se affects the electrical and thermal properties by enhancing carrier 
mobility and increasing phonon scattering due to lattice defects. This dual doping strategy 
notably reduced thermal conductivity, owing to enhanced point-defect scattering and lattice 
anharmonicity.  
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4.1.  Introduction 

In our previous chapter, we investigated the modification of electronic band 

structures to enhance the carrier transport in Cu2Se through doping technique. By 

doping Cu2Se with Ni, we aimed to optimize the balance between carrier mobility 

and effective mass, leading to an improvement in the thermoelectric properties. This 

approach resulted in a notable achievement of a ZT value of 0.535 at 573 K. Further 

improvement in thermoelectric performance can be attained by employing the dual 

doping strategy. Dual doping involves the simultaneous incorporation of two 

different dopant elements into the crystal lattice, offering the potential for 

synergistic effects that could enhance the thermoelectric performance. This helps in 

reducing thermal conductivity by introducing defects and perturbations in the crystal 

lattice, which act as scattering centres for phonons and induce lattice anharmonicity, 

thereby impeding phonon transport. Effective phonon scattering is particularly 

crucial for achieving low thermal conductivity. Improving phonon scattering at grain 

boundaries through nanostructuring and utilizing point defect scattering via extrinsic 

doping are effective methods for enhancing phonon scattering by inducing lattice 

anharmonicity [1,2]. The introduction of nanostructures and suitable dopants 

enhances phonon scattering, leading to modifications in thermal transport properties 

and potential improvements in thermoelectric performance. These scattering 

mechanisms result in a decrease in the total phonon relaxation time (τtot) at a 

characteristic frequency ω, thereby lowering the thermal conductivity [3].  

To date, various research groups have employed different techniques to achieve the 

highest power factor in Cu2Se. However, the approach of dual doping in Cu2Se 

remains unexplored to the best of our knowledge. Inspired by the findings from 

recent literature on thermoelectric materials, we adopted a co-doping approach to 

enhance the thermoelectric performance of Cu2Se [4-7]. This co-doping approach 

aims to optimize the material's electronic structure, carrier concentration, and 

thermal conductivity, thereby improving its power factor and overall thermoelectric 

efficiency.  In this study, we introduced Ni and Zn, simultaneously into the lattice of 

Cu2Se using a hydrothermal route which synergistically manipulates the electrical 
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and thermal behaviour by enhancing carrier mobility and scattering phonons through 

lattice defects. Here the impact of dual Ni and Zn doping on the structural, 

morphological, optical, electrical, and thermoelectric properties of Cu2Se is 

examined. The Ni concentration was optimized and fixed at 1 wt% based on prior 

studies and the Zn concentration was varied. It was observed that at this Ni 

concentration, co-doping effectively enhanced electrical conductivity without 

significantly compromising the Seebeck coefficient. The incorporation of Ni and Zn 

point defects reduces the thermal conductivity and increases electrical conductivity 

in Cu2Se, ultimately resulting in an enhanced ZT value. 

4.2. Experiment details  

The pristine Cu2Se and Ni and Zn dual doped Cu2Se samples were prepared by 

hydrothermal method. The experimental techniques for synthesis and 

characterization utilized in this study are based on methodologies established in 

chapter 2. High-quality reagents were employed in the synthesis of Cu2Se 

nanoparticles. Copper chloride dihydrate (CuCl2.2H2O), nickel chloride hexahydrate 

(NiCl2.6H2O), zinc chloride (ZnCl2), selenium metal powder, sodium hydroxide 

(NaOH), and sodium borohydride (NaBH4) from sigma aldrich were used. The 

synthesis involved dissolving CuCl2.2H2O in deionized water, adjusting the pH with 

NaOH, and using Se powder with NaBH4 as a reducing agent. Following thorough 

mixing with a magnetic stirrer at 50°C for 1 hour, the solution was transferred to an 

autoclave, where it was held at 150°C for 24 hours. After the solution was heated, it 

was left to cool to RT. The resulting precipitate was gathered and subjected to 

centrifugation for separation. Following this, the precipitate underwent multiple 

washes with deionized water and ethanol to remove impurities. For dual doping, Ni 

concentration was maintained at a fixed weight percentage of 1 wt%, while the wt% 

of Zn was systematically varied at 0.5 wt%, 1 wt %, 1.5 wt%, and 2 wt% 

respectively (x=1, y=0.5, 1, 1.5 and 2). The powder was compacted into a circular 

pellet measuring 13mm in diameter and 3mm in thickness using a hydraulic 

pelletizer under a force of approximately 10 tons in ambient air. These densified 

pellets were subsequently sintered at 300⁰C for 3 hours before being utilized for 

characterization.  
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4.3. Results and discussion 

4.3.1. Phase and structure analysis 

The structural characteristics, including purity, crystallinity, and the orientation of 

phases in the compounds, were assessed through powder X-ray diffraction (PXRD) 

measurements. These measurements were conducted in the 20⁰–80⁰ range at a rate of 

2°/min, and X-ray CuKα (1.5408 Å) radiation. The Fig.4.1 shows prominent XRD 

peaks for pristine Cu2Se at 26.79°, 30.98°, 44.44°, 52.63°, 64.70°, and 71.23° 

corresponding to the (111), (200), (220), (311), (400), and (331) cubic planes of the 

Cu2Se phase (ICDD-03-065-2982) respectively. The XRD spectra indicate the 

absence of additional peaks corresponding to nickel, zinc, or any associated 

secondary or impurity phases. This absence suggests that any incorporation of 

Ni2+and Zn2+ likely occurs within the lattice sites of Cu2Se, indicating that the 

dopants have been effectively integrated into these sites.  

 

Fig.4.1 PXRD pattern of pristine and Ni and Zn dual doped Cu2Se. 

Typically, introducing impurities through doping can indeed create additional 

defects such as interstitials and vacancies within the lattice structure [8]. In general, 

factors such as the concentration of foreign atoms, external strain, differences in 

ionic radii compared to the substituted matrix ion, and the presence of defects in the 

system significantly alter the lattice parameters [9]. All the structural parameters 
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were computed using the formula outlined in the chapter 3. Microstrain was 

calculated and shown in the Fig.4.3. It is found that strain increases with increasing 

dual doping content.  Introducing both nickel and zinc, with ionic radii of 0.55 Å for 

Ni2+ and 0.60 Å for Zn2+, into the Cu2Se lattice (where Cu+ has a radius of 0.60 Å) 

could potentially induce defects that influence the lattice's crystalline structure [10-

13]. Fig.4.2 illustrates the shift in the lattice due to increasing doping content. As the 

Zn concentration increases, the XRD peak gradually shifts towards higher angle side 

up to a doping level of 1.5 wt%, indicating an increase in lattice strain. This shift 

suggests that the incorporation of Zn²⁺ ions initially compress the lattice. However, 

at higher Zn concentrations beyond 1.5 wt%, the peak shifts toward a lower angle, 

which may be attributed to significant Zn²⁺ substitution within the host lattice. This 

substitution likely causes lattice expansion despite the increased strain [14]. The 

observed trend shows a balance between strain causing the lattice to compress and 

Zn²⁺ substitution causing expansion, which affects the material's structure at 

different dual doping levels.  

 

 

 

 

 

 

 

Fig.4.2 Shift observed in the 220-reflection peak with increasing doping 
concentration. 

The average crystallite sizes for all the dual doped samples were determined using 

the well-established Scherrer formula [15]. As the concentration of dual doping 

increases, FWHM increases, indicating a reduction in the crystallite size. The 

crystallite size decrease as the doping content increases which indicates that the 
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grain growth is inhibited due to the presence of dopant ions. Reducing the crystallite 

size to the nano level leads to alterations in lattice dimensions, subsequently 

impacting the chemical and physical properties of the materials [16]. The estimated 

dislocation density (δ), in the order of magnitude of 1015 m-2, is shown in the table 

4.1 and is found to increase with rising doping content suggesting a reduction in the 

thermal conductivity with doping [17]. To assess the impact of defects and 

dislocations on thermal transport properties, further measurements of thermal 

conductivity have been done. 

 

Fig.4.3 Variation of microstrain and dislocation density with increasing doping 
content. 

Table 4.1: Variation of crystallite size, microstrain, dislocation density of pristine 
and Ni and Zn dual doped Cu2Se. 

Sample Crystallite size (nm) Microstrain 
Dislocation density 

(1015 m-2) 

x=0, y=0 23.57 0.00153 1.80 

x=1, y=0.5 22.54 0.00161 1.97 

x=1, y=1 20.62 0.00176 2.35 

x=1, y=1.5 18.13 0.00199 3.04 

x=1, y=2 17.33 0.00210 3.32 
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Raman spectroscopy proves invaluable for comprehending the molecular vibrations 

within a crystal lattice and their correlations with structural parameters, quantization 

effects, lattice contractions and expansions etc [18]. This is achieved through the 

observation of broadening and shifts in the peak positions of Raman bands [19]. The 

presence and phase of pristine and dual doped Cu2Se were confirmed by typical 

vibrational peaks observed at 257 cm−1 in Fig.4.4 consistent with findings reported 

in the literature [1]. The single dominant peak centered at 257 cm-1, corresponding to 

the 1LO phonon frequency associated with Cu-Se stretching vibration in the lattice.  

No Raman bands indicative of impurities was detected in the samples, indicating the 

high purity of the prepared samples. A minor upward shift of the Raman modes 

towards higher frequencies was observed in the samples as the doping percentage of 

Zn increased to 1.5 wt%, followed by a subsequent shift towards lower frequencies. 

Introducing dual doping of Ni and Zn into the Cu2Se lattice, a notable peak 

broadening of 1LO modes occurs. The broadening of Raman peaks provides clear 

evidence of phonon dispersion broadening [19]. This is due to the strain induced by 

dual doping within the Cu2Se matrix. Lattice strains induce variations in atomic 

spacing, consequently altering interaction forces. These changes ripple through the 

system, leading to fluctuations in phonon frequencies and broadening of phonon 

dispersion. This phenomenon leads to a reduction in phonon relaxation time and 

ultimately lowers the thermal conductivity [20].  

 

Fig.4.4 Raman spectra of pristine and Ni and Zn dual doped Cu2Se. 
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The blue shift in the peaks, compared to pristine Cu2Se, results from the 

compressive strain field effect induced by dual doping of Ni and Zn in the Cu2Se 

lattice [21]. The observed strain (ϵ) and phonon relaxation time (τ) were determined 

using equations 3.3 and 3.4 from chapter 3. The Raman peak position, full width at 

half maximum (FWHM), along with the calculated strain (ϵ) and phonon relaxation 

time (τ) for the doped samples, are summarized in table 4.2.  

Table 4.2: Variation of Raman frequency (ω), FWHM (Γ), strain (ϵ) and phonon 
relaxation time (τ).   

Sample ω (cm-1) Г(cm-1) ϵ (cm-1) τ (ps) 

x=0, y=0 257.70 13.14 0.000 0.40 

x=1, y=0.5 258.09 14.57 0.027 0.36 

x=1, y=1 260.43 16.29 0.168 0.33 

x=1, y=1.5 260.95 19.28 0.169 0.28 

x=1, y=2 258.56 16.57 0.052 0.32 

 

The observed variation in FWHM in the samples, primarily depends on two key 

contributions: (1) phonon-phonon interaction due to lattice anharmonicity (Γan) and 

(2) electron-phonon coupling (ΓEPC) [22]. As depicted in Fig.4.8, the electrical 

conductivity decreases as temperature increases. This suggests that electron-phonon 

coupling (EPC) increases with temperature. At lower temperatures, the contribution 

of ΓEPC to FWHM can be disregarded. The fundamental aspect of phonon scattering 

lies in the rate of change in its distribution function, which characterizes the strength 

of interaction among phonons (exchange of energy within the lattice waves) [23]. 

Here there is broadening in the phonon distribution function, it expedites the rate of 

change, resulting in a reduced relaxation time for phonons to revert to equilibrium in 

response to perturbations induced by dual doping of Ni and Zn in the lattice of 

Cu2Se. Here as the doping % increases, shift observed in the peak signifies the 

emergence of deep-level defects within the material [24]. This induced lattice 

anharmonicity acts as a primary mechanism for scattering phonons, thereby 

diminishing their relaxation time (τ) as the doping percentage increases. When the 

relaxation time of phonons decreases, it indicates increased phonon scattering, 

which in turn results in diminished thermal conductivity. 
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4.3.2. Morphological studies 

The microstructure of the samples analysed using FESEM techniques are shown in 

Fig.4.5. The Fig.4.5 (a-e) shows that the substitution of Ni and Zn in Cu2Se result in 

significant morphological changes.  

  

  

 

Fig.4.5 FESEM images of (a) undoped and Ni and Zn dual doped Cu2Se with (b) 
x=1,y=0.5, (c) x=1,y=1, (d) x=1,y=1.5, (e) x=1,y=2.  
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The morphology of pristine Cu2Se features a surface composed of irregular, 

nanoflake-like, less dense particles. As the dual doping content increases, the shape 

of the particles becomes more uniform, transitioning from a mix of granular and 

flaky to predominantly flaky. Additionally, aggregation increases with doping 

concentration, resulting in a more densely packed structure. The morphological 

changes due to increased doping content, lead to the formation of additional 

scattering centers and interfaces. These defects can act as scattering centres for 

phonons, increasing phonon scattering rates and thereby reducing the phonon 

relaxation time. 

The composition of the synthesized samples was determined using the EDS 

analytical technique, as shown in Fig.4.6. The EDS analysis confirms the presence 

of Cu, Se, Ni, and Zn without any other elements in the synthesized samples. 

Additionally, the spectrum shows no impurity elements, verifying the successful 

incorporation of Ni and Zn into the Cu2Se lattice. EDS mapping in Fig.4.7 (a-d) 

illustrates the distribution of Cu, Se, Ni, and Zn, respectively. These maps were 

obtained from the SEM image of sample doped with 1 wt% Ni and 1.5 wt% Zn 

(x=1,y=1.5). The maps clearly depict the distribution and concentration of the 

dopant elements, thereby confirming their successful incorporation into the sample 

matrix.                         
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Fig.4.6 EDS spectra of Ni and Zn dual doped Cu2Se with (a) x=1,y=0.5, (b) 
x=1,y=1, (c) x=1,y=1.5, (d) x=1,y=2.  
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Fig.4.7 EDS elemental mapping of (a) the combined distribution of all elements, (b) 
Cu, (c) Se, (d) Ni and (e) Zn for the sample 1 wt% Ni and 1.5 wt% Zn (x=1,y=1.5). 

4.3.3. Thermoelectric measurement studies  

The thermoelectric properties of the Ni and Zn dual doped samples are depicted in 

the Fig.4.8 highlighting the synergistic optimization achieved through dual doping. 
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As depicted in Fig.4.8 (a), the electrical conductivity of all samples shows a 

decreasing trend with increasing temperature, indicative of a metal-like conduction 

behaviour, proving that all the samples are heavily doped degenerate 

semiconductors. All dual substituted samples exhibit greater electrical conductivity 

compared to pristine Cu2Se, as shown in the Fig.4.8 (a). In our previous chapter 3, 

we reported that introducing Ni doping into Cu2Se significantly enhances σ while 

maintaining a minimal reduction in the Seebeck coefficient [22]. We observed that 

doping Ni in Cu2Se increases electrical conductivity due to its presence in the 

interstitial sites. This increases p-type conductivity due to interactions between Cu+ 

and Ni2+ ions in their 3d orbitals. Ni2+ occupies interstitial spaces in the Cu2Se 

lattice, causing electrical coulomb repulsion between Ni and neighbouring Cu ions. 

This contact induces strain in the lattice, which reorganizes conduction electrons 

around the Ni impurity. The valence orbitals (3d) of Ni2+ and Cu+ ions interact, 

resulting in d-d orbital repulsions. This repulsion displaces copper atoms from their 

positions, leading to the creation of numerous acceptor-type copper vacancies. In the 

Ni and Zn dual doping, Hall measurement studies indicate a similar influence on the 

lattice of Cu2Se. Initially at lower dopant concentrations, an increase in the dopant 

content of Zn to 0.5 wt%, there is a corresponding rise in carrier concentration, 

thereby enhancing the p-type conductivity. This dopant concentration generates Cu 

vacancies acting as acceptors, similar to the behaviour observed in single Ni doping. 

However, with a further increase in Zn content from 0.5 wt% to 2 wt% while 

maintaining the Ni content at 1 wt%, the carrier concentration tends to decrease. 

This trend appears reasonable because the introduction of Zn atoms adds more 

electrons to the system, as evidenced by the decreasing carrier concentration 

depicted in Fig.4.9 (a). The reduction in the concentration of charge carriers leads to 

decreased carrier conductivity, yet σ increases owing to enhanced carrier mobility. 

In Ni doped Cu2Se, the increase in carrier mobility is attributed to the decrease in 

carrier effective mass due to band sharpening [22]. The mobility of carriers 

correlates closely with both the effective mass and the curvature of conduction 

valleys [25]. Reducing the effective mass or augmenting the conduction valleys 

could lead to an improved mobility. The effective mass, as calculated and illustrated 

in the Fig.4.10, indicates that, similar to single doping, the augmentation in carrier 

mobility results from a reduction in the effective mass of the carriers. Moreover, the 

effective mass of a conduction valley primarily depends on the covalency of the 
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associated chemical bonds. In other words, an increase in bond covalency promotes 

greater overlap of adjacent electron densities and diminishes periodic potential 

fluctuations, resulting in more dispersed bands and consequently lowering the 

effective mass of carriers [26]. The significant bond ionicity, stemming from the 

considerable electronegativity contrast between Cu (χCu ~1.90) and Se (χSe ~ 2.55), 

may result in pronounced lattice scattering of charge carriers [27]. This, coupled 

with the frail interlayer bonding and the distortion of the CuSe4 tetrahedra, could 

further exacerbate the scattering effect. The diminishing trend of the effective mass 

(m*) with decreasing carrier concentration underscores the notable band 

nonparabolicity present in Cu2Se, a phenomenon commonly observed in narrow-gap 

thermoelectric materials [28]. Reduced m* in dual doped samples will lessen carrier-

phonon scattering, consequently boosting carrier mobility. 

  

 

Fig.4.8 Variation of (a) electrical conductivity, (b) Seebeck coefficient and (c) 
power factor with temperature in pristine and Ni and Zn dual doped Cu2Se. 
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Fig.4.9 Temperature dependence of (a) carrier concentration, (b) mobility of pristine 
and Ni and Zn dual doped Cu2Se. 

The positive Seebeck coefficient observed in all samples depicted in the Fig.4.8 (b) 

indicates p-type conduction, aligning with the results obtained from Hall effect 

measurements. The relationship between the Seebeck coefficient (S) and the 

effective mass (m∗) is described by the equation 

S= 
�����

�

����

 m*T �
�

��
�

�
��
…………………..……….(4.1) 

where m* is the effective mass of holes (electrons), μ is the mobility of the charge 

carriers, kB is the Boltzmann constant, e is the electronic charge = 1.6 ×10−19 C, h is 

the Planck's constant = 6.626×10−34 J Hz−1 and T is temperature. The temperature-

dependent carrier effective mass of the samples was calculated by using equation 4.1 

and shown in Fig.4.10. Equation 4.1 shows that the Seebeck coefficient varies 

inversely with concentration of charge carriers and directly with the effective mass 

of the carriers. The effective mass m* can also be expressed as  

m∗ =  N�

�

�m�
∗  ……………………………………(4.2) 

Where m�
∗  is the band effective mass of a single parabolic band.  Enhancing valley 

degeneracy and adjusting the band effective mass can lead to an improvement in the 

Seebeck coefficient, even with an increase in carrier concentration. This approach 

disrupts the typical trade-off between the Seebeck coefficient and carrier 

concentration, allowing for an improvement in σ with minimal reduction in the 
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Seebeck coefficient. Reducing the carrier concentration typically leads to an increase 

in the Seebeck coefficient, which often results in a decrease in electrical 

conductivity. Here as the doping content of Zn increases, we observe a decrease in 

both carrier concentration and Seebeck coefficient. However, the electrical 

conductivity significantly increases and the reduction in Seebeck coefficient is 

minimal as compared to single Ni doped samples. This increase is primarily 

attributed to the high mobility of the charge carriers. Enhancing carrier mobility 

typically leads to a higher Seebeck coefficient, particularly as the carrier 

concentration decreases [30]. In a conventional semiconductor, the mobility of 

charge carriers is influenced by various factors, including the relaxation time (τ) 

between scattering events, which involve interactions such as phonon-electron, 

ionized-impurity, and electron-electron scattering. Additionally, the carrier effective 

mass plays a significant role in determining mobility [31]. For a semiconductor 

featuring a simple parabolic band structure undergoing elastic scattering, the 

mobility (μ) can be expressed as follows [32],  

  μ =
����

�∗ …………………….…………………..(4.3) 

The significantly decreased effective mass of the hole could serve as a primary 

factor contributing to the exceptionally high mobility at RT [33].  Band engineering 

studies have shown that the mobility can be enhanced by adjusting m*. The Fig.4.10 

illustrates that m* decreases with increasing dual doping content. This leads to a 

substantial enhancement in hall mobility, increasing it from 234 cm2V-1s-1 to 875 

cm2V-1s-1 at 573 K resulting in an improvement in the power factor. Consequently, 

through the utilization of improved electrical conductivity and Seebeck coefficient, 

the power factor experiences a notable increase across a wide temperature spectrum, 

achieving an exceptional peak power factor of approximately 564 µW/mK2 at 573 K 

for Cu2Se dual doped with 1 wt% Ni and 1.5 wt% Zn.  



Synergistic effect in the thermoelectric properties of Ni and Zn dual doped Cu2Se 

 124

 

Fig.4.10 Temperature dependence of carrier effective mass of pristine and Ni and Zn 
dual doped Cu2Se. 

4.3.4. Optical studies 

A decrease in the effective mass of charge carriers in a semiconductor is typically 

associated with a decrease in the energy band gap. The method for calculating the 

optical band gap (Eg) using the Tauc plot was detailed in the previous chapter 3. For 

the present doping concentrations, the direct band gap was derived from the Tauc 

plot of (αhʋ)² versus photon energy (hυ), with the band gap value extrapolated from 

the linear region, as shown in the inset of Fig.4.11. In the case of Ni doped Cu2Se, 

we observed a decrease in the band gap as the Ni content increased, attributed to 

band sharpening.  The band gap for pure Cu2Se is found to be nearly 2.29 eV, 

closely aligning with the literature. For dual doped samples, the band gaps are 2.22 

eV, 2.19 eV, 2.10 eV, and 2.04 eV as the Zn doping content increases from 0.5 wt%, 

1 wt%, 1.5 wt%, and 2 wt%, respectively. This slight decrease in band gap 

compared to the pure sample indicates that dual doping also results in a reduction of 

the sample's band gap. Here, we observe a reduction in effective mass upon the 

introduction of dopants. A reduction in effective mass means that charge carriers can 

more easily respond to lattice vibrations, leading to enhanced mobility. As a result, 

the energy required for charge carriers to transition between energy bands within the 

material decreases, effectively narrowing the band gap. The introduction of dopants 

can induce strain in the lattice, influence the molecular band gap structure, affecting 
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the arrangement of valence and conduction bands [34]. 

 

Fig.4.11 Tauc’s plot of pristine and Ni and Zn dual doped Cu2Se. 

4.3.5. Thermal transport measurements  

Defects not only impact disrupt carrier transport but also phonon dynamics, thereby 

influencing thermal conductivity [35]. Fig.4.12 (a) depicts the temperature-

dependent behaviour of the total thermal conductivity for dual doped samples 

spanning temperatures from 300 to 573 K. The κ values for all samples diminish as 

doping content increases and as temperature rises. The introduction of point defects 

through Ni and Zn co-doping in the lattice of Cu2Se leads to an additional decrease 

in thermal conductivity. The thermal conductivity of all dual doped samples is lower 

than that of the pristine samples.  In our previous study, we achieved a notably low 

thermal conductivity of 0.49 W/mK at 573 K for the sample doped with 2 wt% of 

Ni. However, through simultaneous introduction of Ni and Zn at carefully adjusted 

concentrations, we were able to achieve a further reduction in thermal conductivity, 

reaching a value of 0.41 W/mK at 573 K. Dopants induce phonon scattering through 

point defects, resulting from fluctuations in mass and variations in size. This 

generates differences in the interatomic coupling forces, creating fluctuations in the 

strain field between the host and dopant atoms [36]. Lattice strain causes a widening 

of the phonon dispersion (ω), which accelerates changes in the phonon distribution 

function, ultimately leading to a reduction in the relaxation time for phonons to 

reach equilibrium [37]. Raman studies confirm that the relaxation time of phonons 
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decreases as a result of phonon scattering induced by the strain in the lattice caused 

by the presence of dual dopants through point defects. The equation 4.4 derives the 

effect of phonon scattering by point defects generated by dual dopants on the 

relaxation time of phonons relative to their concentration is given by [38] 

    τ��
�� =  V�C�  �

��� ����

����
�

�
��

 ����……......…………..(4.4) 

where the mass of the defect and the average mass of the atoms are represented by 

the variables m� and m��� respectively, the atomic volume is indicated by the 

variable Va , and the defect concentration is indicated by the variable Ci. The XRD 

measurements confirms the increase in the density of dislocations with doping 

content. The increase in the concentration of dual dopants results in the creation of 

defects, thereby reducing phonon scattering relaxation time, as evidenced by our 

Raman measured values. The increased dislocation density enhances phonon 

scattering, leading to a significant reduction in total thermal conductivity.  

  

Fig.4.12 Variation of (a) total thermal conductivity and (b) ZT with temperature in 
pristine and Ni and Zn dual doped Cu2Se. 

The exceptionally low thermal conductivity results in a high figure of merit (ZT), as 

illustrated in Fig.4.12 (b).  Due to the optimized carrier concentration maintaining a 

high power factor and the effective suppression of total thermal conductivity 

resulting from multiple defects, the thermoelectric properties of the dual doped 

system were notably enhanced. This enhancement was particularly evident in 

achieving a peak ZT of 0.761 at 573 K for the dual doped sample with 1 wt% Ni and 
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1.5 wt% Zn which is 4.2 times as large as that for undoped Cu2Se and higher than 

that for single Ni doped Cu2Se (ZT~ 0.535 for 1.5 wt% Ni doped Cu2Se at 573 K).  

These findings suggest that dual doping enhances the power factor and reduces the 

thermal conductivity in Cu2Se. The findings illustrate that Ni and Zn dual doping 

yields synergistic effects on the thermoelectric characteristics of Cu2Se, effectively 

optimizing both electrical and thermal transport properties simultaneously. The 

enhancement observed in dual doped Cu2Se is highly desirable for energy harvesting 

from waste heat in the intermediate temperature range. 

4.4. Conclusion 

A novel and effective method has been devised to reduce the thermal conductivity 

and enhance the power factor of Cu2Se by co-doping its lattice with Ni and Zn, 

synthesized via hydrothermal route. An extensive investigation into the structural, 

morphological, electrical, optical, and thermoelectric properties of p-type Cu2Se 

samples has been performed. The PXRD and micro-Raman studies confirm the 

phase purity and the presence of Ni and Zn in the lattice. Incorporating both Ni and 

Zn into the lattice of Cu2Se synergistically manipulates its electrical and thermal 

transport behaviour by enhancing carrier mobility and scattering phonons through 

lattice defects. Dual doping significantly improves Hall mobility, increasing it from 

234 cm²V⁻¹s⁻¹ to 875 cm²V⁻¹s⁻¹ at 573 K, thereby enhancing electrical conductivity 

with minimal reduction in the Seebeck coefficient. A maximum power factor of 

approximately 564 µW/mK² at 573 K was achieved for Cu₂Se dual doped with 1 

wt% Ni and 1.5 wt% Zn. The increased scattering of phonons through lattice defects 

reduces the total phonon relaxation time, resulting in an ultra-low thermal 

conductivity of 0.41 W/mK at 573 K. This reduction in thermal conductivity is 

attributed to stronger point-defect scattering and the lattice anharmonicity introduced 

by the dual dopants. As a result, a peak ZT of 0.761 at 573 K was obtained for the 

co-doped sample with 1 wt% Ni and 1.5 wt% Zn, which is 4.2 times higher than that 

of undoped Cu2Se. The substantial improvement in thermoelectric properties 

highlights the potential of dual doping with specific ions as an effective strategy to 

improve the performance of Cu2Se in thermoelectric applications. 
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  Thermoelectric performance of Cu2Se with ZnSe 
nanoinclusions 

 

 

 

 

 

 

 

This chapter explores the impact of the nanocomposite approach to enhance the 
thermoelectric performance of Cu2Se through ZnSe inclusions via planetary ball milling. By 
simultaneously engineering the electronic structure and suppressing phonon transport, 
ZnSe alloying plays a crucial role in optimizing charge carrier dynamics. Our study reveals 
that ZnSe addition effectively tunes the Fermi level, promotes valence band convergence, 
and increases the density of states, thereby enabling the decoupling of electrical transport 
parameters. This synergy leads to a remarkable enhancement in both the Seebeck coefficient 
and electrical conductivity, thereby boosting the overall thermoelectric performance. 
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5.1. Introduction 

The thermoelectric generators commonly used in industrial applications are typically 

made from telluride-based alloys, which are suitable for room temperature 

operations, and silicon germanium, which is designed for high temperature 

operations. In practical scenarios, achieving an optimal ZT requires a delicate 

balance between maximizing the power factor and minimizing thermal conductivity 

(κ). These two factors are linked through variables such as carrier concentration (n) 

and electronic structure. To improve the overall thermoelectric performance and 

efficiency of materials, it is crucial to simultaneously optimize the power factor and 

reduce thermal conductivity. However, optimizing one parameter often negatively 

impacts the other two. Therefore, developing strategies or concepts that can 

decouple these parameters to enable concurrent optimization of electron and phonon 

transport is highly desirable and represents a critical advancement for the 

thermoelectric research community. In the preceding two chapters, we utilized the 

strategy of doping and dual doping to enhance the TE performance of Cu2Se. Our 

findings revealed that both electrical conductivity and thermal conductivity 

exhibited significant improvements. However, this enhancement came at the cost of 

a reduction in the Seebeck coefficient. This trade-off highlights the complex 

interplay between these parameters and underscores the challenge of optimizing 

thermoelectric materials.   

Strategies to enhance the power factor have been explored through band structure 

engineering, while efforts to reduce thermal conductivity have focused on creating 

nano and microstructures designed to scatter phonons. These approaches aim to 

independently optimize electrical and thermal transport properties, thereby 

improving overall thermoelectric performance [1,2]. The development of composites 

is expected to enhance the thermoelectric conversion efficiency by decoupling the 

transport parameters [3]. By carefully designing composite structures, it may be 

possible to optimize electron transport for improved electrical properties while 

simultaneously suppressing phonon transport to reduce thermal conductivity. This 

decoupling strategy could lead to significant advancements in thermoelectric 
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performance without compromising the mechanical strength and durability of the 

materials. Many investigators highlight the scientific benefits of the nanocomposite 

approach, which enables the simultaneous enhancement of the power factor and 

reduction of thermal conductivity [4]. Nanocomposites can effectively scatter 

phonons at the newly created interfaces without reducing the electrical conductivity 

significantly when an optimum amount of second phase is incorporated into the host 

matrix [5]. The main approach for improving the electrical transport properties of 

these materials mostly depend on valence band convergence, which can be achieved 

through alloying with different substitutions to minimize the energy offset between 

the light and heavy valence bands [8]. 

The utilization of Cu2Se based composites has consistently been considered as the 

most effective approach for mid temperature power generation due to their 

remarkably high ZT values [6,7]. The primary strategies for improving the electrical 

transport properties of these materials often focus on valence band convergence. 

This can be attained through alloying with various substitutions, which reduces the 

energy offset between the light and heavy valence bands. Studies indicate that 

adjusting the energy offset between these valence bands enables charge transport 

across multiple band valleys, thereby improving conductivity without significantly 

compromising the Seebeck coefficient. Recent literature shown that this leads to 

better thermoelectric performance. These techniques have been successfully 

implemented to SnTe, MnTe, PbTe and PbSe based alloys by alloying them with 

suitable compounds to modify their electronic structure and improve their 

thermoelectric performance [9-12]. This motivated to the initiation of the current 

study, which seeks to enhance the thermoelectric (TE) properties of p-type Cu2Se by 

introducing zinc selenide (ZnSe) nanoparticles through the process of ball milling. 

This work reveals that the addition of ZnSe not only optimises the carrier 

concentration but also significantly lowers the offset energy of the valence band 

which improves the overall thermoelectric performance. Simultaneously 

manipulating the carrier concentration through nanostructuring, coupled with the 

introduction of a compatible second phase in the form of synthesized composites, 

will be an effective strategy for achieving a high ZT. Here secondary phase 
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integration is utilised extensively as a feasible intrinsic technique to increase the 

density of states (DOS) effective mass, hence increasing the Seebeck coefficient 

[13]. The research indicates that these secondary phases aid in the merging of 

valence bands, resulting in the development of intricate electronic structures. This in 

turn can lead to a high electrical transport properties while concurrently maintaining 

low thermal conductivity [14].   

5.2. Experimental details 

5.2.1. Synthesis of ZnSe nanoparticles 

Zinc selenides nanoparticles were synthesised using hydrothermal method. All 

experimental reagents of analytical purity were purchased and used for synthesis of 

ZnSe. Zinc Acetate dihydrate (Zn(CH₃COO)2(H₂O)₂ > 99%), selenium metal 

powder (> 99.5%), sodium hydroxide (NaOH > 98%),  hydrazine hydrate purchased 

from sigma aldrich were used. In a typical synthesis of ZnSe, the original molar ratio 

between zinc and selenium were selected to be 1:1. Zinc acetate and selenium 

powder were added to 150 ml of distilled water in a beaker, and the mixture was 

stirred vigorously for 30 minutes at room temperature. NaOH was added drop wise 

to maintain a constant pH value10. Hydrazine hydrate (8 ml) which is a reducing 

agent was added drop-wise to the mixture and the colourless solution changed to 

grey colour. After the reaction is over the solution was transferred to an autoclave 

which was maintained at 180°C for 6 hours. Then, the autoclave was allowed to cool 

to room temperature naturally. The products were obtained and collected by 

centrifugation, washed with deionized water, and then dried at 80⁰C under vacuum 

overnight. 

5.2.2. Synthesis of Cu2Se-ZnSe composites 

Cu2Se-ZnSe nanocomposites were synthesized through planetary ball milling 

technique. To synthesize pristine Cu2Se, copper (99.99%, Alfa Aesar) and selenium 

(99.99%, Alfa Aesar) powders taken in a stochiometric ratio were milled in a high 

energy planetary ball-mill for an optimised time period of 12 hours. The ball to 

powder ratio was set at 10:1 with a milling speed of 200 rpm. To synthesise Cu2Se-
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ZnSe composites, appropriate ratio of Cu, Se and x wt% (2.5 wt%, 5 wt%, 7.5 wt% 

and 10 wt%) of ZnSe were taken for milling (x: weight percent ratio of ZnSe 

particles in the composites). These raw materials are combined in a planetary ball 

mill and the composite samples are synthesized in the same route as pristine Cu2Se. 

The powder was compressed into a circular pellet of 13 mm diameter and 3 mm 

thickness using a hydraulic pelletizer with a force of roughly 10 tonnes in air. The 

densified pellet was sintered at 300°C for 3 hours in vacuum before being 

characterised. The structural, morphological, optical, and thermoelectric properties 

of the sintered pellets were comprehensively examined. A detailed description of the 

synthesis procedures and characterization techniques utilized in this study is 

provided in chapter 2. 

5.3. Results and discussion 

5.3.1. Phase and structure analysis 

Powder X-ray diffraction studies (PXRD) were carried out to investigate the 

nanostructured features are shown in Fig.5.1. For the pristine sample, six diffraction 

peaks can be found at 2θ values of 26.73°, 30.91°, 44.40°, 52.53°, 64.51°, and 71.13°, 

which can be indexed to (111), (200), (220), (311), (400), and (331) of cubic Cu2Se 

phase respectively (ICDD-03-065-2982). This suggests the successful formation of 

Cu2Se by planetary ball milling. The primary peaks of ZnSe and Cu2Se have the 

same diffraction angles, making it much more challenging to discern the peak at 

extremely low ZnSe concentration. Therefore, the major peak of Cu2Se-ZnSe 

composites with varying ZnSe ratios appear to be close or overlapping at very low 

content of ZnSe and found to be increasing with increasing content of ZnSe.  But at 

5 wt% of ZnSe, new reflections of ZnSe noticed along with Cu2Se phase which 

indicates the independent existence of ZnSe in the Cu2Se matrix. There is an 

appearance of smaller new peak at 24.97° and 28.58° which can be attributed to the 

ZnSe phase (1CDD-00-015-0105). With increasing ZnSe content, the intensity of 

these peak increases and new small peak of ZnSe ascribed at 29.07° and 49.85° 

which suggest the increased proportion of ZnSe in the samples. At 7.5 wt% ZnSe, 

along with ZnSe and Cu2Se, there are some diffraction peaks correspond to 
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tetragonal Cu3Se2 phase (ICDD-03-065-1656). Copper selenide can occur in several 

phases, including cubic, monoclinic, orthorhombic, and tetragonal [15].  The 

contribution of copper and selenium has a significant influence on phase selection in 

the copper selenide phase. Depending on the stoichiometry, copper in the solid can 

exist as Cu+ or Cu2+, resulting in the formation of Cu2Se, CuSe, or Cu3Se2 [16]. 

Here, we can observe that tetragonal Cu3Se2 phase exists at higher ZnSe content. 

The results suggest that ball milling may cause partial oxidation of Cu+ to Cu2+, as 

the atomic ratio of Cu to Se changes from 2:1 with increasing ZnSe content, leading 

to the formation of Cu3Se2 phase [17]. 

 

Fig.5.1 (a) PXRD patterns showing Cu2Se + x % ZnSe (x = 0, 2.5, 5, 7.5, and 10) 
samples and (b) ICDD database of Cu2Se, ZnSe and Cu3Se2.  
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Fig.5.2 Variation of microstrain and crystallite size with ZnSe content. 

As it is evident from the Fig.5.1 (a) that the diffraction peak corresponding to both 

Cu2Se and ZnSe are present in the PXRD pattern which suggest the successful 

formation of Cu2Se-ZnSe composites. The most prominent peaks in the XRD 

patterns were utilised to determine all diffraction related metrics such as FWHM, 

crystallite size, dislocation density, and microstrain. Here, the crystallite size, 

microstrain, and dislocation density were calculated using the equations outlined in 

chapter 3. As the concentration of ZnSe increases the crystallite size increased, 

going from 11.27 nm to a maximum value of 19.95 nm whereas the microstrain 

decreases.  The increase in crystallite size might be due to ZnSe attaching 

themselves to the Cu2Se particles that form throughout the matrix with increase in 

the ZnSe concentration. Dislocations, which are regarded as a type of imperfections 

and disorder in the lattice, are a highly important attribute that directly influences the 

electrical properties of the material [19]. The dislocation density was determined, 

resulting in values of 0.008 nm-2, 0.0079 nm-2, 0.0049 nm-2, 0.0033 nm-2, and 0.0023 

nm-2 corresponding to x values of 0, 2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt% of ZnSe, 

respectively. As the amount of ZnSe increases, the dislocation density is observed 

decreasing. The incorporation of ZnSe into the Cu2Se matrix catalyzes the growth of 

larger crystallites. This enlargement in crystallite size results in a reduction in the 

number of grain boundaries available as potential sites for dislocation initiation. As 

the size of the crystallites grows, there is a corresponding reduction in the abundance 
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of grain boundaries where dislocations, which are structural irregularities within the 

crystal lattice, tend to accumulate. Consequently, the net effect is a decrease in 

dislocation density within the material. 

5.3.2. Morphological studies 

     

  

 

Fig.5.3 SEM images of Cu2Se + x % ZnSe composites with (a) x=0, (b) x=2.5, (c) 
x=5, (d) x=7.5, and (e) x=10.  
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Fig.5.3 displays the morphology of the synthesized samples, as observed through 

high-resolution FESEM. Fig.5.3 (a) depicts the pristine Cu2Se sample, which 

features a nanoflake-like surface with distinct grains and a porous structure, 

characterized by small voids between the grains, resulting in an uneven, irregular 

texture. As the ZnSe content increases, the surface roughness also increases, with the 

grains becoming more agglomerated compared to the pristine sample. The sheet-like 

structures become less noticeable, and the overall surface becomes more irregular. 

As the ZnSe content rises from 2.5 wt% to 10 wt%, the surface morphology 

becomes more granular and agglomerated. At lower ZnSe concentrations (2.5 and 5 

wt%), moderate roughening and clustering occur, indicating partial dispersion of 

ZnSe within the Cu2Se matrix. However, at higher concentrations (7.5 and 10 wt%), 

the surface roughness increases significantly, with greater agglomeration and more 

distinct grain boundaries. The SEM images also reveal an increase in particle size 

with rising ZnSe content, as higher concentrations lead to larger, more agglomerated 

clusters which aligns with the findings from PXRD studies. 

The compositional analysis of the samples was conducted using EDS technique, as 

shown in Fig.5.4 (a-e). In the pristine sample, only peaks corresponding to Cu and 

Se are detected. For all other samples, no peaks related to elements other than Cu, 

Se, and Zn are observed, which aligns with the PXRD results. EDS mapping in 

Fig.5.5 (a-d) illustrates the distribution of Cu, Se, and Zn in the Cu2Se sample with 5 

wt% ZnSe content. The EDS mapping clearly shows the distribution of ZnSe with in 

the Cu2Se matrix.  
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Fig.5.4 EDS spectrum of Cu2Se + x % ZnSe composites with (a) x=0, (b) x=2.5, (c) 
x=5, (d) x=7.5, and (e) x=10.  
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Fig.5.5 EDS elemental mapping for the Cu2Se sample with 5 wt% ZnSe showing (a) 
the combined distribution of all elements, (b) the distribution of Cu, (c) Se and (d) 
Zn. 

HRTEM was utilized to examine the microstructure of the samples containing 5 

wt% ZnSe, as depicted in Fig.5.6. The darker regions in Fig.5.6 (a) likely indicate 

denser areas, such as clusters of Cu2Se with embedded ZnSe inclusions, which form 

irregular, aggregated particles. In Fig.5.6 (b) the measured distances, ranging from 2 

nm to 7 nm, likely correspond to the size of the ZnSe nanoinclusions or the spacing 

between particles, illustrating the scale of these inclusions within the Cu2Se matrix. 

The lattice fringes seen in Fig.5.6 (c) correspond to the (220) crystallographic planes 

of Cu2Se and (110) planes of ZnSe confirming the coexistence of mixed phases, as 

verified by PXRD data. The lattice d-spacing values were calculated using ImageJ 

software are shown in Fig.5.6 (d). The figure shows d-spacing values of 0.24 nm and 

0.25 nm, corresponding to the (220) planes of Cu2Se and the (110) planes of ZnSe 

phase, respectively. Notably, both Cu2Se (220) and ZnSe (110) planes exhibit nearly 
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identical d-spacing values as indicated by the PXRD studies based on ICDD data. 

The SAED pattern of the sample shown in Fig.5.6 (e), confirms the polycrystalline 

nature and high crystallinity of the sample. Distinct diffraction spots corresponding 

to the (220) and (311) planes of cubic Cu2Se, as well as the (110) plane of ZnSe, are 

clearly visible, in agreement with the PXRD diffraction peaks for these phases. The 

d-spacing values derived from the SAED pattern, specifically 0.244 nm, 0.183 nm, 

and 0.248nm, precisely align with the interplanar spacings of the (220) and (311) 

planes of Cu2Se and the (110) planes of ZnSe, respectively. This confirms the 

presence of ZnSe nanoparticles within the Cu2Se matrix which serves as effective 

phonon scattering centers, leading to a significant reduction in the thermal 

conductivity of the material. 

   

                                                     
 
Fig.5.6 (a-c) HRTEM image, (d,e) d-spacing of lattice planes of Cu2Se and ZnSe 
and (f) selected area electron diffraction (SAED) pattern of Cu2Se sample with 5 
wt% ZnSe content. 
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5.3.3. Thermoelectric measurement studies  

The thermoelectric properties of the Cu2Se-ZnSe composite as a function of 

temperature were investigated, and the results are shown in Fig.5.7.  

 

 

Fig.5.7 Variation of (a) electrical conductivity (b) Seebeck coefficient (c) power 
factor of Cu2Se + x % ZnSe (x = 0, 2.5, 5, 7.5, and 10) samples.  

Increasing the concentration of ZnSe leads to a simultaneous enhancement in both 

electrical conductivity and the Seebeck coefficient. The electrical conductivity of all 

samples decreases with rising temperature, indicating semimetallic transport 

behavior [20]. Typically, the Seebeck coefficient tends to decrease as electrical 

conductivity increases and vice versa. However, an intriguing deviation from this 

conventional trend is observed upon the incorporation of ZnSe into the Cu2Se 

matrix. Strikingly, the inclusion of ZnSe in Cu2Se can result in a simultaneous boost 

in both the Seebeck coefficient and electrical conductivity. This exceptional 
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occurrence challenges established norms and highlights the distinctive attributes and 

prospective uses of ZnSe as a promising material for thermoelectric applications. 

When incorporating material such as ZnSe into a system, it has the potential to 

impact the electronic band structure and density of states within that system. 

Depending on the unique characteristics of ZnSe, it may lead to an augmentation in 

the density of states within the energy bands, potentially resulting in an enhancement 

of the Seebeck coefficient. To gain a comprehensive understanding of the 

mechanisms driving this augmentation, it would be imperative to conduct an in-

depth examination of the electronic band structure, charge carrier concentration, and 

mobility within the particular Cu2Se-ZnSe system. 

In order to comprehensively explore the electrical transport characteristics of Cu2Se 

+ x wt% ZnSe samples, a series of Hall measurement studies were conducted. The 

accompanying Fig.5.8 illustrates the intriguing interplay between carrier 

concentration and mobility at different temperatures. It's evident from the data that 

both carrier concentration and mobility decrease as the temperature rises. Within this 

dataset, a discernible pattern emerges as ZnSe is incorporated into the Cu2Se matrix: 

a gradual and consistent rise in carrier concentration, paralleled by a persistent 

decline in mobility. This intriguing behaviour underscores the significant influence 

of ZnSe on the charge carriers within the material. With an increasing content of 

ZnSe, carriers become more abundant, leading to an enhancement in carrier 

concentration. In composite samples with lower ZnSe content (≤ 5 wt%), this 

increase is linked to the presence of more interfacial defects. However, as ZnSe 

content exceeds 5 wt%, hole concentration decreases, likely because of particle 

agglomeration. Interestingly, this increment in carrier concentration coincides with a 

corresponding reduction in carrier mobility, signifying a restriction in their effective 

movement within the material. Notably, when compared to pristine Cu2Se, these 

samples consistently exhibit higher carrier concentrations and lower carrier 

mobilities across all weight percentages of introduced ZnSe. The observed decrease 

in carrier mobility with increasing ZnSe content in the composite material can be 

attributed to enhanced nanoinclusion interface scattering [21]. When ZnSe is 

introduced into the material, it creates interfaces or boundaries that impede the 
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smooth movement of charge carriers, causing them to scatter. This scattering effect 

results in a reduction in carrier mobility because the carriers experience increased 

resistance to their motion. However, the simultaneous increase in carrier 

concentration, which is the number of charge carriers present, compensates for the 

reduction in mobility. As ZnSe content continues to increases beyond a certain 

threshold, the enhanced carrier concentration becomes dominant, leading to a 

remarkable enhancement in electrical conductivity. In essence, the trade-off between 

reduced mobility due to scattering and increased carrier concentration is a key factor 

influencing the electrical properties of the composite material.  

 

Fig. 5.8 Variation of (a) carrier concentration and (b) mobility of Cu2Se + x % ZnSe 
(x = 0, 2.5, 5, 7.5, and 10) samples. 

Fig.5.7 (b) shows the temperature dependent Seebeck coefficient for the Cu2Se + x 

% ZnSe (0-10 wt%). The fact that all samples exhibit a positive Seebeck coefficient 

suggests that holes are the prevailing carriers, aligning with the results of Hall 

measurements. With increasing ZnSe content, the Seebeck coefficient in the 

composite material shows a clear and significant improvement compared to pristine 

Cu2Se. This suggests that the addition of ZnSe has a positive impact on the 

thermoelectric properties of the composite material, and this effect becomes more 

pronounced as the ZnSe content increases to 5 wt%. The notable observation is that, 

in contrast to the anticipated behavior dictated by the well established Mott formula, 

the Seebeck coefficient does not decrease [22]. Instead, it exhibits a slight increase 

with the gradual incorporation of ZnSe and the corresponding rise in carrier 

concentration within the composite materials. The fact that the hole concentration 
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increases with increasing ZnSe content but does not reduce S over the whole 

temperature range. This unexpected phenomenon challenges the conventional 

understanding, which suggests an inverse proportional relationship between the 

Seebeck coefficient and carrier concentration as described by the Mott formula 

[22,23]. A detailed explanation of this equation is provided in chapter 3.  

  S = 
�����

�

����  m*T �
�

��
�

�
��
…………………………..(5.1) 

and the electronic density of states        

g(E) = 
(�∗)

�
�   � √��

ћ���   ………………....……………(5.2) 

It is known that the secondary lower VBM of Cu2Se is situated at the L point with a 

high degeneracy of 8, and the valence band maximum (VBM) is located at the Γ 

point with a low degeneracy of 3. This finding implies that in p-type Cu2Se, 

thermoelectric performance can be enhanced by the application of band structure 

modification [24]. Introduction of ZnSe can induce pronounced band convergence 

within the electronic structure of Cu2Se, which may ultimately result in a remarkable 

increase in the Seebeck coefficient. To provide a more detailed insight into these 

findings, a thorough grasp of the band structure within the samples is essential. It is 

necessary to compute the effective mass (m*) in order to justify the interaction 

between the electronic structure and transport properties in order to comprehend the 

thermoelectric performance, which is often dependent on the characteristics of the 

band structure around the Fermi level. Alterations in the electronic configuration 

manifest in the effective mass of carriers, and this, in turn, has a direct impact on the 

Seebeck coefficient of the materials [25]. So, to explore the increment in Seebeck 

coefficient, the effective mass (m*) is calculated and shown in the Fig.5.9.  Figure 

shows that the m* increases when ZnSe is introduced, rising from 0.230 m0 for 

pristine Cu2Se (m0 is the free electron mass) to 1.194 m0 for Cu2Se with 5 wt% ZnSe 

suggests that addition of ZnSe modify the band structure of Cu2Se. The addition of 

ZnSe in Cu2Se lattice leads to an enhancement in the effective mass and the 

effective mass of charge carriers is closely linked to the curvature of the energy 
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bands near the Fermi level. An increase in effective mass implies a change in the 

band structure, often associated with variations in the DOS suggesting a possible 

rise in the electronic density of states near the Fermi level. This could be due to the 

overlapping or hybridization of the energy levels of ZnSe with the valence band of 

pristine Cu2Se [26]. Such band convergence boosts the DOS near the Fermi level, 

which is crucial for promoting the excitation of holes and electrons into available 

states. With this enhanced DOS and increased effective mass, the energy levels 

become more densely populated, allowing a greater number of carriers to occupy 

these states. Consequently, we observe a significant rise in carrier concentration. 

This suggests that the manipulation of the inverse connection between S and n is, in 

fact, caused by the greater effective mass of carrier [27]. However, as the ZnSe 

content is further increased m* subsequently decreases to 0.610 m0 which was 

consistent with the decrease in the Seebeck coefficient and carrier concentration. 

The variation in effective mass leads to the participation of new energy levels or 

electronic states that affect the charge transport properties [28].  

 

Fig.5.9 Temperature dependence of carrier effective mass of Cu2Se + x % ZnSe 
(x = 0, 2.5, 5, 7.5, and 10) samples. 

The correlation proposed by Fritzsche suggests that the magnitude of an individual 

gain in the Seebeck coefficient is approximately proportional to the distance from 

the Fermi energy (Ef) in terms of energy units. Fritzsche's model illustrates the 
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connection between the Seebeck coefficient and the energy difference between the 

conduction band and Fermi level. This correlation is particularly relevant when the 

density of states edge permits carrier motion exclusively in either the conduction 

band or the valence band [28]. The addition of ZnSe may introduce energy levels 

that modify the Fermi level. The (Ec-Ef) value has been determined by analyzing the 

slope of the graph, where 1/T is plotted on the x-axis and S on the y-axis and shown 

in table 5.1. 

Table 5.1: Computed values of Fermi level, optical band gap and thermal band gap. 

Sample Ec-Ef (eV) 
Optical band gap, Eg 

(eV) 

Thermal band gap, ϵg 

(eV) 

x=0 -0.0178 ± 0.0023 2.598 0.051 

x=2.5 -0.0204 ± 0.0028 2.627 0.056 

x=5 -0.0247 ± 0.0033 2.702 0.066 

x=7.5 -0.0242 ± 0.0025 2.674 0.056 

x=10 -0.0181 ± 0.0025 2.655 0.052 

 

The Fermi level normally lies inside the band gap but closer to the valence band in 

p-type semiconductors, where positively charged holes are the dominating carriers. 

For all p-type samples, the negative values of (Ec-Ef ) indicate that the Fermi level 

(Ec-Ef ) is located closer to the valence band (Ev) than it is to the conduction band 

(Ec). This energy difference increases with the increases in ZnSe content up to 5 

wt% which indicates that the fermi level is shifting even closer to the valence band 

which causes an increase in carrier concentration. 

Thermal band gap was calculated using sharp goldsmith relation [29]. 

ϵg = 2eSmaxTmax…………………………………..(5.3) 

Where, ϵg is the thermal bandgap, e charge of an electron, Smax is the maximum 

Seebeck coefficient and Tmax is the consistent temperature, respectively. The 

calculated thermal band gap of the samples is shown in the table 5.1. Thermal band 

gap of the sample increases as the ZnSe content increases to 5 wt% which indicates 

a supress in bipolar diffusion. The fermi level is shifting deep into the valence band 
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as the ZnSe concentration increases. This increases the energy gap between the 

Fermi level and the conduction band, decreasing the likelihood of electrons being 

thermally stimulated into the conduction band and suppressing bipolar diffusion 

[30]. 

Schematics showing the variation in band structures with ZnSe addition is shown in 

Fig.5.10. The Cu2Se valence band edge is characterised by a significant p-d 

hybridization that stems from the small energy difference between the Cu-d and Se-

p atomic orbitals [24]. It can be seen that as the ZnSe is introduced, VB at the L 

point shifts upward closer to the VBM. So, the energy gap between VB and the 

VBM, which improves degeneracy and increases DOS close to the Fermi level. 

Addition of ZnSe in Cu2Se alter the band structure in 2 ways.  First, according to the 

results, ZnSe addition to Cu2Se is thought to facilitate charge carrier injection by 

bringing the two valence bands (Г and L) closer together in energy (ΔEv), or valance 

band convergence. Second, ZnSe addition may also widen the band gap that 

separates the conduction band (C) from the valance band (Г and L), preventing 

minority carriers (electron) from crossing the gap, thus Seebeck increases. 

Additionally, when the doping level increases, it tends to maintain the Fermi level's 

location near the VBM, which is beneficial for electrical conductivity. Also, strong 

band convergence between the valence maxima would imply a high DOS and a high 

S values. 

 

Fig.5.10 Schematics showing the variation in band structures with increasing ZnSe 
content. 
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5.3.4. Optical studies 

The optical studies of the synthesized samples were done using UV-Vis 

spectroscopy. The band gap of the synthesized samples was determined using the 

Tauc plot method, as outlined in the preceding chapters. The obtained values of band 

gap are shown in table 5.1. The determined band gap value of pristine Cu2Se is 

consistent with the literature [32]. As the concentration of ZnSe increased up to 10 

wt%, the electronic absorption spectra of the composite samples exhibited a 

noticeable shift in the absorption edge towards higher energy, in comparison to the 

pristine sample. We expect an increase in the band gap based on our results from the 

electrical transport parameters when ZnSe is added to Cu2Se. The widening of the 

band gap with increasing ZnSe concentration, attributed to the rise in carrier 

concentration, aligns well with the Burstein-Moss shift [33]. Therefore, the optical 

measurements align with and substantiate the observed changes in the electrical 

transport properties. The increase in the optical band gap implies a reduction in the 

energy separation between the valence bands [Γ and L], facilitating more 

controllable band convergence [34]. The convergence of the valence band in 

composites, substantiated by electrical transport parameters and linked to an increase 

in the bandgap as per the Kane dispersion model, is likely responsible for the 

upsurge in the effective mass of DOS [35]. It has been experimentally shown in 

several similar TE materials that the theoretically predicted widening of the band 

gap accounts for the observed increase in DOS effective mass [36]. Since there is an 

increase in the density of states near the Fermi energy, such valence band 

convergence is expected to contribute to amplification of the Seebeck coefficient 

due to contribution from both bands. In our work, we note a concurrent change in 

both the carrier concentration and the Seebeck coefficient upon the introduction of 

ZnSe into the Cu2Se lattice, a phenomenon that contradicts the Mott relation. This 

observation suggests that the elevated DOS effective mass plays a significant role in 

influencing the inverse relationship between S and n. The significant improvement 

in the Seebeck coefficient, combined with a notably enhanced carrier concentration, 

leads to a sharp increase in the power factor.  
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Fig.5.11 Variation in the optical band gap of Cu2Se + x % ZnSe (x = 0, 2.5, 5, 7.5, 
and 10) samples. 

5.3.5. Thermal transport measurements  

Fig.5.12 (a) shows the temperature-dependent total thermal conductivities of all of 

the samples. Composite materials have the benefit of mixing two different 

components in order to enhance the thermal transport characteristics. As seen in 

Fig.5.12 (a), the addition of ZnSe to the Cu2Se matrix may effectively lower the 

overall thermal conductivity of Cu2Se. In comparison to pristine Cu2Se, all of the 

samples showed low thermal conductivity. In addition, the total thermal conductivity 

of all composite phases follows a consistent trend with increasing wt% of ZnSe, 

with the lowest value of 0.404 W/mK at 573 K obtained for sample containing 5 

wt% ZnSe. The obtained values are comparable with literature. Farooq et al reported 

a thermal conductivity of 0.5 W/mK at 773 K for composite phases of Cu2Se/Cu2S, 

with the composite containing 15% Cu2S [37]. Qiujun Hu et al reported a lowest 

thermal conductivity of 0.45 W/mK at 973 K for Cu2Se/CDs hybrid materials [38].  

Ruiming Lu observed a significant enhancement in the total thermal conductivity at 

room temperature, reaching 0.65 W/mK, with the incorporation of 0.5 mol% 

CuFeSe2 into the Cu2Se matrix [39]. The thermal conductivity reduces with 

increasing ZnSe concentration, possibly due to point-defect scattering. This decrease 

in thermal conductivity suggests that the phonon scattering efficiency of the well-

dispersed nanostructured ZnSe is quite high. Optical studies shows that ZnSe 
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addition effectively widen the bandgap and simultaneously bring two valence bands 

closer together. The improvement in the Seebeck coefficient is facilitated by this 

band convergence, and the larger bandgap can inhibit the bipolar diffusion that 

favours the reduction in total thermal conductivity. The results reveal that the 

inclusion of ZnSe leads to the convergence of valence bands, which modifies the 

electrical transport characteristics and thermal conductivity.  

  

Fig.5.12 Temperature dependence of (a) total thermal conductivity and (b) Figure of 
merit (ZT) of Cu2Se + x % ZnSe (x = 0, 2.5, 5, 7.5, and 10) samples. 

Benefiting from the superior electrical transport property and the great reduction of 

thermal conductivity by tuning ZnSe content in Cu2Se lattice, enhancement in the 

ZT value is obtained. The Fig.5.12 (b) shows the temperature dependence of ZT for 

all the samples. It can be shown that the ZT value increases with increasing 

temperature for pristine and composite samples. The highest ZT value recorded was 

1.02 at 573K for Cu2Se with 5 wt% ZnSe, which is over 8 times higher than that of 

pristine Cu2Se. Obviously, the exceptional TE performance of our nanocomposites 

stems from the high PF value as well as the substantially decreased thermal 

conductivity. Employing concepts of nanostructuring and band convergence to 

modify the electronic structure of Cu2Se by tuning the concentration of ZnSe, one 

may easily enhance ZT compared to pristine Cu2Se. These results confirm that 

introducing ZnSe secondary phase to the Cu2Se matrix can improve thermoelectric 

performance for intermediate temperature applications. 
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5.4. Conclusion 

This study introduces the concept of utilizing nanostructured composite materials to 

enhance the dimensionless thermoelectric figure of merit (ZT). It highlights 

significant improvement obtained in the thermoelectric performance of p-type Cu2Se 

through band structure engineering by the incorporation of ZnSe. By simultaneously 

modulating the electronic structure and suppressing phonon transport, the study 

demonstrates how ZnSe boosts the thermoelectric properties of Cu2Se. The addition 

of ZnSe effectively tunes the Fermi level, promotes the convergence of light and 

heavy valence bands, and enhances the density of states, facilitating the decoupling 

of electrical transport parameters. ZnSe plays a critical role in optimizing p-type 

charge carriers while simultaneously increasing the Seebeck coefficient due to the 

strong convergence of valence bands. In this study Cu2Se-ZnSe nanocomposites 

were synthesized through mechanical alloying via a planetary ball-milling 

technique. Structural and morphological studies confirmed the successful formation 

of Cu2Se-ZnSe nanocomposites. By carefully optimising the ZnSe concentration, a 

simultaneous enhancement in electrical conductivity and Seebeck coefficient is 

achieved, leading to a maximum power factor of 736 µW/mK² at 573 K for the 

sample with 5 wt% ZnSe. Furthermore, the optical band gap widens with increasing 

ZnSe content, which suppresses bipolar transport by reducing minority carrier 

contributions to the Seebeck effect and inhibiting carrier thermal excitation across 

the band gap. These combined effects result in a remarkable ZT value of 1.02 at 573 

K for Cu2Se with 5 wt% ZnSe. This work presents a controlled strategy for 

synthesizing Cu2Se-based thermoelectric nanocomposites and offers an effective 

approach to designing materials with exceptional thermoelectric performance. 
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This chapter investigates the enhancement obtained in the thermoelectric properties of 
Cu2Se through MgO nanoinclusions. MgO introduces energy filtering, addressing 
challenges like bipolar carrier transport, which typically reduces the Seebeck coefficient and 
increases thermal conductivity. Through the ball milling technique, Cu2Se-MgO composites 
with well-defined interfaces are created, enhancing the Seebeck coefficient via valence band 
convergence and interface energy filtering. Additionally, controlling the Cu vacancies 
optimizes the carrier concentration, leading to an improvement in the overall thermoelectric 
performance.  
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6.1. Introduction 

Recently, researchers have identified thermoelectric (TE) nanocomposites as a 

promising approach to simultaneously enhance both TE efficiency and mechanical 

properties [1,2]. This strategy improves TE efficiency mainly by reducing thermal 

conductivity through scattering mechanisms that affect both phonons and charge 

carriers. It also increases the power factor by employing an energy filtering 

mechanism, which selectively regulates the carrier energy [2]. To enhance the 

Seebeck coefficient, a crucial parameter in thermoelectric materials, it is essential to 

precisely optimize the carrier concentration. This optimization ensures an optimal 

balance between electrical conductivity and thermal conductivity. The Seebeck 

coefficient (S) depends on the difference between the average energy of charge 

carriers (EJ) and the Fermi level (Ef), expressed as [3] 

S = 
|�����|

��
   …………….…………………….(6.1) 

S is enhanced when high-entropy carriers contribute significantly to conductivity, as 

their presence promotes greater energy transport. By controlling the scattering 

behavior of these carriers, their mobility can be increased while concurrently 

lowering thermal conductivity. Moreover, increasing the effective mass of charge 

carriers can further boost the Seebeck coefficient by increasing the density of states 

near the Fermi level. One effective approach to significantly increase the Seebeck 

coefficient without reducing conductivity is through energy filtering, which 

selectively enhances the contribution of high-entropy carriers to electrical 

conductivity. To facilitate energy filtering, a material with a distinct Fermi level is 

usually incorporated into a thermoelectric material. The interface between these two 

materials creates an energy barrier that selectively scatters low energy charge 

carriers, thus raising the average energy of the remaining charge carriers. This 

process improves the S and consequently, the thermoelectric conversion efficiency 

[4]. Additionally, phonon scattering at the newly formed interfaces can substantially 

reduce thermal conductivity.  

Recent strategies to improve the thermoelectric efficiency of Cu2Se include adding 

secondary phases to lower thermal conductivity, optimizing carrier concentration to 
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boost the Seebeck coefficient, using band engineering to tune the electronic 

properties, doping to enhance charge carrier mobility, and nanostructuring to 

increase phonon scattering and electrical conductivity [5,6]. However, while these 

strategies appear promising, recent research highlights the effectiveness of inducing 

the energy filtering effect via matrix energy barriers. Oxide nanoinclusions, known 

for their chemical inertness, simplicity, and cost-effectiveness, enhance 

thermoelectric efficiency by improving thermal and phase stability, reducing thermal 

conductivity (κ), and strengthening mechanical properties. This enables a controlled 

enhancement of the ZT in any thermoelectric material [7]. Incorporating oxide 

nanoparticles into a Cu2Se matrix has proven effective in enhancing the 

thermoelectric properties. Ma et al. demonstrated significant thermoelectric 

enhancement in nano Y2O3 dispersed Cu2Se [8].  Incorporating a nanosecond phase 

like Y2O3 into the Cu2Se matrix effectively alters grain size, enhancing phonon 

scattering and reducing thermal conductivity through increased interface scattering. 

However, this modification does not alter the Seebeck coefficient. Selecting suitable 

secondary phases can enhance the Seebeck coefficient by inducing the energy 

filtering effect through potential energy barriers within the matrix [9].  Mani et al. 

reported that incorporating CuO nanoparticles into a Cu2S matrix significantly 

reduces the thermal conductivity by enhancing phonon scattering through embedded 

nanoparticles and phase boundaries [10]. Additionally, the Seebeck coefficient 

increases due to the filtration of low energy carriers at CuO potential barriers, 

resulting in an overall increase in conversion efficiency [11]. This motivated the 

present study, which investigates the enhancement of thermoelectric conversion 

efficiency in Cu2Se by incorporating magnesium oxide (MgO) into the host matrix 

using the planetary ball milling technique. Incorporating thermally, chemically, and 

physically stable MgO naninclusions into the superionic host matrix of Cu2Se can 

effectively balance the relationship between carrier concentration, Seebeck 

coefficient, and electrical and thermal conductivity. This approach helps to achieve 

high electrical conductivity while reducing thermal conductivity, thereby enhancing 

the overall thermoelectric performance of the material. The Seebeck coefficient of 

the composite experiences notable enhancement through optimizing the carrier 

concentration and the energy filtering effect at phase interfaces, effectively 

scattering low-energy carriers. Additionally, the study elucidated the potential for an 

energy filtering effect on the Seebeck coefficient, along with the mechanism of 



Modification of the thermoelectric properties of Cu2Se through MgO inclusions 

 161

carrier or phonon scattering that affects thermal conductivity at newly formed 

interfaces. 

6.2. Experimental details 

Cu2Se-MgO nanocomposites were synthesized using the ball milling technique. All 

chemicals were purchased from Alfa Aesar, with copper (99.5%), selenium (99.9%), 

and MgO (99.9%) obtained in powder form and used without further purification. 

To synthesize pristine Cu2Se, Cu and Se powders taken in a stochiometric ratio were 

milled in a planetary ball mill for an optimized time period of 12 hours. The ball to 

powder ratio was set at 10:1 with a milling speed of 200 rpm. For the synthesis of 

Cu2Se-MgO composites, we used varying weight percentages (2.5 wt%, 5 wt%, 7.5 

wt%, and 10 wt%) of MgO relative to Cu and Se. The composite samples are 

synthesized in the same route as pristine Cu2Se. The synthesized samples were then 

pressed into a circular pellet (13mm diameter, 3mm thickness) using a hydraulic 

pelletizer with an applied force of approximately 10 tonnes in air. The densified 

pellet was then sintered at 300°C for 3 hours in a vacuum before undergoing 

characterization. The structural, morphological, optical, and thermoelectric 

properties of the sintered pellets were analyzed. A detailed explanation of the 

synthesis process and characterization techniques were provided in chapter 2.  

6.3. Results and discussion 

6.3.1. Phase and structure analysis 

The crystal structures and phase purities of Cu2Se + x wt% MgO (x = 0, 2.5, 5, 7.5 

and 10 wt%) composites were analyzed via powder X-ray diffraction (PXRD) 

technique with CuKα radiation (λ = 1.5408 Å) at room temperature, scanning at 

10°/min from 10° to 80° in 2θ. Fig.6.1 shows that the diffraction peaks align with the 

primary peaks of Cu2Se, exhibiting Bragg angles at 26.73°, 30.91°, 44.40°, 52.53°, 

64.51°, and 71.13°, which correspond to the (111), (200), (220), (311), (400), and 

(331) crystallographic planes of the cubic Cu2Se phase (ICDD-03-065-2982). As the 

MgO content increases, no noticeable changes are observed in the diffraction peaks 

for MgO content up to 2.5 wt%. However, distinct changes become apparent when 

the concentration exceeds 2.5 wt%. For composites containing MgO concentration > 
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2.5 wt%, an additional diffraction peak appears at 42.4°, corresponding to the (200) 

crystallographic planes of the cubic MgO phase (ICDD-01-087-0653). As the MgO 

content increases to 7.5 wt%, the diffraction peak of MgO becomes distinctly 

visible. At a MgO content of 10 wt%, along with Cu2Se and MgO, peaks 

corresponding to the tetragonal Cu3Se2 phase (ICDD-03-065-1656) are also visible 

in the diffraction pattern. The introduction of higher wt% of MgO can significantly 

alter the chemical environment, influencing the formation energies and stability of 

various phases, which can promote the formation of Cu3Se2 along with the Cu2Se 

phase [11].  

 

 

Fig.6.1 (a) PXRD patterns showing Cu2Se + x % MgO (x = 0, 2.5, 5, 7.5, and 10) 
samples and (b) ICDD database of Cu2Se, MgO and Cu3Se2. 
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Fig.6.2 Variation of microstrain and dislocation density with increasing MgO 
content.  

The inclusion of MgO in the Cu2Se matrix alters the microstructural parameters by 

affecting the crystallite size (D). This, in turn, influences the microstrain (ε) and 

dislocation density [12,13]. The average crystalline size, dislocation density, and 

microstrain for all samples have been calculated using the formulas reported in the 

previous chapter 2. Fig.6.2 illustrates the variations in microstrain, and dislocation 

density of all samples as the MgO content increases. The Full width half maximum 

(FWHM) of the sample decreases with an increase in MgO content which shows an 

increase in the crystallinity. The calculated crystalline size ranges from 11.15 nm to 

27.79 nm for pristine and composite samples. The larger crystallite sizes observed in 

samples with higher MgO content highlight MgO's role in promoting grain growth 

and inhibiting the formation of smaller crystallites. MgO particles act as grain 

growth promoters, allowing the smaller crystallites to coalesce into larger grains. 

This growth mechanism leads to the reduction of grain boundaries and an overall 

increase in crystallite size. Increasing the concentration of MgO in Cu2Se suggests a 

decrease in microstrain and dislocation density compared to pristine sample. This 

decrease in microstrain with increasing MgO content can be attributed to the 

effective dispersion of MgO particles within the Cu2Se matrix.  This dispersion 

helps to alleviate internal stresses and promotes more uniform grain growth. 
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Additionally, the presence of MgO at grain boundaries can act as a barrier to 

dislocation movement, thereby reducing dislocation density and enhancing overall 

structural stability. It was clearly indicated that both the microstrain and the 

dislocation density decrease with an increase in MgO content, allowing carriers to 

move more freely within the lattice. This observation aligns with the well-known 

phenomenon where an increase in crystallite size typically results in reduced 

microstrain and dislocation density in the material [14,15]. The strain induced by 

MgO incorporation may facilitate better charge carrier mobility by minimizing 

potential barriers at grain boundaries. This can enhance the Seebeck coefficient and 

overall thermoelectric performance. The optimization of microstructure through 

precise control of MgO content is therefore crucial for tuning the physical properties 

of Cu2Se based thermoelectric materials. This strategy underscores the importance 

of compositional modifications in achieving desirable thermoelectric characteristics 

by balancing grain size, strain, and defect density. 

6.3.2. Morphological studies 

The morphology of the synthesized materials was analyzed using high resolution 

FESEM, as shown in Fig. 6.3. The pristine Cu2Se sample shows a layered 

nanoflake-like morphology, characteristic of its structure. As MgO is introduced, the 

grain boundaries become more distinct, and the surface roughness increases, 

indicating the dispersion of MgO within the Cu2Se matrix. These morphological 

changes indicate that the addition of MgO disrupts the uniform structure of the 

Cu2Se matrix, likely affecting its electrical and thermal properties by altering the 

mechanisms for electron and phonon transport. 
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Fig.6.3 FESEM images of Cu2Se + x wt% MgO composites with (a) x=0, (b) x=2.5, 
(c) x=5, (d) x=7.5, and (e) x=10.  

The compositional analysis of the MgO sample was performed using the EDS 

technique as shown in Fig.6.4. Figure shows that only the peak corresponding to Cu 

and Se is detected in pristine samples. For all the composites samples no peaks 

associated with elements other than Cu, Se, Mg, and O are observed, which is 

compatible with the PXRD results. Fig.6.5 presents the EDS mapping for the sample 

with 7.5 wt% MgO, showing the distribution of Cu, Se, Mg, and O. 
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 Fig.6.4 EDS spectrum of Cu2Se + x wt% MgO composites with (a) x=0, (b) x=2.5, 
(c) x=5, (d) x=7.5, and (e) x=10.  
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Fig.6.5 EDS elemental mapping for the Cu2Se sample with 7.5 wt% MgO showing 
(a) the combined distribution of all elements, (b) the distribution of Cu, (c) Se, (d) 
Mg, and (e) O. 

HRTEM was employed to investigate the microstructure of MgO within the Cu2Se 

matrix, aiming to enhance the understanding of how MgO nanoparticles influence 

the thermoelectric properties. Fig.6.6 presents the HRTEM analysis of the Cu2Se 

sample with 7.5 wt% MgO sample, confirming the distribution of MgO 

nanoparticles within the Cu2Se matrix. Fig.6.6 (a) and (b) show the formation of 

Cu2Se and MgO nanoparticle agglomerates. At lower magnification, the image 

reveals a broader view of the well dispersed Cu2Se and MgO nanoparticles, though 

some agglomeration is observed. The particles exhibit clustering or aggregation, a 

typical phenomenon when a secondary material, such as MgO, is incorporated into 

the host matrix. Fig.6.6 (c) presents a closer view of the particle structure, revealing 

individual Cu2Se particles or nanocrystals, with MgO nanoparticles interspersed 

between them. The inclusion of MgO could potentially improve the crystallinity or 

influence the electronic properties at the interfaces. This high magnification image 

shown in Fig 6.6 (d) shows the atomic arrangement within the nanocrystals, 

providing details on the crystal planes and the interface between Cu2Se and MgO. 

The image shows a distinct interface characterized by a contrast difference, which 

may indicate a phase boundary between the Cu2Se matrix and MgO inclusions. This 

heterogeneous barrier likely arises from the dispersion of MgO particles within the 

Cu2Se matrix, creating a phase boundary that could impede carrier or phonon 

movement. Such barriers are advantageous in thermoelectric materials, as they can 

lower thermal conductivity by scattering phonons while preserving electrical 

transport, thereby enhancing thermoelectric performance. 
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Fig.6.6  (a-d) HR-TEM image, (e,f) d-spacing of lattice planes of Cu2Se and MgO, 
and (g) SAED pattern of the Cu2Se with 7.5 wt % MgO samples. 
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The lattice d-spacing values were calculated using ImageJ software are shown in 

Fig.6.6 (e). The figure shows d-spacing values of 0.27 nm and 0.13 nm, 

corresponding to the (220) planes of cubic Cu2Se and the (220) planes of cubic MgO 

phase, respectively. The selected area electron diffraction (SAED) pattern of the 

sample shown in Fig.6.6 (f), confirms the polycrystalline nature and high 

crystallinity of the sample. Distinct diffraction spots corresponding to the (111) and 

(220) planes of cubic Cu2Se, as well as the (220) planes of cubic MgO, are clearly 

visible, in agreement with the PXRD diffraction data for these phases. The d-spacing 

values derived from the SAED pattern, specifically 0.377 nm, 0.219 nm, and 0.127 

nm, precisely align with the interplanar spacings of the (111) and (220) planes of 

Cu2Se and the (220) planes of MgO, respectively. This confirms the successful 

formation of a composite structure where MgO is present as a distinct crystalline 

phase embedded within the Cu2Se matrix. The symmetrical and well defined 

diffraction spots further underscore the composite’s high degree of crystallinity and 

structural order. 

6.3.3. Thermoelectric measurement studies  

The thermoelectric properties of Cu2Se with varying MgO contents (x = 2.5, 5, 7.5, 

and 10) were examined over a range of temperatures, as illustrated in Fig.6.7. As 

shown in Fig.6.7 (a), the electrical conductivity (σ) exhibits a linear monotonic 

decrease with increasing temperature. This behavior, indicative of metal-like 

conduction is typical for heavily doped degenerate semiconductors.  In TE materials, 

an increase in S is accompanied by a decrease in σ, and vice versa [16]. As 

temperature rises, the S of all samples increases as shown in Fig.6.7 (b). In the 

observed measurement range, the Seebeck coefficient exhibits a trend opposite to 

that of conductivity. The positive values of the Seebeck coefficient indicate that both 

pristine Cu2Se and its composites with MgO exhibit p-type semiconductor behavior, 

with holes being the majority charge carriers.  
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Fig.6.7 Variation of (a) electrical conductivity (b) Seebeck coefficient (c) power 
factor of Cu2Se + x % MgO (x = 0, 2.5, 5, 7.5, and 10) samples.  

The Seebeck coefficient of the composites exhibited a notable increase compared to 

the pristine samples. This improvement is due to the efficient energy-filtering effect 

caused by the incorporation of potential barriers with appropriate bandgap. By 

incorporating MgO into the lattice of Cu2Se, numerous phase interfaces are created, 

further enhancing the energy filtering effect and contributing to the observed 

increase in the Seebeck coefficient. This effect selectively facilitates the passage of 

high-energy charge carriers, enhancing the overall Seebeck coefficient [17,18]. To 

further comprehend the energy filtering mechanism, Hall measurements performed 

on the samples are depicted in Fig.6.9. The results indicate that the carrier 

concentration gradually decreased with increasing MgO doping concentration. As 

the MgO concentration increases, the concentration of charge carriers decreases 

while the mobility increases compared to the pristine sample. This phenomenon is 

attributed to a band structure mismatch between the dispersed MgO and the Cu2Se 

lattice. The formation of Cu2Se-MgO composites creates a heterogeneous interface, 
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leading to changes in the electronic transport properties of the material. These 

heterogeneous interfaces serve as energy barriers, effectively scattering the charge 

carriers within the matrix. These potential barriers enhance the energy filtering 

effect, leading to a more efficient blocking of low-energy carriers from contributing 

to conductivity. Consequently, only higher energy electrons are able to pass through, 

resulting in improved energy filtering as shown in Fig.6.8.  As a result, the S 

increases gradually due to the predominance of high-energy carriers in the energy 

transfer process [19]. Additionally, the Hall mobility increases compared to the 

pristine sample as the MgO content rises to 7.5 wt%. This increase in mobility is 

likely due to the formation of asymmetric potentials within the host matrix, which 

weakens the scattering of the majority carriers. 

 

Fig.6.8 The schematic of energy filtering in Cu2Se-MgO nanocomposites. 

Energy filtering usually reduces electrical conductivity at a given fermi level 

because it obstructs the movement of low energy charge carriers which reduces 

carrier concentration. As a result, many charge carriers no longer participate in the 

transport process [20]. However, in this work, the introduction of MgO 

nanoparticles results in an increase in conductivity as the MgO content increases to 

7.5 wt %. This phenomenon can be attributed to carrier channeling, where MgO 

nanoparticles facilitate more efficient transport pathways for charge carriers, 

enhancing conductivity. Initially, both the σ and the S of the composite samples 

increase as the MgO content rises to 2.5 wt%. Subsequently, the conductivity 
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decreases, but it remains higher than in pristine samples as the MgO content 

increases to 7.5 wt%. Beyond this point, the conductivity continues to decrease. 

However, it's essential to note that as the MgO content increases, the Seebeck 

coefficient of all samples surpasses that of pristine Cu2Se. Consequently, all these 

factors collectively contribute to the enhanced power factor observed in the 

composites. The power factor for all composites was determined, and its variation 

with temperature is shown in Fig.6.7 (c). The PF values of all the samples clearly 

indicate that the Seebeck coefficient has a greater influence than the electrical 

conductivity. A maximum PF of approximately 811 μW/mK² was observed for the 

sample containing 7.5 wt% MgO. These results demonstrate that the improvement in 

PF for all the composites is attributed to the monotonic increase in the S with 

temperature. 

  

Fig.6.9 Variation of (a) carrier concentration and (b) mobility of Cu2Se + x % MgO 
(x = 0, 2.5, 5, 7.5, and 10) samples. 

 The Seebeck coefficient is commonly defined using the Mott equation which is 

explained in detail in chapter 3, as follows [21] 

  S= 
�����

�

����  m*T �
�

��
�

�
��
………...........….............…. (6.2) 

The Seebeck coefficient is influenced by both carrier concentration and carrier 

effective mass. The effective mass (m*) of charge carriers, which plays a crucial role 

in determining the Seebeck coefficient of composites, is influenced by changes in 

their electronic structure. The estimated effective mass (m*), calculated using the 
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measured S and n at different temperatures is shown in Fig.6.10. It can be observed 

that as x increases from 0 to 10, m* increases from 0.23 m0 to 0.38 m0 (m0 is the free 

electron mass). It is reasonable to assume that the rise in the S with the addition of 

MgO is attributed to an increase in the effective mass of the density of states (DOS) 

[22]. The presence of nanoparticles and interfaces can indeed modify the electronic 

band structure of a material, leading to changes in the effective mass. When the 

effective mass increases, it means there are more available electronic states near the 

Fermi level. This increase in available states enhances the energy dependency of the 

Seebeck coefficient. With more states available, the probability of high energy 

carriers contributing to electrical conductivity is higher. These high-energy carriers 

are less affected by scattering compared to low energy carriers, further emphasizing 

the importance of the energy dependency of the Seebeck coefficient in 

thermoelectric materials [23]. Also, such an introduced interface affects the 

movement of the charge carriers which strongly scatters low energy carriers, leading 

to lowering the electrical conductivity. This form of energy filtering effectively 

boosts the Seebeck coefficient.  

 

Fig.6.10 Temperature dependence of carrier effective mass of Cu2Se + x % MgO 
(x = 0, 2.5, 5, 7.5, and 10) samples. 

6.3.4. Optical studies 

The absorbance spectra of all the samples were analyzed using a UV-Visible 
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spectrophotometer to evaluate their optical bandgap. The energy bandgap was 

estimated utilizing the Tauc plot method as outlined in chapter 3. Fig 6.11 (a) 

illustrates the trend of increasing energy bandgap with increasing concentrations of 

MgO. The calculated optical band gaps of the samples are shown in table 6.1. The 

band gap increases as the MgO content increases. These findings strongly indicate 

that in composite samples, there is a considerable reduction in the energy gap 

between the light and heavy hole valence bands, as shown in Fig.6.11 (b) [26]. This 

reduction enhances the Seebeck coefficient due to contributions from both valence 

bands. The enhanced m* reveals the contribution of the heavy hole valence band in 

improving the Seebeck coefficient of composite samples. Specifically, m* increases 

from 0.23m0 (at x = 0) to 0.38m0 (at x =10) with rising x, highlighting the significant 

impact of the heavy hole band on the transport properties. The widened bandgap 

filters longer wavelength phonons, which contribute partially to thermal 

conductivity [27]. The rise in the Seebeck coefficient can also be due to the 

reduction in minority carriers within the conduction band, stemming from the 

widened bandgap [24]. This widening of the bandgap, which diminishes the bipolar 

contribution to thermal conductivity, results in a decrease in the n at elevated 

temperatures [28]. This observation is well aligned with the data obtained from Hall 

measurements.       

    

Fig.6.11 (a) Variation in the optical band gap of Cu2Se + x % MgO (x = 0, 2.5, 5, 
7.5, and 10) samples, (b) Schematic showing band gap widening and valence band 
convergence due to MgO nanoinclusions. 

  



Modification of the thermoelectric properties of Cu2Se through MgO inclusions 

 176

Table 6.1: Computed values of optical band gap and thermal band gap. 

Sample Optical band gap, Eg 

(eV) 

Thermal band gap, ϵg 

(eV) 

x=0 2.598 0.051 

x=2.5 2.635 0.073 

x=5 2.647 0.087 

x=7.5 2.655 0.092 

x=10 2.679 0.108 

 

We utilized the empirical Goldsmid-Sharp equation 

  ϵg = 2eSmaxTmax ……………………………….(6.3) 

where Tmax represents the temperature associated with the maximum Seebeck 

coefficient (Smax) to compute the thermal band gap ϵg for the composite samples is 

shown in table 6.1. The effective band gap for the pristine sample is calculated as 

0.051 eV, showing a gradual linear increase with higher MgO content. Notably, the 

thermal band gap expands to 0.108 eV for the sample with 10 wt% MgO. This trend 

is substantiated by Hall measurements, indicating that the addition of MgO 

effectively enlarges the band gap of Cu2Se. This result suggests that energy filtering 

of minority carriers delays the onset of bipolar conduction to higher temperatures by 

selectively hindering their movement, consequently increasing the bandgap. The 

bipolar effect generally can disrupt electrical and thermal transport by lowering the 

Seebeck coefficient. In this work, we observed an increase in S as the MgO content 

increases. Therefore, it is reasonable to suggest that increasing the band gap reduces 

the impact of minority carriers on the Seebeck coefficient, which leads to achieve a 

higher Seebeck coefficient.  

6.3.5. Thermal transport measurements  

Cu2Se inherently possesses low thermal conductivity due to its distinctive phonon 

liquid electron crystal structure [29]. When MgO is incorporated into the Cu2Se 

matrix, these heterostructures serve as centers for phonon scattering, effectively 

reducing thermal conductivity as the doping concentration increases. Fig.6.12 (a) 
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clearly illustrates a significant decrease in total thermal conductivity following the 

incorporation of MgO into the Cu2Se matrix. It is evident that the total thermal 

conductivity (κ) of all composite samples is lower than that of pristine Cu2Se, and it 

steadily decreases as the temperature rises. Specifically, for pure Cu2Se matrix at 

573K, the total thermal conductivity is approximately 0.673 W/mK, which 

progressively decreases as the MgO content increases from 2.5 to 10 wt%. The 

lowest thermal conductivity value of κ = 0.394 W/mK was achieved with 10 wt% 

MgO added, representing a 41% reduction compared to pristine Cu2Se. The decrease 

in total thermal conductivity can be ascribed to the significant scattering of charge 

carriers at newly formed Cu2Se-MgO potential barriers or interfaces, potentially 

induced by an energy filtering effect [30,31]. Optical studies indicate that the band 

gap widens with increasing MgO content. This increased band gap filters longer 

wavelength phonons, which contribute significantly to thermal conductivity. This 

effect can enhance the Seebeck coefficient without significant impact in the 

electrical conductivity while reducing its thermal conductivity [24,32].  

 

Fig.6.12 Temperature dependence of (a) total thermal conductivity and (b) Figure of 
merit (ZT) of Cu2Se + x % MgO (x = 0, 2.5, 5, 7.5, and 10) samples. 

The temperature variation of the ZT for both pristine Cu2Se and the composite 

samples are depicted in Fig.6.12 (b). The ZT increases significantly with the 

increase in MgO content up to 7.5 wt% and thereafter decreases. Although κ 

continues to decrease with MgO content up to 10 wt%, the ZT does not improve 

further due to a reduction in the power factor, reaching a peak value of 1.14 at 573 K 
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for 7.5 wt% MgO. The enhanced thermoelectric performance observed in the Cu2Se-

7.5 wt% MgO sample is attributed to two primary factors. The enhanced power 

factor primarily stems from an elevated Seebeck coefficient, driven by the energy 

filtering effect on carriers. Additionally, the decreased thermal conductivity results 

from the effective scattering of phonons and carriers at interfaces and grain 

boundaries. These mechanisms collectively enhance the TE performance of the 

Cu2Se-7.5 wt% MgO composite. The combined effect of an increased Seebeck 

coefficient and reduced thermal conductivity leads to a higher figure of merit, 

enhancing the material's thermoelectric conversion efficiency due to the presence of 

MgO in the Cu2Se lattice.    

6.4. Conclusions  

In this work, the thermoelectric properties of Cu2Se were synergistically regulated 

by introducing MgO nanoinclusions, which effectively decouple the thermal and 

electrical transport phenomena. The integration of MgO nanoparticles into the Cu2Se 

matrix through ball milling establishes an energy potential barrier at Cu2Se-MgO 

interfaces, enhancing the Seebeck coefficient through introducing an energy filtering 

mechanism. XRD analysis confirmed the cubic crystal structure of the samples and 

identified MgO as a secondary phase. Although dispersing MgO in Cu2Se leads to a 

reduction in carrier concentration, the enhanced carrier mobility compensates for the 

drop, thereby maintaining the electrical conductivity. The synergistic optimization 

achieved a maximum observed power factor of approximately 811 μW/mK² for the 

sample containing 7.5 wt% MgO. The incorporation of MgO nanoinclusions 

generates heterostructure interfaces and structural lattice defects, which effectively 

form thermal barriers for scattering phonon transport. Moreover, there is a 

substantial (>41%) decrease in total thermal conductivity to κ = 0.3947 W/mK for 

10 wt% MgO, attributed to effective scattering of charge carriers at newly formed 

heterointerfaces induced by the energy filtering effect of MgO. The significant 

enhancement in the Seebeck coefficient and reduction in thermal conductivity have 

collectively improved the thermoelectric figure of merit. Specifically, a maximum 
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ZT value of 1.14 at 573 K is achieved for Cu2Se with 7.5 wt% MgO composites, 

marking an approximately 75% increase over the pristine sample. These findings 

underscore the potential of MgO’s presence in Cu2Se for the development of 

efficient thermoelectric materials for sustainable energy applications. 
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This chapter offers a comprehensive summary of the research focused on enhancing the 
thermoelectric properties of Cu2Se based nanomaterials. It highlights the detailed 
characterizations of the synthesized materials and significant results obtained from the 
thermoelectric studies. 
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7.1. Introduction 

In recent years, the field of thermoelectric has grown with significant advancements 

driven by the increasing demand for sustainable energy solutions and the pursuit of 

materials that offer improved thermoelectric performance. Indeed, one of the 

primary challenges in advancing thermoelectric technology lies in enhancing the 

thermoelectric performance of materials. The primary challenge in designing a 

highly efficient thermoelectric material lies in the intricate relationship between the 

Seebeck coefficient (S), electrical conductivity (σ), and thermal conductivity (κ) 

with the carrier concentration (n). Both the Seebeck coefficient and electrical 

conductivity are highly influenced by the Fermi level, which is itself dependent on 

carrier concentration, carrier effective mass, and temperature. To achieve high 

thermoelectric performance, it is crucial to implement strategies that optimize carrier 

concentration and carrier effective mass while avoiding negative impacts on thermal 

conductivity. Key approaches include employing scattering mechanisms and 

structural modifications to enhance the power factor, alongside leveraging materials 

with low intrinsic thermal conductivity. The phonon liquid electron crystal strategy, 

which is particularly effective for superionic conductors, represents a notable 

advancement in this field. This approach is especially relevant for superionic 

conductors, where metallic ions exhibit liquid like behavior and can migrate 

between lattice sites, resulting in extremely low thermal conductivity. Cu2Se, a 

superionic conductor, exemplifies this concept and demonstrates exceptional 

thermoelectric properties as a p-type material. Given these potentials, it is essential 

to advance its thermoelectric performance through innovative approaches, such as 

nanostructuring, band engineering, etc to fully harness its capabilities for enhanced 

efficiency. This thesis explores innovative strategies to enhance the thermoelectric 

performance of Cu2Se nanostructures by optimizing electronic and thermal transport 

properties. The study employs different strategies including doping, dual doping, 

and the development of Cu2Se based composite systems, to achieve superior 

thermoelectric efficiency. 
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7.2. Summary of the thesis  

Cu2Se inherently exhibits extremely low thermal conductivity and outstanding 

thermoelectric performance due to its 'phonon liquid electron crystal' nature. To 

further enhance these thermoelectric properties, several strategies have been 

employed, including element doping, nanostructure engineering, composite 

engineering etc. This thesis aims to enhance the thermoelectric performance of 

Cu2Se by optimizing both electrical and phonon transport properties to improve 

overall conversion efficiency. It details a successful synthesis of Cu2Se based 

systems using hydrothermal and planetary ball milling techniques and explores the 

impact of nanostructuring, band engineering, and nanoinclusions on its structural, 

morphological, optical, electrical and thermoelectric properties, resulting in notable 

improvements in the thermoelectric performance. The thesis details four series of 

work, demonstrating that the combination of nanostructuring with defect 

engineering through doping and nanoinclusions effectively enhances thermoelectric 

performance. Specifically, two series (chapter 3 and 4) explore doping strategies 

with Cu2Se synthesized via the hydrothermal route, while the remaining two series 

(chapter 5 and 6) investigate the incorporation of nanoinclusions into the Cu2Se 

lattice using planetary ball milling techniques. Here, we present the main outcomes 

of our research, including the thermoelectric power factor, thermal conductivity, and 

figure of merit for each series of work conducted in this thesis. 

7.2.1. Ni doped Cu2Se 

Several optimization methods, such as doping and band engineering, can 

significantly enhance the thermoelectric performance of p-type Cu2Se. Although 

traditional doping increases carrier concentration, it often leads to a decrease in 

carrier mobility. High carrier mobility is crucial for improving the thermoelectric 

performance over a broad temperature range. However, conventional doping 

methods typically reduce carrier mobility. The challenge is to optimize carrier 

concentration while maintaining high carrier mobility, which requires identifying 

more effective dopants. To address this, we have fine-tuned defects in Cu2Se by 

doping the lattice with Ni, synthesized via a hydrothermal route, to enhance carrier 
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mobility. In this study, we examined the effect of electronic defects on the 

thermoelectric properties of Cu2Se through Ni doping. We systematically varied the 

Ni concentration (0 wt%, 1 wt%, 1.5 wt%, and 2 wt%) to tune the carrier density 

and carrier mobility. It is observed that 

 The inclusion of nickel in the Cu2Se lattice at either substitutional or 

interstitial sites has a substantial influence on its thermal and electrical 

transport properties. 

 The presence of Ni in the interstitial sites results in a simultaneous increase 

in carrier concentration and carrier mobility, and the theoretical basis for 

such an increase is described. All the doped samples showed enhanced 

electrical conductivity compared to that of undoped Cu2Se. 

 Nickel doping causes band sharpening, reducing the carrier effective mass 

and achieving a high mobility of approximately 600 cm²/Vs for the 1.5 wt% 

Ni doped sample at 573 K. 

 Tuning the mobility and narrowing band gap help to achieve a maximum 

power factor of 614 µV/mK2 at 573K for the Cu2Se sample doped at 1.5 wt% 

Ni by decoupling the thermopower and electrical conductivity.  

 The lattice distortion and point defects introduced by Ni substitution create 

additional phonon scattering centers, leading to a significant reduction in 

thermal conductivity. The sample doped with 2 wt% Ni exhibits a maximum 

ZT value of 0.535 at 573 K, approximately three times greater than that of 

pristine Cu2Se. 

These results indicate that the remarkable thermoelectric performance is due to 

ultrahigh carrier mobility across the operating temperature range (300 K-573 K), 

which is attained by effectively modifying transport parameters through Ni doping. 

This demonstrates that Ni is an innovative and effective dopant capable of 

significantly improving the thermoelectric performance of Cu2Se through defect and 

band engineering. 
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7.2.2. Ni and Zn dual doped Cu2Se 

In our previous study, we explored how electronic defects influence carrier transport 

in Cu2Se, focusing on the effects of Ni doping. Building on this, dual doping, which 

involves the simultaneous introduction of two different dopants, offers a more 

precise approach to tailor both electronic and thermal properties. This strategy not 

only optimizes carrier concentration and mobility but also introduces additional 

lattice defects and phonon scattering mechanisms, effectively lowering thermal 

conductivity. In this work, we present a novel approach to enhancing Cu2Se's 

thermoelectric performance through co-doping with Ni and Zn, a dual-doping 

strategy not previously explored for this system. This dual doping strategy enhances 

electrical conductivity without compromising the Seebeck coefficient, resulting in a 

higher power factor. By strategically altering the crystal structure and introducing 

controlled defects, the research aims to improve carrier mobility while 

simultaneously reducing thermal conductivity through effective phonon scattering at 

lattice defects. The key results for the Ni and Zn dual doped samples (Ni = 1 wt%, 

Zn = 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%) are summarized as follows: 

 Structural studies confirm the successful incorporation of Ni and Zn into the 

lattice of Cu2Se. 

 Phonon scattering by point defects and dislocations has been significantly 

increased, resulting in reduced thermal conductivity, as confirmed by PXRD 

and Raman studies. 

 Dual doping substantially enhances Hall mobility, increasing it from 234 

cm²V⁻¹s⁻¹ to 875 cm²V⁻¹s⁻¹ at 573 K, which boosts electrical conductivity 

with only a slight reduction in the Seebeck coefficient. 

 The power factor significantly increases over a wide temperature range, 

reaching a value of approximately 564 μW/mK² at 573 K for Cu2Se dual-

doped with 1 wt% Ni and 1.5 wt% Zn, attributed to the enhanced electrical 

conductivity and Seebeck coefficient. 
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 Scattering mechanisms induced by lattice defects shorten the total phonon 

relaxation time, evident from Raman spectra peak broadening, ultimately 

leading to an ultra low thermal conductivity of 0.41 W/mK at 573 K.  

 Reduction in thermal conductivity, coupled with the simultaneous 

enhancement in the power factor, results in a maximum ZT of up to 0.761 for 

the Ni 1 wt% Zn 1.5 wt% co-doped sample, representing a fourfold 

enhancement compared to pristine Cu2Se. 

This co-doping approach results in an improved figure of merit as compared to Ni 

single doped samples. This substantial enhancement underscores the promising 

potential of dual doping as a strategic approach for advancing the thermoelectric 

properties of Cu2Se for practical applications. The precise control of doping levels 

and synthesis conditions underscores this study's significant contribution to 

advancing the commercial potential of Cu2Se based thermoelectric devices through 

dual doping. 

7.2.3. Cu2Se-ZnSe composites 

Addressing electron and phonon transport both independently and simultaneously, 

the use of a nanocomposite approach is considered an effective method for 

improving the thermoelectric properties of bulk materials. Nanoinclusions 

effectively reduce thermal conductivity by promoting phonon scattering at 

interfacial boundaries. This study emphasizes the synergistic improvement of both 

electrical and thermal transport properties in Cu2Se through ZnSe alloying. To 

achieve optimal thermoelectric performance, the electronic band structure of Cu2Se 

can be fine-tuned by incorporating ZnSe into the host matrix using planetary ball 

milling. The Cu2Se-ZnSe composites were synthesized by varying the concentration 

of ZnSe (0 wt%, 2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt%), and the results are 

summarized as follows,  

 The electrical conductivity increased in conjunction with the Seebeck 

coefficient, owing to an increase in carrier concentration and density of state 

effective mass, respectively. 
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 The incorporation of ZnSe into the Cu2Se lattice affects its electronic band 

structure by reducing the energy difference between the light and heavy hole 

valence bands, widening the band gap, delaying the onset of the bipolar 

effect, and consequently increasing the Seebeck coefficient. 

 The addition of ZnSe to Cu2Se tunes the Fermi level, promotes the 

convergence of two valence bands, and simultaneously increases the density 

of states, which facilitates the decoupling of electrical transport parameters. 

 A significant improvement in the thermoelectric properties of Cu2Se-ZnSe 

composites was achieved, with a maximum power factor of 736 μW/mK² at 

573 K for the sample with 5 wt% ZnSe, which is five times greater than that 

of pristine Cu2Se. 

 The exceptional ZT value of 1.02 at 573K for Cu2Se with 5 wt% ZnSe is 

attributed to the combined effects of alloy scattering, which reduces thermal 

conductivity (κ), engineering of electronic properties through band structure 

modification, and reducing the negative impact of minority carriers by 

widening the bandgap. 

This study shows that simultaneously adjusting carrier concentration through 

nanostructuring and incorporating a compatible second phase through composite 

engineering can be an effective strategy for achieving a high figure of merit. This 

study proposes a systematic strategy for synthesizing thermoelectric composites 

based on Cu2Se, along with an effective technique for synthesizing materials with 

considerable thermoelectric performance. 

7.2.4. Cu2Se-MgO composites 

Cu2Se thermoelectric materials hold promise for sustainable energy harvesting but 

face challenges such as bipolar carrier transport, which reduces the Seebeck 

coefficient and increases the thermal conductivity. Enhancing the Seebeck 

coefficient is crucial for optimizing Cu2Se-based thermoelectric devices. Strategic 

use of potential barriers can selectively enhance the Seebeck coefficient by allowing 

the majority carriers while blocking the minority ones. Precise dispersion of 
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nanoinclusions enhances the Seebeck coefficient and reduces thermal conductivity, 

thereby improving the thermoelectric figure of merit (ZT) and increasing energy 

conversion efficiency. Herein, we propose a strategy to enhance the energy filtering 

effect through nanoinclusion of MgO (0 wt%, 2.5 wt%, 5 wt%, 7.5 wt%, and 10 

wt%), in the Cu2Se matrix synthesized via ball milling technique. It is observed that  

 Integrating MgO nanoparticles into the Cu2Se matrix creates energy potential 

barriers at the Cu2Se-MgO interfaces, which enhances the Seebeck 

coefficient by introducing an energy filtering mechanism. 

 MgO alloying enlarges the energy gap of both the conduction and valence 

bands, effectively suppressing bipolar thermal conductivity by increasing the 

band gap. 

 The increase in the Seebeck coefficient with MgO addition is attributed to an 

increase in the density of states (DOS) effective mass, which modifies the 

electronic band structure of Cu2Se. 

 The synergistic optimization resulted in a maximum observed power factor 

(PF) of approximately 811 μW/mK² for the sample with 7.5 wt% MgO. 

 Thermal conductivity was significantly reduced due to the introduction of 

scattering centers, which weakened the contribution from electrical 

conductivity and scattered phonons carrying heat at newly established 

interfaces. 

 A maximum thermoelectric figure of merit (ZT) value of 1.14 was achieved 

at 573 K for Cu2Se with a 5 wt% MgO sample, which was 8.5 times higher 

than that of the pristine Cu2Se. 

These results demonstrate that the strategic incorporation of MgO nanoinclusions 

into Cu2Se offers a significant pathway for enhancing the thermoelectric 

performance of these materials. 

In summary, this thesis presents a comprehensive exploration of strategies to 

enhance the thermoelectric performance of Cu2Se based nanomaterials. The work 
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focuses on various methods such as doping, dual doping, and nanocomposite 

engineering to optimize both the electrical and thermal transport properties of 

Cu2Se. By fine-tuning carrier concentration, carrier mobility, effective mass, and 

thermal conductivity through these approaches, significant improvements in the 

material’s thermoelectric efficiency have been achieved. The research also 

highlights the approach of decoupling transport parameters, demonstrating how 

strategies that optimize electrical conductivity, Seebeck coefficient, and thermal 

conductivity collectively can significantly enhance the material’s thermoelectric 

performance. In conclusion, this research offers crucial insights into the design and 

optimization of thermoelectric materials, setting the stage for the development of 

high-performance Cu2Se-based thermoelectric materials for sustainable energy 

solutions.
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8.1. Introduction 

Thermoelectric materials are essential for developing devices such as power 

generators, coolers, and sensors. However, for these devices to operate efficiently in 

power generation and refrigeration, it is crucial that the materials exhibit high 

thermoelectric efficiency. This thesis aims to enhance the thermoelectric 

performance of Cu2Se by decoupling its electrical and thermal transport properties 

through the adoption of various strategies to improve overall energy conversion 

efficiency. Through the application of synthesis methods like hydrothermal and 

planetary ball milling techniques, this research explores the effects of 

nanostructuring, band engineering, and nanoinclusions on the structural, 

morphological, optical, electrical, and thermoelectric properties of Cu2Se. This 

research work investigates the effects of Ni doping, dual Ni-Zn co-doping, ZnSe and 

MgO nanoinclusions on the transport properties of Cu2Se, highlighting the strategies 

that most effectively enhance its thermoelectric performance. The study 

demonstrates that combining nanostructuring with defect engineering through 

doping and nanoinclusions leads to significant improvements in thermoelectric 

performance of Cu2Se. Based on the results of this research, there are several 

potential avenues exist to extend the study and further optimize thermoelectric 

materials. Addressing these unexplored areas is essential for developing high-

performance thermoelectric materials and driving advancements in energy 

conversion applications. The following section highlights these promising directions 

for future research. 

8.2. Recommendations for future research 

 The enhancement of existing thermoelectric materials through doping has 

been one of the most widely explored strategies for improving overall 

thermoelectric performance. Chapters 3 and 4 highlight the impact of Ni 

doping and dual doping with Ni and Zn on the thermoelectric properties of 

Cu2Se. The findings of this study suggest the need to explore additional 

dopants which could further improve its thermoelectric performance and 
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provide additional opportunities to fine-tune its properties for enhanced 

efficiency in energy conversion applications.  

 In this study, thermoelectric properties were investigated only for 

nanomaterials. However, thin films can be fabricated using techniques such 

as RF sputtering and doctor blade coating, which offer significant advantages 

in enhancing thermoelectric performance while achieving extremely low 

thermal conductivity. 

 Theoretical studies related to this research can be conducted using advanced 

techniques such as Density Functional Theory (DFT) to gain deeper insights 

into the electronic structure and transport properties. Exploring new 

materials, such as high-entropy materials and chalcogenides, can also help 

improve thermoelectric performance. 

 In this study, only p-type Cu2Se-based nanomaterials were synthesized. To 

develop a complete thermoelectric module, it is essential to synthesize an n-

type counterpart with comparable performance. Future research could focus 

on the design and optimization of n-type Cu2Se-based nanomaterials, 

enabling the fabrication of an efficient p-n thermoelectric module. 

 Future research could explore low-temperature thermoelectric measurements 

to gain deeper insights into carrier dynamics, phase stability, and thermal 

transport mechanisms, further expanding the potential applications of Cu2Se-

based materials. 

 In this study, we focused on the thermoelectric properties of Cu2Se. 

However, future research can be extended to explore other selenide-based 

materials, which may offer promising thermoelectric performance through 

structural and compositional modifications. 

 Future research could investigate the Peltier effect in these materials, paving 

the way for the development of cooling modules through applied voltage. 
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These recommendations paved a pathway for the further progress in Cu2Se based 

thermoelectric materials. We can significantly improve the thermoelectric efficiency 

and overall performance by addressing current challenges and exploring novel 

strategies. The insight gained from this research provides a strong basis for 

improving Cu2Se based TE materials, which will help the development of next-

generation thermoelectric devices.  
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