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ABSTRACT 

 
LEMINE, AICHA, SIDI, Masters : 

January : 2020, Material Science and Technology 

Title: Optimization and Stabilization of p-type BiSbTe/Graphene Nanocomposites for 

Efficient Thermoelectric Energy Conversion 

Supervisor of Thesis : Khaled, Mohamed, Youssef. 

 

The state-of-the-art Bismuth Antimony Telluride (BiSbTe) alloys have a 

promising potential to advance thermoelectric applications in energy harvesting for 

efficient power generation and active refrigeration. In this thesis, the combination of 

High-Energy Ball Milling and FAST/SPS Sintering Press showed a reliable and cost-

effective synthesis approach for artifact-free nanostructured bulk BiSbTe/Graphene 

nanocomposites. The results show successfulness in synthesizing homogenous 

elemental distribution and stable single phase of Bi0.4Sb1.6Te3 either in the pristine 

nanopowder or the multicomponent nanocomposites. It also confirms the crucial rule 

of graphene addition time on its structure, as well as, the morphology, mechanical 

behavior, and thermoelectric performance of the synthesized nanocomposites. The 

5mins nanocomposite showed an ultrahigh micro-hardness of 1.78GPa, the highest 

power factor of 1.73mW/m.K2 at 323K, and the lowest thermal conductivity of 

0.723W/m.K at 323K. This has resulted in its optimum Figure-of-Merit of 0.70 at 323K 

with 25% of improvements compared to the pristine BiSbTe.  
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Chapter 1:  INTRODUCTION 

 Thesis Research: Significances & Novelty 

          A recent study by the US Energy Information Administration (EIA) predicted 

a vast growth in the worldwide energy consumption from 495 quadrillion BTU in 

2007 to 739 quadrillion BTU in 2035 by 1.4% per year [1]. This continuous demand 

for energy is in parallel to the rapid growth in population and economic activities. 

Thus, it is challengeable to fulfill this demand on a massive scale by burning non-

renewable fossil fuels, which currently covers most of it [2]. However, relying on 

these fuels has raised serious concerns about the consequences of their combustion 

in terms of long-term sustainability and global warming. Nowadays, there is a global 

perception of these consequences and unremitting efforts towards investing in 

optimizing Carbon-free alternative energy sources [2]. The State of Qatar is one of 

the leading countries in green energy technologies and top participants in reducing 

global warming [3]. Thus, it invests continuously in advancing thermoelectric (TE) 

materials and optimizing their synthesis techniques, which are one main objective of 

sustainable energy development towards achieving the 2030 Qatar National Vision. 

          The selective investment in TE technology is referred to its unique capability 

for effective recovering of waste heat from intensive electricity consumption sectors 

and converting it into useful electrical energy for powering their electronic devices, 

lowering their operating costs, and minimizing their greenhouse emissions [4]. 

Accordingly, TE technology has the potential to play a key role in overcoming the 

global energy challenge in the 21st century; as it is neither limited by region (e.g. 

water) nor time (e.g. solar and wind), hence ensuring continued and balanced power 

supplies [4]. This leading power generation technology is inspiring the researching 
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community for more breakthroughs in rising its energy conversion efficiency for 

long-term operation and worldwide commercialization. Herein, this master thesis is 

researching on the optimization and stabilization of the p-type Bismuth Antimony 

Telluride system (BiSbTe) and Graphene nanocomposites for efficient TE energy 

conversion. It spotlights for the first time on the effect of nanostructuring, doping, 

and nanocompositing on thermal stabilization and TE performance of the p-type 

BiSbTe with exclusive highlights on its: 

• Reliable synthesizing and consolidating techniques 

• Crystallinity and nanostructure evolutions 

• Mechanical behavior 

• Thermal behavior 

• Thermoelectric performance 

 Thesis Research: Objectives & Hypothesis 

          This thesis research is designed based on a set of objectives including: 

1. Synthesizing a nanostructured p-type BiSbTe towards maximizing the 

Figure-of-Merit (ZT) of TE device. 

2. Utilizing the unique properties of 2D Graphene in upgrading the 

efficiency of energy conversion in the synthesized nanostructured bulk 

TE material.  

3. Sufficiently stabilizing the synthesized nanocomposite for reliable 

service. 

              These objectives will be accomplished by adopting the following hypothesis 

to further optimize the energy conversion efficiency of Bi-Te system: 

1. Nanostructuring of Bi-Te Alloy 
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It is an effective approach to upgrade TE performance by the quantum 

confinement effect in which the grain size will decrease to nanoscale. 

This will increase the number of grain boundaries that will act as 

phonon scattering sites to lower significantly lattice thermal 

conductivity, which will in turn increase ZT. These new boundaries 

will act also as barriers for dislocations motion and then strengthening 

the mechanical behavior of synthesized TE nanocomposite. This 

approach will be accomplished via the implementation of High-

Energy Ball Milling technique, which is a well-known novel and cost-

effective technique for mechanical alloying of nanopowders [5].  

2. Resonant Level Doping  

It’s the most important strategy of band engineering as it is proven 

with advantages in enhancing the TE performance of nanostructured 

Bi-Te system [5]. The doping will change the charge carrier 

concentration (n), increase the Seebeck coefficient (S), introduce 

defects into nanocrystalline Bi-Te powder, and decrease thermal 

conductivity (k). The dopant element will be Antimony (Sb) which is 

a common dopant for p-type Bi-Te. The ZT enhancement for p-type 

BiSbTe is much easier than n-type BiSeTe due to strong texture and 

high anisotropic properties of n-type as frequently reported [6]. 

3. Nanocompositing with 2D Graphene  

It will be utilized in forming a nanocomposite with p-type BiSbTe due 

to its exceptional intrinsic properties that fulfill TE standards including 

its: high electrical charges mobility and conductivity, high mechanical 
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stiffness and strength, and high specific surface area [6]. The structure 

of the synthesized nanocomposite will enhance the carriers’ mobility 

via strengthening the carrier energy filtering effect. This effect is based 

on filtering out the low energy carriers via scattering them at the 

interfacial potential of filler and matrix to allow only the high energy 

carriers passing through. This will increase the power factor (PF) and 

Seebeck coefficient (S) with a negligible decrease in electrical 

conductivity (σ). However, the use of graphene in TE technology has 

limitations and needs optimization of its composition in the BiSbTe 

matrix due to its high thermal conductivity that will lower significantly 

TE energy conversion efficiency. 

4. Nanostructuring Thermal Stabilization for Synthesized 

Nanocomposite 

It’s an important approach to maintain the performance of the TE 

device, prevent its failure, and extend its life cycle for reliable service 

and sustainable power generation. This will be attained by 

investigating the thermal behavior of synthesized BiSbTe/Graphene 

nanocomposites. This investigation will also participate in verifying 

the proper consolidating conditions using the Spark Plasma Sintering 

(SPS) technique to stabilize its bulk nanostructure. This will 

significantly modify TE properties of final product and prevent growth 

of nanocrystals under continuous exposure to high thermal stresses 

during its operation.
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2 Err  

Chapter 2:  LITERATURE REVIEW 

 Thermoelectrics: Historical Development 

              In 1820, the thermoelectric effect was discovered in Western Europe via a 

group of recognizable scientists and its early studies were initiated in Berlin [7]. This 

effect is a two-way process in which a temperature gradient across the material can be 

tuned to promote the production of electric current and vice versa. The first process of 

heat-to-electricity conversion was discovered by a German physicist named Thomas 

Seebeck in 1821 [7]. Then it was further explored in detail in 1834 by a French physicist 

named Jean Peltier, hence it was later on reported as the Peltier-Seebeck effect [8]. The 

second process of electricity-to-heat conversion was discovered by a Scottish-Irish 

physicist named William Thomson (i.e. Lord Kelvin) in 1854 [8]. This reverse process 

states that either cooling or heating can be implemented via application of an electric 

current across thermoelectric material and such effect is known as Thomson effect. 

              Thereafter, a German scientist named Edmund Altenkirch was able to correctly 

calculate the potential efficiency of thermoelectric generators in 1909 and the 

performance of thermoelectric coolers in 1911 [9]. These derivatives were developed 

later into a significant formula for calculating a dimensionless parameter that can be 

utilized in practical applications to characterize the efficiency of thermoelectric 

devices; such parameter is known as Thermoelectric Figure-of-Merit (ZT). Then in 

1928, a Russian physicist named Abram Loffe was able to describe the phenomenon of 

thermoelectric energy conversion in terms of the modern theory of semiconductor 

quantum physics, which was a pioneer work in understanding and engineering such 

phenomenon [9]. Consequently, in 1930 the first radio powered by a thermoelectric 

generator was publicized and in 1959 the first equipped spacecraft with Radioactive 

Thermoelectric Generator (RTG) named “SNAP III” was launched by US president 
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Dwight Eisenhower to orbit the earth as a navigational satellite [10]. Additionally, in 

1970 the Medtronic Healthcare Company in France developed a miniature RTG to 

power the first cardiac pacemaker implanted into the human body [11]. 

              Later on in 1993, a remarkable theory paper entitled of “Effect of Quantum 

Well Structures on the Thermoelectric Figure of Merit” was published by Hicks and 

Dresselhaus to highlights on the significance of nanotechnology as a new and effective 

approach for rapid advances in thermoelectrics performance; hence it was the milestone 

for the modern era of thermoelectrics [12]. As a result, the scientist John Fairbanks in 

1995 initiated a research program in the US to develop nanostructure-based 

thermoelectric generators to be incorporated into automotive engines in order to harvest 

its waste heat energy into useful electrical energy [13]. The program was also able to 

develop successfully a nano-FeSi based thermoelectric prototype for Porsche 

automobile manufacturer. Additionally, in 1998 the Japanese Seiko Holding 

Corporation launched the Thermic wrist-worn watch based on a nanoscale BiTe 

thermoelectric generator to be the first-ever watch that’s fully powered from body heat 

[14].  

              Furthermore, the Gentherm Incorporated was successfully able to create in 

1999 the first thermoelectric heating/cooling seat system for the automotive industry 

using nanostructured BiTe material [14]. This leading-edge system was firstly adopted 

by the American Ford motor company in its Lincoln Navigator luxury brand and the 

Japanese automaker Toyota in its Lexus luxury brand [15]. In 2004, the global 

awareness to the negative impacts of global warming on the vital signs of earth planet 

was the main driving force for devoting special attention to intensive research on new, 

green, and advancing technologies to lower burning of fossil fuel and emission of 

greenhouse gases without affecting the growing human and industrial activities.  
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Consequently, the BMW in conjunction with the US Department of Energy (DOE) 

funded a recent research program for advancing automotive thermoelectric generators 

for engines waste heat recovery to reduce fuel consumption and pollutant emission [15]. 

Nowadays, there is extensive research on engineering nanostructured thermoelectric 

materials to form powerful thermoelectric generators for waste heat recovery on a larger 

scale, particularly in industrial plants. 

 Thermoelectrics: Technology Definition 

              Thermoelectric is a new, green, and promising future sustainable energy 

technology for efficient, direct, and reversible energy conversion between thermal 

energy and electrical energy using a novel class of materials known as thermoelectric 

materials. Currently, the economic crisis, global warming, global population growth, 

global energy crisis, increasing global consumption and demand of energy, fluctuating 

prices and diminish in stocks of non-renewable energy resources such as fossil fuel and 

coal have all drawn the global attention towards alternative energy harvesting and 

generation technologies, particularly thermoelectric technology [16]. This extensive 

and renewable interest in such technology is due to owing numerous unique features 

including: solid-state devices, no hazardous working fluids, small size and scalable 

devices, compact structure, no moving parts, noise-free, no pollutants emissions, 

Chlorofluorocarbons (CFC)-free, lowering Carbon Footprint, direct energy conversion, 

electric power generations, thermal management, high reliability and stability with 

negligible maintenance cost, simplicity, low cost electricity, high durability, and 

remarkable feasibility in wide range of temperatures [16–18].  

              As a result, it has the capability to fulfill the worldwide energy requirements 

and match the global environmental constraints on broad range of potential applications 

such as: waste heat recovery (e.g.: automobile engines), temperature measurements and 
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controls (e.g.: semiconductor lasers), heat pumps (e.g.: in industrial plants), solid-state 

coolers (e.g.: in compact refrigerators and in luxury cars seats), space power generation 

(e.g.: RTG), and in many other solid-state power generation and cooling/heating 

applications [19–21]. Additionally, there is a high need for conscious governments and 

research institutes to invest in the outstanding features and capabilities of thermoelectric 

technology towards harvesting waste heat energy into usable electrical energy. This is 

currently a paramount approach to increase its efficiency in energy conservation and 

conversion to be the worldwide promising competitor that will overcome the global 

future energy challenges and the catastrophic outcomes of conventional energy 

technologies [22].  

              Nowadays, the need of this paramount approach arises after the publication of 

the annual report for year 2018 by the Global Footprint Network in which it highlights 

on the urgent need for advanced energy technology to recover the large proportion of 

around 60-70% of the global applied energy carriers that are converted to unused 

thermal energy, mainly during various combustion processes conducted in vital sectors 

such as aerospace, industrial, automotive, and defense [23]. This considerable amount 

of energy lost indicates that only 20-30% of the originally feeding primary energy is 

used wisely, hence violating the global environmental constraints [23]. Additionally, 

its negative impacts on the environment will increase the Carbon Footprint and 

Ecological Footprint, hence the Global Footprint. Thus, the high-performance 

thermoelectric technology is a profitable and promising candidate to recover such 

considerably unutilized energy and directly converting it to usable electricity via the 

implementation of solid-state Thermoelectric Generators (TEGs) in such vital sectors 

as displayed in Figure 2.1 [24].  
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Figure 2.1 Vital sectors for waste heat recovery via Thermoelectric Generators 

(TEGs) [24]. 

 

 

              For instance, TEGs could be used to utilize the waste heat in the automotive 

industry as from the exhaust pipe of the car and to convert it directly into electric power 

for supplying a set of electrical utilities within the car or charging its battery [25]. This 

strategy in the design of advanced automobiles will lower their pollutants emission due 

to the significant improvements in fuel burning efficiency. Consequently, the report 

also predicts that the market of thermoelectric energy harvesting will grow rapidly in 

the next 9 years to reach over $1.5 billion by the end of 2028. 

 Thermoelectrics: Principles of Energy Conversion 

              The principle of energy conversion within thermoelectric (TE) materials 

depends on the presence of temperature gradient between its hot and cold sides that will 

derive its charge carriers (electrons and holes) to move in parallel direction to the 
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temperature gradient (from hot to cold side) due to their high thermal energy at the hot 

side [6]. These motions of charge carriers will build up an electric voltage across TE 

material leading to the generation of electricity via the flow of electric current, hence 

the complete conversion of thermal energy (i.e. presence of temperature gradient) to 

electrical energy (i.e. flow of electric current) [6]. This thermoelectric effect could be 

modeled into two different models namely: power generation model based on the 

Seebeck effect and active refrigeration model based on the Peltier effect as discussed 

below. 

2.3.1 Thermoelectric Model of Power Generation (Seebeck Effect) 

            The Seebeck effect is the thermoelectric model of power generation, which is 

stated by the German physicist Thomas Seebeck (Figure 2.2 (a)) in 1821 based on his 

experimental observations of compass needle deflection in a closed electric circuit of 

two dissimilar conductive materials jointed with junctions at different temperatures 

[26]. He stated that the presence of temperature gradient across TE materials has 

induced voltage gradient and generated an electric current in the circuit, which in turn 

created a magnetic field that leads to the deflection of the compass needle. 

 

 

 

Figure 2.2 The German physicist Thomas Seebeck (a), the schematic representation 
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for the thermoelectric model of power generation (b), and the diagram of power 

generation efficiency in terms of ZTavg (c) [27]. 

 

 

            This phenomenon is well-known as Seebeck effect in which the application of 

different temperatures on the junctions will lead to that one of the junctions will act as 

a heat source (T+ΔT) while the other will be the heat sink (T), as illustrated in Figure 

2.2 (b) [27]. This will result in the formation of the temperature gradient (ΔT) across 

the jointed 2 dissimilar TE materials (p-type TE and n-type TE materials). This ΔT acts 

as a thermoelectric force that will stimulate the different electric charge carriers (holes 

in p-type TE and electrons in n-type TE) to diffuse from hot side (i.e. high thermal 

energy regime) to cold side (i.e. low thermal energy regime). Consequently, the diffuse 

of these electric charges will lead to inhomogeneous charge distribution and formation 

of Seebeck electric voltage (ΔV) across TE material, hence inducing the generation of 

an electric current that can perform an electric work such as lightening the attached bulb 

to this TEG, as demonstrated in Figure 2.2 (b) [28].  

            The produced ΔV is directly proportional to the applied ΔT between the 2 

junctions and its proportionality constant is termed as Seebeck coefficient (S), which is 

a thermodynamic state function, as shown in Equation (2.1) [29]. The negative value of 

S indicates n-type TE material where the majority of charge carriers are electrons, while 

the positive value of S is for p-type TE material with holes as the majority of charge 

carriers [29]. 

𝑆 =
−∆𝑉

∆𝑇
                                                                                                                                 (2.1) 

            Additionally, the efficiency of this electrical power generation (ηp) could be 

estimated as a function of Carnot cycle efficiency (ηCarnot = Th-Tc/Th) for typical heat 
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engines, average of Figure-of-Merit (ZTavg) for both p-type and n-type TE materials in 

leg shape, and absolute hot (Th) and cold (Tc) temperatures as shown in Equation (2.2) 

[30]. 

𝜂𝑝 = 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 ∗ [
√1 + 𝑍𝑇𝑎𝑣𝑔 − 1

√1 + 𝑍𝑇𝑎𝑣𝑔 +
𝑇𝑐

𝑇ℎ
⁄

]                                                                            (2.2) 

            The ZTavg could be estimated for each leg through plotting its ZT curve over the 

absolute hot (Th) and cold (Tc) temperatures at its hot and cold ends, respectively as 

displayed in Equation (2.3) [30].  

𝑍𝑇𝑎𝑣𝑔 =
1

𝑇ℎ − 𝑇𝑐

∫ 𝑍𝑇 𝑑𝑇

𝑇ℎ

𝑇𝑐

                                                                                                 (2.3) 

            Moreover, it could be observed from Figure 2.2 (c) that as the temperature 

gradient (ΔT) increases the ZTavg will increase leading to an incremental in energy 

conversion efficiency, hence high power generating efficiency (ηp). For instance, the 

rise of ΔT from 50K to 400K at Th of 700K and ZTavg of 2.0 will increase remarkably 

the ηp from ~2.5% up to 22%. It is also noticed that at ZTavg of 3.0 and ΔT of 400K the 

ηp reaches ~26%, which is comparable to the power efficiency (ηCarnot) of conventional 

heat engines. Thus, TE technology plays a remarkable role in many advanced scientific 

fields as its thermal energy source is not limited to a certain source instead it could be 

from solar energy, waste heat, fuels, radioisotopes, and geothermal energy [31]. For 

instance, the RTG has been used in the aerospace field for a long time since 1959 as a 

power source in space probes and satellites [32]. 

2.3.2 Thermoelectric Model of Active Refrigeration (Peltier Effect) 

            The reverse of the Seebeck effect is the Peltier effect, which represents the 

thermoelectric model of active refrigeration and it is stated by the French physicist Jean 

Peltier (Figure 2.3 (a)) in 1834 [33]. In this effect, the application of electric current on 
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the electrified junctions of 2 dissimilar TE materials will lead to either active cooling 

(e.g. freezing the water into ice) or heating (e.g. melting the ice into water) depending 

on the flow direction of the applied electric current within the circuit [33]. Thus, the 

flow of electric current in a similar direction to the heat flow will activate the cooling 

mode (heat is rejected); while its opposite flow to heat flow will activate the heating 

mode (heat is absorbed). For instance, the flow of electric current from the attached 

electric source such as a battery into the closed-circuit will lead to the heat absorption 

at the lower junction (T) and heat rejection at the upper junction (T-ΔT); hence the 

active cooling will occur at the upper end as demonstrated in Figure 2.3 (b) [34]. This 

is due to the presence of an electric source that forced the heat flow to be from active 

cooling at the upper junction to the lower junction against the normal temperature 

gradient. 

 

 

 

Figure 2.3 The French physicist Jean Peltier (a), the schematic representation for the 

thermoelectric model of active cooling (b), and the diagram of active cooling 

efficiency in terms of ZTavg (c) [27]. 

 

 

(a) (b) 
 

(c) 
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            The heat released (in cooling mode, -Q) or absorbed (in heating mode, +Q) is 

directly proportional to the flow of the applied electric current (I) between the 2 

junctions and its proportionality constant is termed as Peltier coefficient (Π), as 

displayed in Equation (2.4) [35]. The negative value of Π indicates the cooling mode is 

on as the heat is released (-Q), while the positive value of Π is for a heating mode where 

the heat is absorbed (+Q) [35]. 

𝛱 =
𝑄

𝐼
                                                                                                                                      (2.4) 

            Additionally, the TE cooling/refrigeration efficiency (ηc) or coefficient of 

performance (COP) is a function of similar parameters as power generating efficiency 

(ηp) except that the ηCarnot will be reversed and replaced with the efficiency of typical 

refrigerator/heat pumps (ηrefrigerator = Tc/Th-Tc), as shown in Equation (2.5) [36]. 

𝜂𝑐 = 𝐶𝑂𝑃 = 𝜂𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟 ∗ [
√1 + 𝑍𝑇𝑎𝑣𝑔 −

𝑇ℎ
𝑇𝑐

⁄

√1 + 𝑍𝑇𝑎𝑣𝑔 + 1
]                                                    (2.5) 

            It is also observed from Figure 2.3 (c) that the smaller the ΔT between upper and 

lower junctions will increase ZTavg and then raising the ηc in a similar manner to the ηp. 

For instance, lowering the ΔT from 40K to 20K at Th of 300K and ZTavg of 2.0 will 

increase significantly the ηc from ~2.0% up to 4.7%. It is also noticed that at ZTavg of 

3.0 and ΔT of 20K the ηc reaches ~6%, which is a remarkable cooling efficiency. Thus, 

the active cooling obtained via TE devices has been utilized in a set of electronic 

equipment, particularly for defense and military applications [37]. It has been also used 

widely in cooling computer components in order to maintain its temperature within the 

design limits for stable and optimum functioning [2]. Additionally, the TE Peltier 

coolers have been implemented in the applications of the optical fiber communication 

within a feedback loop in conjunction with a thermistor targeting to stabilize the 
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wavelength of the device via preserving a fixed temperature of its laser component, 

which is a thermal sensitive component [38]. 

 Thermoelectrics: Device Module 

              The typical thermoelectric device is made up of numerous thermoelectric 

modules. Each thermoelectric module consists of: lower substrate usually based on 

ceramic material (Al2O3) for electric insulation, lower metallic junctions as copper 

metal for electric conduction, many alternating legs of p-type and n-type TE elements, 

which have opposite concentrations in their majority charge carriers, another upper 

copper metallic junctions, and then the TE device will be enclosed with an upper 

ceramic substrate, as illustrated in Figure 2.4 (a) [39]. The device has also external 

electrical connections to carry out the generated electrical current from thermal energy 

conversion in TEGs or to input electric current for active heating and cooling 

applications. The alternating TE materials act as an array of thermocouples that are 

connected thermally in parallel and electrically in series, as demonstrated in Figure 2.4 

(b) [40]. Thus, the heat flows in parallel through each TE leg, while the current flows 

sequentially along each leg.  

 

 

Figure 2.4 The Schematic representations of typical thermoelectric device modules (a) 

and it's alternating n-type and p-type thermoelectric materials connected electrically in 

(b) (a) 
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series and thermally in parallel (b) [39]. 

 

 

              Moreover, the TE device modules generate current under subjection of 

temperature gradient (ΔT) along its TE legs via absorbing thermal energy on one of its 

sides to be the heat source and rejecting heat at the other side, which will be the heat 

sink. It is also worth mentioning that the use of alternating TE legs with opposite charge 

carriers (holes in p-type leg and electrons in the n-type leg) will maximize the amount 

of heat generated and absorbed via enlarging the difference in their Peltier coefficients 

(Π=Q/I) [41]. Additionally, the connection of thermocouples in series will bring the 

Seebeck voltage (ΔV) of TE device to be closer to the voltage generated via 

electrochemical reactions on electrodes within typical DC power sources such as 

batteries [42]. Thus, the ΔV of the TE device could be calculated based on Seebeck 

coefficients of n-type (Sn) and p-type (Sp) TE legs as shown in Equation (2.6) [43]. 

∆𝑉 = 𝑛 ∫ (𝑆𝑝 − 𝑆𝑛)

𝑇ℎ

𝑇𝑐

 𝑑𝑇                                                                                                     (2.6) 

              On the other hand, the overall electrical resistance of TE device (R) is a 

summation of electrical resistance from TE legs, metallic junctions, and their contact 

resistance as shown in Equation (2.7) [43]. 

𝑅 = 𝑛 (
𝜌𝑛𝑙

𝐴𝑛
+

𝜌𝑝𝑙

𝐴𝑝
+ 𝑅𝑙)                                                                                                     (2.7) 

              Where R is electrical resistance of TE device, n is total number of TE legs, ρn 

and ρp are the densities of single n-type and p-type TE leg, An and Ap are the cross-

sectional areas of single n-type and p-type TE leg, l is the uniform length (i.e. height) 

of TE leg, and Rl is the summation of metallic junctions resistance and TE leg-junctions 
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contact resistance. Additionally, the overall thermal conductance of the TE device (K) 

could be calculated in a similar manner to its overall resistance, as shown in Equation 

(2.8) [43]. 

𝐾 = 𝑛 (
𝐾𝑛𝐴𝑛

𝑙
+

𝐾𝑝𝐴𝑝

𝑙
+ 𝐾𝑙)                                                                                             (2.8) 

              Where K is thermal conductivity of TE device, Kn and Kp are the thermal 

conductivities of single n-type and p-type TE leg, and Kl is the parallel thermal loss per 

n legs, which is related to thermal radiation, thermal conduction via surrounding gas 

molecules, or any other form of thermal losses. Consequently, the amount of heat 

produced or absorbed within the TE device (Q) could be estimated using Equation (2.9), 

which is based on the summation of heat terms in Peltier, Joule, and Fourier laws [43]. 

𝑄 = 𝐼∆𝑉∆𝑇 − 𝐾∆𝑇 − 0.5𝐼2𝑅                                                                                            (2.9) 

              Where Q is heat absorbed/released within TE device, I is input/output current 

of TE device, ΔV is the Seebeck voltage of TE device, K is thermal conductivity of TE 

device, R is electrical resistance of TE device, and ΔT is the temperature gradient along 

its TE legs. On the other hand, the ZT of the TE device is analogous to the ZTavg for TE 

legs and could be approximated using Equation (2.3). The TE device efficiency could 

be evaluated using either Equation (2.2) for TEG applications or Equation (2.5) for 

active cooling/heating applications. 

              Furthermore, the TE devices vary noticeably in their 3D architectures as they 

are capable to harvest or generate ΔT in a perpendicular direction to the device plane, 

as demonstrated in Figure 2.5 [44]. Thus, TE modules fabrications require placing TE 

legs in a suitable 3D spatial resolution. It is experimentally proven that increasing the 

spatial resolution in depositing TE legs will, in turn, increase the number of possible 

TE legs that can be deposited in a given area [45]. This will maximize the Seebeck 

voltage and in turn, the generated current of TE device, which is desirable in a number 
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of applications including wearable electronics and vehicles [46]. Thus, the density of 

TE legs plays a crucial role in designing TE devices, particularly for heat harvesting 

applications with small ΔT as its power generation will be controlled by the small 

formed ΔV per TE legs [46].  

              However, the use of ink-based technologies such as inkjet printing or screen 

printing will provide enough spatial resolutions that will increase sufficiently the 

density of TE legs, which will establish high ΔV per TE legs and increase the amount 

of generated current [47]. Such technologies could be utilized in optimizing the 

fabrication of conventional 3D architectures to form shape and size adaptable TE device 

that’s suitable for wearable electronic applications, ring-shaped architectures for 

ultrahigh harvesting of released heat from fuel combustion at the exhaust pipe of 

vehicles, and planar-shaped architectures for folded and flexible TE device needed for 

optimum thermal contact to maximize the heat harvesting from buildings, as 

demonstrated clearly in Figure 2.5 [44]. 
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Figure 2.5 The Schematic representations of the most common architectures for 

thermoelectric device modules and examples on the applications that they can fit 

properly [44]. 

 

 

 Thermoelectrics: Remarkable Properties 

              The high-performance thermoelectric devices depend on the use of advanced 

thermoelectric materials with a set of remarkable properties as discussed below to 

maximize the efficiency of energy conversion and power generation across the TE 

device. 

2.5.1 Low Thermal Conductivity (k) 

            The thermal conductivity of TE materials depends on certain thermal transport 

processes that identify its ability to transfer heat. This conduction property is controlled 
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by the motion of charge carriers (holes and electrons) and phonons (vibrations of crystal 

lattice) across the solid TE material [48]. Thus, the thermal conductivity (k) of TE 

materials includes the lattice phonon contribution (kl) which is dominant on electron 

contribution (ke) in semiconductors, as expressed in Equation (2.10) [49]. There are 

also other factors that contribute significantly in determining the thermal conductivity 

of TE materials such as crystal lattice defects, TE material size in the single crystal 

structure, TE material grains size in a polycrystalline structure, and interaction nature 

between charge carriers and lattice phonons [50]. 

𝑘 = (𝑘𝑙 + 𝑘𝑒) =  (
𝐶𝑣 ∗ 𝑉 ∗ 𝐿

3
) + (𝑇 ∗ 𝜎 ∗ 𝐿)                                                               (2.10) 

2.5.1.1 Lattice Phonon Thermal Conductivity (kL) 

              This dominant term of thermal conductivity in TE materials is governed by the 

phonon motion, which is analog to the continuous vibrations of their crystal lattice 

during heat flow in presence of a temperature gradient (ΔT) [51]. The phonon transport 

across TE materials depends mainly on the length of its mean free path, as shown in 

Equation (2.11) [51]. 

𝑘𝑙 =
𝐶𝑣 ∗ 𝑉 ∗ 𝐿

3
                                                                                                                   (2.11) 

              Where, kl is the lattice phonon thermal conductivity, Cv is the heat capacity of 

TE material at a constant volume, V is the average sound velocity of phonons, L is the 

phonon mean free path before scattering, which is typically in the range of 10μm to 

1nm [52]. Thus, the amorphous materials as glass have been frequently reported with 

the lowest kl owing to the slowest phonon motion across their non-crystalline (random 

and disordered) structure [53]. However, minimizing kl in the crystalline materials is 

restricted by the interatomic distances between their atoms [53]. Consequently, the 

common effective strategies adopted to lower kl in crystalline materials are based on 
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utilizing the phonon scattering mechanisms at either bulk scale or nanoscale, as 

illustrated clearly in Figure 2.6 [54,55]. Thus, the dominant strategy that is commonly 

adopted in minimizing kl is via introducing scattering agents such as imperfections, 

impurities, or a large number of grain boundaries to the crystal structure of TE material 

in order to shorten the phonon mean free path (L) and then maximizing its scattering, 

hence lowering kl.  

 

 

 

Figure 2.6 The Flow chart of the common effective phonon scattering mechanisms for 

bulk scale and nanoscale thermoelectric materials [54,55]. 

 

 

              Additionally, the crystalline solid materials are frequently reported with low 

sound velocity (V), which matches the ideal behavior of TE materials in undergoing 

the “phonon-glass electron-crystal” phenomenon [56]. This is proven in TE materials 

with intrinsic ultra-low kl due to their large molecular weight (MW) (i.e. having 
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constituents’ elements with heavy atomic masses), weak chemical bonds, lattice 

distortion (i.e. imperfections), or complex crystal structure [57]. 

2.5.1.2 Electronic Thermal Conductivity (ke) 

              This less effective term on thermal conductivity of TE materials is related to 

the motion of the electric charge carriers, which contributes to both electrical and 

thermal conductivities. The proportionality relation between electrical conductivity (σ) 

and thermal conductivity (ke) of the electric charge carriers is identified by Wiedemann-

Franz law, as shown in Equation (2.12) [58]. 

𝑘𝑒 = 𝑇 ∗ 𝜎 ∗ 𝐿                                                                                                                     (2.12) 

              Where ke is the electronic thermal conductivity, T is the absolute temperature, 

σ is the electronic electrical conductivity, L is the Lorenz number, which ranges 

between 1.50 and 2.44*10-8 W.Ω.K-2 for non-degenerated and strongly degenerated 

semiconductors, respectively [58]. These semiconductors vary mainly in their level of 

doping, which will influence their electrical properties. For instance, the strongly 

degenerated semiconductors have a higher level of doping, significant interactions 

between dopant atoms and host lattice, and then the formation of donor or acceptor 

bands other than discrete energy levels as in non-degenerated semiconductors [59]. This 

alters their electrical properties to be close to that for metallic materials than 

semiconductors. Whereas, the non-degenerated semiconductors have moderate doping 

levels resulting in negligible interactions between dopant atoms and host lattice, hence 

forming discrete energy levels with low electrical conductivity [59]. 

              Additionally, at absolute temperatures (T) lower than room temperature, the 

bipolar diffusion term (kbi) has to be added to Equation (2.12) in order to involve the 

occurrence of electron-hole pair recombination process at the cold side of TE material 

after their thermal separation at its hot side. This term has negligible value in non-
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degenerated systems (i.e. intrinsic/non-doped semiconductors) in which all charge 

carriers (electrons and holes) have equal concentrations and mobilities [60]. Whereas, 

it has a noticeable value in the degenerated systems (i.e. doped semiconductors) due to 

the wide difference in charge carriers concentrations resulting in the majority (high 

concentration charge carriers) and minority (low concentration charge carriers) carriers 

[60]. In such systems, the kbi term will be governed by the mobility of minority charge 

carriers. Thus, the bipolar contribution in TE materials, which are mainly a class of 

degenerated systems could be nulled via minimizing the mobility of minority charge 

carriers (electrons in p-type TE and holes in n-type TE) [60]. This could be attained 

either via increasing the bandgap to rise their scattering or decreasing their effective 

mass to reduce their mobility [61]. 

              However, the high-performance TE devices depend on advanced TE materials 

with a low thermal conductivity, which is commonly accomplished via minimizing the 

lattice phonon thermal conductivity through adopting a set of phonons scattering 

mechanisms, while maintaining its electronic thermal conductivity to avoid lowering 

its electrical conductivity. Thus, the ideal TE materials undergo phonon-glass behavior 

in their lattice thermal conductivity (minimizing its effect), while electron-crystal 

behavior in their electrical conductivity (maximizing its effect). 

2.5.2 High Electrical Conductivity (σ) 

            The electrical conductivity of TE materials depends mainly on its: Seebeck 

coefficient, electrical mobility, and resistivity, which identify its ability to transfer the 

electric charge, hence the flow of electric current [62]. This conduction property of TE 

material is affected by its crystal structure, temperature gradient, and scattering 

mechanisms of charge carriers (e.g. imperfections and impurities) [62]. 



  
   

24 
 

2.5.2.1 Seebeck Coefficient (S) 

              This coefficient quantifies the magnitude of generated Seebeck voltage (ΔV) 

due to the presence of temperature gradient (ΔT) across TE material, as pre-shown in 

Equation (2.1). It also qualitatively defines the strength of the interaction between the 

heat flow and electrical current along TE material via accounting two important 

contributions, namely: electric charge carriers diffusive Seebeck coefficient (Sd) and 

lattice phonon drag Seebeck coefficient (Sg), as displayed in Equation (2.13) [63]. 

𝑆 = (𝑆𝑑 + 𝑆𝑔)                                                                                                                      (2.13) 

2.5.2.1.1 Charge Carriers Diffusive Seebeck Coefficient (Sd) 

                 This term of the overall Seebeck coefficient (S) arises from the variation in 

diffusion rates of electric charge carriers (holes and electrons) at the applied 

temperature gradient (ΔT) across TE material [63]. The charge carriers will absorb 

thermal energy at the hot side (high energy regime), which will accelerate them to 

diffuse in different rates to the cold side (low energy regime) of TE material. The 

diffusion direction of electric charge carriers is in a parallel direction to the heat flow, 

hence indicating the presence of an interaction between them. Thus, an electric potential 

difference (i.e. Seebeck voltage (ΔV)) will be build up between the two ends due to the 

diverse in diffusion rates of charge carriers along TE materials (p-type TE and N-type 

TE) leaving behind the opposite charge carriers [64].  

                 However, this build-up voltage due to charges separation will limit the 

transfer of remained electric charges at the hot side to the cold side. Consequently, some 

of the electric charge carriers will be drifted back to the hot side in parallel direction to 

the formed electric field. This will result in the simultaneous presence of two opposite 

processes, which are the direct motions of charges from hot-to-cold sides in parallel to 

the applied ΔT and the reverse motions of charges from cold-to-hot sides in parallel to 
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the formed electric field. Thus, the net current will be produced only if one of the 

processes is dominant among the other one [65]. Accordingly, the Sd could be enhanced 

via using degenerated TE materials as they are heavily doped materials with an excess 

amount of majority charge carriers, hence higher S and improved electrical 

conductivity. It is also worth mentioning that the sign of S indicates the type of doped 

TE material (i.e. negative S is n-type TE and positive S is p-type TE). 

2.5.2.1.2 Lattice Phonon Drag Seebeck Coefficient (Sg) 

                 This component of the overall Seebeck coefficient (S) indicates the drag 

effect of lattice phonon on the electric charges movements [66]. This disturbs effect 

arises from the excitation of phonon at high temperatures to transfer heat but not 

carrying electric charges. During their transfer from hot-to-cold sides, they significantly 

interact with the flowing charge carriers in the same path (i.e. from hot-to-cold sides). 

This interaction will disturb charges movements and scatter them to the other end of 

the TE material. However, the phonon drag component disappears at temperatures 

above room temperature as it is a temperature-dependent parameter, while it is 

dominant at temperatures below room temperature, as shown in Equation (2.14) [66]. 

𝜃𝐷 ≈ 5 ∗ 𝑇                                                                                                                            (2.14) 

                 Where θD is the Debye temperature at which the high-frequency phonons 

will be excited, and T is the absolute average temperature at which the TE material is 

operating. Additionally, the charge carrier concentration has an inverse proportionality 

with the phonon drag component, as noticed from Equation (2.15) [66]. 

𝑆𝑔 = −
𝐶𝑙

3 ∗ 𝑒 ∗ 𝑛
                                                                                                                 (2.15) 

                 Where Sg is the phonon drag component of the Seebeck coefficient, Cl is the 

specific heat of TE lattice, e is the electric charge, and n is charge carriers concentration. 

Thus, Sg has negligible value in case of heavily doped TE materials and operating at 
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high temperatures above the room temperature, as observed from Equations (2.14) and 

(2.15). 

2.5.2.2 Electrical Mobility & Resistivity 

              In a similar manner to the Seebeck coefficient (S), the electrical mobility (μ) 

and resistivity (ρ) of TE material quantify its electrical conductivity (σ). The electrical 

resistivity is an intrinsic property of the material and it indicates its ability to slow down 

the flow of charge carriers via increasing their rate of scattering, hence lowering its 

electrical conductivity [67]. Thus, the electrical resistivity depends on the type of 

material (i.e. metallic, semiconductor, or non-metallic materials), microstructure, 

imperfections, diffusion rates, and operating conditions, particularly temperature [67]. 

For instance, TE materials are typical semiconductors and then their electrical 

resistivity will be governed by charge carriers mobility (i.e. mean free path to flow) and 

concentration, as noticed from Equation (2.16) [67]. 

𝜌 =
1

𝜎
=

1

𝑞(𝑛 ∗ 𝜇𝑛 + 𝑝 ∗ 𝜇𝑝)
                                                                                           (2.16) 

              Where, ρ is the electrical resistivity of TE material, σ is the electrical 

conductivity of TE material, q is the electric charge (1.6*10-19C), n and p are the 

concentrations of negative charge carriers (electrons) and positive charge carriers 

(holes), μn and μp are the mobility of negative and positive charge carriers, respectively. 

This equation can be reduced to a single term in the case of the heavily degenerated 

semiconductors (i.e. heavily doped semiconductors) such as TE materials [68]. For 

instance, in the p-type TE material the majority of charge carriers are positive holes (i.e. 

concentration p>>>n) and then the minority charge carriers’ term for negative electrons 

could be canceled (i.e. ρ ≈ 1/q*p*μp). Additionally, the mobility of electric charges is 

sensitive to the temperature and presence of their scattering mechanisms such as 

imperfections, impurities, and lattice vibrations (phonons) [68]. Thus, the increase in 
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temperature will excite phonons to interact with the flow of charge carriers and then 

scattering them, hence reducing their mobility and lowering the electrical conductivity 

of TE material. Also, the presence of impurities and defects will scatter more the 

moving charge carriers, hence raising the electrical resistivity of TE material as 

repeatedly reported [68]. Thus, the efficient TE materials are frequently reported with 

high electrical conductivity due to their high Seebeck coefficient and charge carriers 

mobility [69]. 

2.5.3 High Power Factor (PF) 

            The TE materials with a high power factor (PF) show the highest thermoelectric 

energy conversion efficiency due to the significant increment in their Figure-of-Merit 

(ZT). This factor indicates the power of energy conversion between thermal and 

electrical energies and then it depends on the Seebeck coefficient (S) and electrical 

conductivity (σ) of TE material as shown in Equation (2.17) [70].  

𝑃𝐹 = 𝑆2 ∗ 𝜎                                                                                                                         (2.17) 

            The high PF values point to an increase in both the Seebeck voltage and 

generated current during the power generation process; hence it is the key parameter to 

attain high-performance TE devices. Consequently, there are various PF enhancement 

approaches, which principally focus on utilizing nanotechnology to produce nanoscale 

and complex TE structures in order to increase the number of the contributing phonon 

scattering mechanisms [71]. This will lower extensively the thermal conductivity of TE 

materials, particularly the lattice phonon thermal conductivity (kl). Thus, it is frequently 

reported that improving PF is a feasible and indispensable approach to eventually attain 

the desirable high ZT values [72].  

            Additionally, this effective and innovative approach is based on the quantum 

confinement effect, which was emphasized on its significances in 1993 by Hicks and 
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Dresselhaus in their landmark published theory paper as pre-discussed in section (2.1). 

Thus, its effectiveness is referred to the sharp and asymmetric density of state (DOS) 

nearby the Fermi level (EF) within nanoscale (low-dimensional) TE materials including 

quantum wells (2D), quantum wires (1D), and quantum dots (0D) [73]. However, these 

quantum structures have been challenging as their structures must be in the nanoscale 

(≤10-9m) and EF must be located at the proper position to return in both high S and PF, 

as repeatedly reported [73]. There are also many other effective and advance 

approaches that can be utilized to maximize the PF and then ZT of TE materials, which 

will be further discussed in section (2.7). 

2.5.4 High Figure-of-Merit (ZT) 

            The energy conversion efficiency of TE materials is dependent on their physical 

transport properties, which could be monitored through the dimensionless Figure-of-

Merit (ZT). This dimensionless parameter is dependent on their electrical conductivity 

(σ), Seebeck coefficient (S), absolute temperature (T) at which these physical properties 

are measured, and thermal conductivity (k) that includes phonon contribution (kl), 

which is dominant on electron contribution (ke) in semiconductors, as shown in 

Equation (2.18) [74]. 

𝑍𝑇 =
𝑃𝐹 ∗ 𝑇

𝑘
=

𝑆2 ∗ 𝜎 ∗ 𝑇

(𝑘𝑙 + 𝑘𝑒)
                                                                                               (2.18) 

            It’s obvious from this equation that an efficient TE material is the one that will 

record the highest electrical conductivity, highest Seebeck coefficient, and lowest 

thermal conductivity. It is also proven that there is a strong interdependence between 

these three thermoelectric parameters, which means that adjusting one of them will lead 

to a detrimental effect on others, as observed from Equations (2.10), (2.19), and (2.20) 

[75].  
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𝜎 = 𝑛 ∗ 𝑒 ∗ 𝜇 = 𝑛 ∗ 𝑒2 ∗
𝜏

𝑚∗
                                                                                            (2.19) 

𝑆 = 𝐴 ∗ 𝑇 ∗ (
𝑚∗

𝑛
3
2

) =  (
8 ∗ 𝜋2𝑘𝐵

2

3 ∗ 𝑒 ∗ ℎ2
) ∗ T ∗   (

𝑚∗

𝑛
3
2

)                                                        (2.20) 

              Where, σ is the electrical conductivity of TE material, n is charge carriers 

concentration, e is the electric charge of an electron, μ is the mobility of charge carriers, 

𝝉 is the relaxation time, m* is the charge carriers effective mass (near EF), which 

depend on band structure of TE material, S is the Seebeck coefficient of TE material, 

A is a constant, kB is Boltzmann constant, and h is Plank constant [75]. Consequently, 

the main challenge is to tune these properties in an appropriate manner to have a 

significant design that will improve the TE performance through maximizing ZT.  

              In other words, to generate high electric power the S and σ should be high (i.e. 

high PF), which favors low k to maintain the ΔT across TE legs (i.e. hot and cold ends 

per each TE leg within TE device). Thus, several effective and advanced approaches 

could be adopted to attain the desirable high ZT as demonstrated in section (2.7). For 

instance, the band engineering approach could be used to optimize the carriers 

concentration within TE material and then enhancing its PF, while the nanostructuring 

approach could be implemented to increase phonon scattering and then minimizing kl, 

which is the only independent physical property of TE materials [75]. 

2.5.5 High Thermoelectric Efficiency (ηp or ηc) 

            The efficiency of thermoelectric energy conversion depends mainly on the 

average ZT of TE legs within the TE device module as observed from Equations (2.2) 

and (2.5). Thus, maximizing ZTavg will in return improve the TE conversion efficiency 

of either power generation (ηp) or cooling/refrigeration (ηc) models, as pre-discussed in 

detail in sections (2.3.1) and (2.3.2). Consequently, overcoming the typical Carnot 

efficiency of heat engines (ηCarnot) and refrigerator/heat pump efficiency (ηRefrigerator) for 
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TEGs and TE cooling/heating devices, respectively. 

2.5.6 High Nanostructuring Thermal Stability 

            The high thermal stability of nanostructured TE materials is a crucial optimizing 

property in order to maintain the performance of TE device, prevent its failure, and 

extends its life cycle for reliable service through the use of a stabilizer (e.g. Thioglycolic 

Acid (TGA)), proper sintering technique, or post-annealing heat treatment [76]. The 

stabilization of TE nanostructures will prevent the growth of nanocrystals under 

continuous exposure to high thermal stresses during TE device operation through 

relieving significantly their lattice strain [76]. Additionally, the Spark Plasma Sintering 

(SPS) technique could assist in the stabilization of synthesized nanopowders through 

the use of an electric spark that will result in the formation of more defects and 

evaporation of elements, which will significantly modify TE properties of the final 

product as frequently reported [77]. 

 Thermoelectrics: Promising Materials Systems 

              The interdependence of the three main physical properties (k, σ, and S), which 

identifies the performance of TE devices (i.e. ZT) has limited the selection of suitable 

materials for TE applications. Also, their dependence on the free carrier concentration 

(n) has resulted in difficulties in tuning them independently, as noticed in Figure 2.7 

[78]. This figure shows clearly the exponential decrease in S (i.e. S proportional to -ln 

n) and linear increase in σ (i.e. σ proportional to n) as the carrier concentration 

increases. Thus, there is an optimum value of n at around 1019 and 1020cm-3 to maximize 

the PF (i.e. S2σ) for optimum ZT. These n values correspond to the typical n for 

degenerated semiconductors. Thus, the σ could be maximized further via utilization of 

the state-of-the-art TE semiconducting materials with outstanding carriers’ mobilities. 
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Figure 2.7 The Thermoelectric properties in terms of free carrier concentrations for 

the main classes of materials [78]. 

 

 

              Additionally, it is proven frequently that there is no single material existing in 

nature, which possesses good TE properties [79]. This arises one of the major 

challenges in the TE field, which is the development of various materials to show low 

k, while high σ and S targeting to obtain the desired high ZT values. For instance, metals 

are good electrical and thermal conductors resulting in high σ and k, while low S due 

to their high carriers’ concentration (i.e. >1022cm-3), hence lower PF and ZT based on 

Equations (2.17) and (2.18), respectively. In contrast, the insulators are poor electrical 

and thermal conductors, which lead to low σ, k, PF, and then ZT. Thus, it is proven that 

semiconductors are the ideal TE candidates as they show relatively lower k, higher σ, 

and S, hence optimum ZT values, as illustrated in Figure 2.7 [78]. Accordingly, the 
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promising TE systems are based classically on degenerated semiconductors with lattice 

thermal conductivity (kl) dominant on electron thermal conductivity (ke) [80].  

              Furthermore, the modern TE materials are typically semiconductors and then 

their electrical conductivity (σ) is a temperature-dependent [80]. For instance, at high 

temperatures, more charge carriers will be excited to overcome the energy barrier (i.e. 

energy gap (Eg)) and flow from the valence band (VB) to the conduction band (CB) 

[81]. Thus, the CB will be occupied by the excited electrons, while the VB will have 

both the left-behind electrons in the vacant orbitals and the formed holes, all of which 

will contribute to the overall σ of the semiconductor as illustrated in Figure (2.8) [81].  

 

 

 

Figure 2.8 The Schematics of energy-band diagrams for insulators, semiconductors, 

and conductors [81]. 

 

 

              Consequently, the promising TE systems that have been used for commercial 

applications could be classified into three main categories based on their TE 

performance at certain temperature ranges namely: Bi2Te3-based TE systems for TE 
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applications of low-temperatures (<400K), PbTe-based TE systems for TE applications 

of moderate-temperatures (400-800K), and Si1-xGex-based TE systems for TE 

applications of high-temperatures (>800K), as clearly demonstrated in Figure 2.9 [82]. 

These classes of TE materials could be used in either their p-type or n-type based on 

the type of doping, which will result in obvious differences in their ZT values, as 

observed from Figure 2.9 (a) and (b), respectively. For instance, Bi2Te3-based TE 

systems show optimum ZT values in the p-type in which it exceeds the unity (ZT=1), 

while in the n-type it is below the unity. Additionally, the Bi2Te3 system shows the 

highest TE performance at RT and then it is used extensively in Peltier coolers, which 

have been commercialized several decades ago [83]. Whereas the PbTe system shows 

optimum TE performance between 400K and 800K, hence it has been utilized mainly 

for TEGs operating at high temperatures. The Si1-xGex system, which is based on a solid 

solution of Si and Ge to reduce effectively their kl and maximize ZT at temperatures 

above 800K to act as an efficient electricity source, particularly in spacecraft [84]. 
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Figure 2.9 The Figure-of-merit (ZT) in terms of the absolute temperature for the 

promising TE systems in both p-type (a) and n-type (b) [82]. 

 

 

2.6.1 Promising P-type Bi2Te3-Based TE Systems (Bi2-xSbxTe3) 

            The Bi2Te3-based TE material and its alloys have been studied extensively since 

the 1950s due to their proven potentials as the ideal TE systems for low-temperature 

applications (near RT≈298K), particularly for TE refrigeration and TEGs when their 

heat source is of low-temperatures (<400K) [85]. This is due to the narrowing in their 

bandgap as the operating temperature exceeds the RT resulting in VB and CB overlaps. 

This will mix the majority and minority conductions leading to high carriers’ 

concentrations of both negative electrons and positive holes, hence lowering μ and S, 

which matches the pre-observations from Figure 2.9. This undesired intrinsic thermal 

excitation has limited its application for waste heat recovery (WHR) at elevated 
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temperatures. Thus, their small band gap will degrade remarkably their PF and then ZT 

at temperatures either <200K or >400K to drop from 1.0 to 0.5 in both cases, as noticed 

from Figure 2.9 (a). However, Bi2Te3-based materials are still the dominant TE systems 

for TE applications of low-temperatures (200-400K).  

            Additionally, the k of Bi2Te3 is considerably lowered via alloying it either with 

Antimony Telluride (Sb2Te3) or Bismuth Selenium (Bi2Se3), hence forming the p-type 

(Bi2-xSbxTe3) and n-type (Bi2Te3-xSex) doped Bismuth Telluride alloys, respectively 

[86]. Therefore, optimizing the alloying compositions (x) of constituent elements and 

the carrier concentration within Bi2Te3 alloys have resulted in maximizing their ZT to 

above 1.0 at RT [86]. It is also reported that the ZT value of this conventional TE system 

has been raised from the unity to ~2.4 at 300K with further utilization of 

nanotechnology in nanostructuring the Bi2Te3 alloys [87]. This is due to the significant 

reduction in their kl while maintaining their μ and PF.  

            Moreover, the ZT enhancements for p-type BiSbTe is much easier than n-type 

BiSeTe due to the strong texture and high anisotropic properties of n-type as frequently 

reported [88]. Thus, the Bismuth Antimony Telluride (Bi2-xSbxTe3) has proven 

repeatedly its outstanding TE properties near room temperature till 375K and 

particularly Bi0.4Sb1.6Te3, as illustrated in Figure 2.10 [89]. This figure proves the 

crucial effect of controlling the alloying composition (x) on the ZT values for ternary 

Bi2-xSbxTe3. Thus, it clearly shows that a maximum ZT value of ~0.51 has been 

achieved with x=0.4 for Bi0.4Sb1.6Te3 alloy at ~375K. It is also reported with high 

thermoelectric conversion efficiencies up to 7.5% [90]. Thus, it has a high potential for 

further optimization of its TE performance, which matches the target of current 

researches. 
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Figure 2.10 The Figure-of-merit (ZT) in terms of the absolute temperature for the p-

type BixSb2-xTe3 in different alloying compositions (x) [89]. 

 

 

            Accordingly, it is characterized as a layered semiconductor with an indirect and 

narrow bandgap (Eg) of ~160meV. It has a trigonal unit cell with lattice constants of 

c≈30.36Å and a≈4.38Å, as illustrated in Figure 2.11 [91].  The atomic layers of its 

constituents’ elements forms numerous quintuple layers of Te1–Sb(Bi)–Te2–Sb(Bi)–

Te1 along the c-direction in ~1nm thickness, as displayed in Figure 2.11. This figure 

also shows the weak Van der Waals forces coupling these quintuple layers along the c-

direction, while strong couplings of the ionic-covalent bond between Sb(Bi)-Te1 and 

covalent bond between Sb(Bi)-Te2. Thus, in the crystal structure of Bi0.4Sb1.6Te3 the Bi 

atoms occupy quarter of Sb sites and its preferential orientations for optimum electrical 

transport properties (i.e. high μ and σ) is reported along the crystallographic planes of 

(0001), (10110), and (0115) with tilt angles of around 0°, 33°, and 54° to ab-plane, 

respectively [92]. Accordingly, it is frequently reported with anisotropic TE properties 

that are optimum (high ZT values) along the perpendicular plane to c-axis [93]. 
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Figure 2.11 The Rhombohedral and quintuple layered crystal structure of promising 

Bi0.4Sb1.6Te3 system for TE applications of low-temperatures [91]. 

 

 

            However, the structure of Bi0.4Sb1.6Te3 alloy is destroyed at elevated 

temperatures due to occurrences of the chemical decomposition, which will increase 

the possibility of tellurium vaporization [94]. Thus, the Te usage is governed by its 

melting temperature of ~722.66K. Also, the melting temperatures of its constituents’ 

elements participate in limiting its utilization to only TE applications of low 

temperatures, as noticed from Table 2.1. Additionally, this table highlights significantly 

on the atomic dimensions and crystal structure, as well as, the physical, thermal, 

electrical, and mechanical properties of Bi, Sb, and Te elements, which builds up the 

crystal structure and identifies the TE performance of Bi2-xSbxTe3 alloys. These 
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elemental properties need to be taken into consideration for its extreme optimization 

towards the desirable ZT values for practical TE applications. For instance, the heavy 

Bi and Te have very low sound velocities of 1790m/s and 2610m/s, respectively. This 

justifies the ideal TE behavior of Bi2Te3-based TE systems in undergoing the “phonon-

glass electron-crystal” phenomenon for lowest kl, hence the commercialization of Bi2-

xSbxTe3 at RT [95]. 

 

 

Table 2.1 The Summary of the Atomic Dimensions and Crystal Structure, Physical 

Properties, Thermal Properties, Electrical Properties, and Mechanical Properties of 

Constituents’ Elements for Bi2-xSbxTe3 TE Material [96] 

 Bi2-xSbxTe3 Constituents’ Elements 

Property 
Bismuth 

Bi 

Antimony 

Sb 

Tellurium 

Te 

Atomic Dimensions & Crystal Structure 

Atomic radius pm 143 133 123 

Covalent radius pm 148 139 138 

Van der Waals radius pm N/A N/A 206 

Crystal structure - Base-centered 

Monoclinic 

Simple 

Trigonal 

Simple 

Trigonal 

Lattice angles ° π/2, 1.926, π/2 π/2, π/2, 2π/3 π/2, π/2, 2π/3 

Lattice constants pm 667.4, 611.7, 

330.4 

430.7, 430.7, 

1127.3 

445.7, 445.7, 

592.9 

Lifetime *1019y 2.759 Stable Stable 

Physical Properties 

Series - Poor metal Metalloid Chalcogen 
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 Thermoelectrics: Advancing Approaches 

              The pre-discussed promising TE systems need further enhancement of their 

TE properties (S, σ, and k) for higher TE energy conversion efficiency to overcomes 

the benchmark value of ZT=1.0 towards practical and commercial TE devices. This 

could be accomplished via adopting a set of novel advancing approaches of TE 

materials that depend either on phonon transport engineering to reduce kl via 

strengthening phonon scattering mechanisms or charge transport engineering to 

Phase - Solid Solid Solid 

Color - Gray Silver Silver 

Density g/cm3 9.780 6.697 6.240 

Speed of sound m/s 1790 3420 2610 

 Bi2-xSbxTe3 Constituents’ Elements 

Property 
Bismuth 

Bi 

Antimony 

Sb 

Tellurium 

Te 

Thermal Properties 

Melting point K 544.40 903.78 722.66 

Specific heat J/kg.K 122 207 201 

Thermal conductivity W/m.K 8 24 3 

Electrical Properties 

Electrical type - Conductor Conductor Semiconductor 

Electrical 

conductivity 

S/m 770,000 2,500,000 10,000 

Mechanical Properties 

Brinell hardness MPa 94.2 294 180 

Mohs hardness - 2.25 3.00 2.25 

Bulk modulus GPa 31 42 64 

Shear modulus GPa 12 20 16 

Young’s modulus GPa 32 55 43 
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enhance PF via optimizing electron transport processes, as illustrated in below sections. 

2.7.1 Phonon Transport Engineering 

2.7.1.1 Atomic Doping/Alloying 

              The Russian physicist Loffe was the first one to adopt this approach to lowers 

the kl of semiconducting TE materials via introducing point defects to their crystal 

structure for modifying their structural, mechanical, and electrical properties [97]. This 

pioneer engineering work has proven the efficient TE performance of alloyed/doped 

bulk TE materials with optimal alloying/doping compositions. Thus, the wise varying 

of the doping/alloying compositions in such extrinsic semiconductors will disturb 

efficiently their phonons transport for lower kl, while improving their electrons 

transport for higher σ. This is attained via tuning set of critical TE parameters within 

the formed solid solution alloy including effective mass, carrier concentration, 

bandgap, and deformation potential [97].  

              For instance, the doping of Bi2Te3-based alloys with Sb will benefit in 

overcoming their TE performance degradation at prolonged thermal stresses or high 

temperatures (>400K) [98]. This degradation in their TE performance is often referred 

to their intrinsically very small Eg of ~130meV [98]. This makes the detrimental thermal 

excitation of minority charge carriers easier and results in the occurrences of undesired 

bipolar effect, hence lowering S, rising ke, and then lowering ZT. Thus, the utilization 

of such an advancing approach is crucial in broadening the Eg of Bi2Te3-based alloys 

to upshift their operating temperature, thermal stability, and service life [98]. The Sb 

doping is also favorable for high ZT values in Bi2Te3-based alloys as they act as strong 

point defects to improve the charge carrier concentrations (i.e. high σ) and heat carriers 

scattering (i.e. phonons for low kl) [99].  

              However, the Sb doping is limited to an optimal value to avoid the high 
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positive charge carriers concentration (holes) due to the reduced formation energy of 

antisite defects, hence lowering S and rising ke [99]. Additionally, it is frequently 

reported that the extrinsic point defects arise from Sb doping have modified the 

concentration of intrinsic point defects in Bi2Te3-based alloys, particularly antisite 

defects, hence upgrading their thermal and electrical properties [100]. Thus, the Sb 

dopant is the precursor to improve the thermoelectric properties of Bi2Te3 alloys, which 

are primary determinant by their intrinsic point defects. The intrinsic point defects have 

higher thermal stability than extrinsic Sb defects as they are mainly entropic defects, 

hence showing a stable TE performance at elevated temperatures [100]. 

2.7.1.2 Nanostructuring 

              The nanostructuring approach should be combined with the atomic 

doping/alloying approach for effective ZT enhancements in Bi2Te3-based TE systems. 

This advancing approach is based mainly on the Quantum confinement effect in which 

the grains size will be reduced to nano-size (i.e. high boundaries scattering for low kl), 

while the energy bands will be converted to discrete energy levels with incremental Eg 

(i.e. high density of states (DOS) near Fermi level for high S [101]. This transition from 

the bulk-scale (3D) to the nanoscale has strengthened the phonon scattering 

mechanisms, particularly phonon-boundary and phonon-phonon scatterings. Thus, 

impeding the phonons transport (i.e. heat flow) across such a TE system without 

affecting the mobility of its charge carriers [101].  

              However, the nanostructuring is capable to scatter only the phonons with short 

to medium mean free paths (3-100nm) via increasing density of grain boundaries for 

strong phonon-boundary interactions, as illustrated in Figure 2.12 (a) [102]. Whereas, 

the phonons with the long mean free path (>100nm) are scattered via nano precipitates, 

point defects (e.g. atomic doping/alloying) and nanocomposite for strong phonon-
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phonon interactions in presence of high-density interfaces and mesoscale grains [102]. 

Consequently, the accumulated percentage of klat will be reduced significantly from 

atomic-scale via solid solutions, nanoscale via nanostructuring and nano precipitates, 

to mesoscale with mesoscale grains, hence incrementing ZT from 1.1, 1.7, to 2.2, 

respectively, as displayed in Figures 2.12 (a) and (b).  

 

 

 

Figure 2.12 The Accumulated percentage of lattice thermal conductivity (klat) in terms 

of phonon mean free path (a) and the corresponding ZT values (b) for different 

phonon scattering approaches on multiple length scales [102]. 

 

 

              Additionally, the grain-boundary and phonon-phonon scatterings play a 

significant role in improving TE performance, particularly in Bi2Te3-based TE systems 
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[103]. Thus, utilizing and integrating phonons scattering on multiple length scales 

(atomic, nano, and meso scales) to scatter all phonons in different frequencies have 

resulted in 30-50% ZT increments for the nanostructured Bi0.4Sb1.6Te3 [103]. This 

panoscopic approach is applicable for most of bulk TE materials to overcome their ZT 

enhancement challenges via harnessing all length scales towards efficient and effective 

phonons scattering. 

2.7.1.3 Nanoemulsions 

              The nanostructuring is not limited to nanosized grains instead it includes 

nanocomposites and nano inclusions, which must be taken into consideration for 

effective interface scattering of long-wavelength phonons. Thus, the presence of nano 

inclusions (i.e. nano precipitates) in the matrix of TE materials will increase 

significantly the density of grain boundaries and interfaces to lower further the kl, as 

illustrated in Figure 2.13 [27]. This is due to their short mean free path of charge carriers, 

which is in few nanometers compared to the long phonons mean free path of hundred 

nanometers  [104]. Thus, the combination of atomic doping/alloying (high point 

defects), nanostructuring (high-density grain boundaries), and nano-precipitates (high-

density interfaces) are the optimal approaches in phonon transport engineering towards 

extensive and all-scale phonons scattering for lower kl and ZT enhancements, as 

summarized in Figure 2.13. 

 

 



  
   

44 
 

 

Figure 2.13 The Schematic representation of various advancing approaches based on 

phonon transport engineering for multiple length-scale phonon scattering [27]. 

 

 

              It will also effectively scatter the phonons and particularly the ones with a high 

mean free path without affecting the carriers’ mobility via carrier energy filtering effect. 

This effect is based on filtering out the low energy carriers via scattering them at the 

interfacial potential of nano inclusions and matrix to allow only the high energy carriers 

passing through [105]. This will increase PF and S with a negligible decrease in σ. For 

instance, the p-type Bi2Te3 system is frequently reported with various dispersed nano 

inclusions (e.g. Te, SiC, Y2O3, CulnTe2, or ZnAlO nanoparticles) that have improved 

its mechanical properties (via blocking cracks growth and propagation in the bulk 

matrix) and TE properties (via interfaces and carrier energy filtering effect) [106]. It is 

also reported that the homogenous distribution of SiC nano inclusions in series of planes 

across the normal temperature gradient to the polycrystalline matrix of Bi0.3Sb1.7Te3 has 

strengthened its energy filtering effect at their interface to scatter numerous low energy 

carriers resulting in increased S and then ZT enhancements, as demonstrated in Figure 

2.14 [88]. 
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Figure 2.14 The Schematic representation of charge carriers filtering effect at SiC 

nano inclusions and Bi0.3Sb1.7Te3 interface [88]. 

                                     

 

2.7.2 Charge Transport Engineering 

2.7.2.1 Nanocomposite 

              This is the main effective and recent advanced approach of charge transport 

engineering to enhance PF. It has overcome the dilemma of interconnectivity between 

TE properties through utilizing their strong reliant on the electronic and crystal 

structures of TE material towards optimizing the electron transport processes [107]. 

This breakthrough has improved significantly ZT of various conventional TE systems 

and offered pronounced suitability for vital practical applications in various WHR 

fields. This is referred to the effectiveness of introducing low-dimensionality structured 

materials (e.g. 2D, 1D, or 0D) into the nanostructured bulk TE material (3D) for 

improving its electrical and mechanical properties, hence high TE energy conversion 

efficiencies [107]. For instance, the compositing of nanostructured Bi2-xSbxTe3 with 2D 

materials has proven its outstanding TE performance, particularly with the 2D 
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Graphene material [108]. This is due to it's exceptional structural and electrical 

properties, which upgraded further the ZT of Bi2-xSbxTe3 system, as summarized in 

Table 2.2 [109]. 

 

 

Table 2.2 The Summary of the Outstanding Properties for 2D Graphene Material 

[109] 

 

 

              Additionally, the 2D Graphene is frequently characterized as a backbone for 

different graphitic materials due to its unique hexagonal lattice structure of covalently 

bonded carbon atoms in a form of a single and flat layer, as illustrated in Figure 2.15 

[109]. It is also characterized as a semiconductor material with zero energy gap due to 

its lattice structure of 2D honeycomb carbon [110]. Thus, it has a high density of charge 

carriers (electrons and holes) that behave like massless relativistic particles (Dirac 

fermions) and move freely in rapid motions across the monolayer graphene, hence high 

electrical conductivity of ~106S/cm [110]. In addition, this single carbon layer is 

frequently reported with a high crystallinity structure of low defects density [110]. 

Thus, the absence of defects has resulted in raising its electrical conductivity as they 

Property                                  Graphene 

Specific surface area m2/g 2630 

Density g/cm3 >1 

Thermal conductivity W/m.K 5000 

Electrical conductivity S/cm 106 

Charge mobility cm2/V.s 230,000 

Elastic modulus GPa 1100 

Fracture strength GPa 124 



  
   

47 
 

act as scattering sites for free charge carries, which limit their mean free paths and 

inhibit their mobility. Accordingly, this thinnest sheet with a thickness of one carbon 

atom well matches the layered crystal structure of promising Bi0.4Sb1.6Te3 system for 

TE applications of low-temperatures [111].  

 

 

 

Figure 2.15 The Schematic representations of various graphitic materials based on the 

2D graphene sheet [109]. 

 

 

              However, the use of graphene in nanocomposite with Bi0.4Sb1.6Te3 system is 

limited due to its zero bandgap structure, which lowers S and strong C-C covalent bonds 

that leads to its high k of ~5000W/m.K [111]. Thus, the content of this conductive filler 

in Bi0.4Sb1.6Te3 metallic matrix should be selected properly to synthesis outstanding 

Bi0.4Sb1.6Te3/graphene nanocomposites. Thus, attaining nanocomposites with low 

thermal conductivity, while high mechanical flexibility and electrical conductivity to 

fulfill the ZT enhancements towards high TE performance. Additionally, the strong 
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influence of graphene content on the lattice and total thermal conductivities of Bi2-

xSbxTe3 system is frequently proven, as displayed in Figure 2.16 (a) and (b), 

respectively [112]. This figure shows also that the graphene content of 0.05wt.% has 

the lowest klat and ktot values for Bi0.48Sb1.52Te3/graphene nanocomposites.  

 

 

 

Figure 2.16 The Dependence of lattice (a) and total (b) thermal conductivities on the 

variations of graphene content (x in wt.%) for Bi0.48Sb1.52Te3/graphene 

nanocomposites [112]. 

 

 

              Accordingly, it has resulted in their ultra-high ZT values of ~1.26 at 325K 

compared to the ZT of ~0.89 for pristine Bi0.48Sb1.52Te3 (at x= 0.00wt%) at the same 

temperature, as observed from Figure 2.17. This is referred to the well and even 

dispersion of graphene at low contents in nanostructured Bi0.48Sb1.52Te3 matrices, 

particularly near 0.05wt%. This has also facilitated its charge carrier transfer, 

strengthened its doping effect, and raised its interfaces densities for effective phonons 

scattering. Whereas, the graphene sheets tend to agglomerate and stakes on each other 

at high graphene contents (>0.05wt.%) forming the graphite material (i.e. changing 
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from 2D graphene single layer to 3D graphite multiple layers) [113]. This undesirable 

state will destroy the unique structural properties of graphene and result in reducing its 

SA/V ratio, scattering its charge carriers, weakening its doping effect, and rising its k. 

 

 

 

Figure 2.17 The Variations of ZT with graphene content (x in wt.%) for 

Bi0.48Sb1.52Te3/graphene nanocomposites [112]. 

 

 

 Thermoelectrics: Synthesis & Sintering Techniques 

              The selection of suitable synthesis and sintering techniques that satisfy the TE 

properties of certain TE system is a key parameter in designing high TE performance 

devices. This is referred to as the beneficial of property enhancement from processing 

development. Thus, there are numerous developments in different processing aspects 

to nanostructure advanced bulk TE materials, which focus on their nanopowder 

synthesis and sintering/consolidation techniques, as discussed in the below sections. 

2.8.1 TE Synthesis Techniques: High-Energy Ball Milling (HE-BM) 

            The high-energy ball milling (HE-BM) is a simple and effective solid-state 
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mechanical grinding/alloying technique for facile synthesis and control of nano-grained 

alloys or nanocomposites via mechanochemical effect towards further ZT 

enhancements [114]. This powder metallurgical process can be easily scaled-up to 

matches the mass production requirements in industries to be a cost-effective and 

efficient method in commercializing TE materials on a large scale. It also produces well 

homogenous and narrows distributed nano-sized grains in 2-20nm via milling their 

powders of pristine metals in high-power mills [114]. It introduces the nanocrystalline 

structure into pristine powders through generating successively the 1D point and 2D 

dislocation defects in powder grains for their permanent deformation [115]. Thus, the 

powder grains undergo repeatedly the cold welding, crushing, and re-welding in dry 

milling conditions for effective transfer of high-energy impact to the milling powder 

from the successive collisions between milling balls in closed milling vial [115].  

            Additionally, there are multiple models of HE-BM machines such as shaker, 

planetary, and mixer mills, which undergo the same operating principle. Thus, the 

effectiveness of HE-BM is dependent on a set of parameters such as speed, time, 

number, and the ratio of milling balls to the milling powder (BPR). Accordingly, 

adjusting these parameters will result in a metastable structure either in the form of 

crystalline material (long-range order), solid solution (homogenous composition), an 

intermetallic compound, a mixture of components (non-homogenous composition), or 

amorphous material (short-range order) [115]. It will also result in the strengthening of 

nanostructured TE material (i.e. high hardness values) due to the constant increment in 

the density of generated defects with the milling time until their saturation limit [116]. 

However, there are other synthesis techniques of TE materials such as the chemical 

routes (e.g. solvothermal/hydrothermal methods), which are neither common nor 

effective due to their complexity, non-uniform grains, difficulties in controlling the 
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product morphology, and expensiveness in contrast to the physical routes (e.g. 

mechanical alloying) [117].  

            Moreover, this synthesis technique has proven its effectiveness in synthesizing 

the p-type Bi2Te3-based TE material and then has been utilized frequently to attain high 

ZT values, as shown in Figure 2.18 [118]. It is also observed from this figure that the 

effect of refined nanostructures on p-type Bi2Te3 is dominated compared to other TE 

systems such as SiGe and Half-Heusler in either their nano n-type or p-type materials. 

Thus, the uppermost ZT value of 1.4 is reported for the nanostructured bulk BiSbTe 

based on the HE-BM processing technique, which offers great convenience for further 

optimization and utilization. This great TE enhancement is referred to the homogenous 

compositing, uniform nanograins distribution, and high defects density, which 

effectively suppressed the bipolar effect and strengthen the phonons scattering over 

wide wavelength spectrum [118]. This benefits in attaining lowest klat of 0.6 as noticed 

in Figure 1.8.  

 

 

 

Figure 2.18 The Improved ZT and reduced lattice thermal conductivity (klat) for 

various micro and nanoscale TE materials synthesized via HE-BM technique [118]. 
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            It is also reported that the mechanical strength of BiSbTe alloys has been 

improved significantly via nanostructuring them using HE-BM to overcome their 

cleavage nature due to their layered structure [119]. This is referred to the mixed 

orientations of cleavage planes and grain refinement, hence fulfilling the requirements 

for manufacturing miniaturized TE modules for practical applications [119]. It is also 

worth mentioning that this synthesis technique has shown outstanding TE performance 

in synthesizing homogenous nanocomposites and well-bonded interfaces of BiSbTe 

with graphene at room temperature in very short time to be the most favorable low cost 

and environmentally friendly synthesis approach for such nanocomposite. This has also 

assisted in simultaneous enhancements of electrical and phonon transport processes (i.e. 

increasing S and σ, while decreasing kl) towards the desired ZT enhancements [119]. 

2.8.2 TE Sintering Techniques: FAST/SPS Sintering Press (DSP-510) 

            The sintering of nano synthesized TE materials is the terminal stage in their 

processing to crystallize the grains in a compact form and stabilize further the main 

phase under suitable sintering conditions (dwell time, pressure, and temperature). This 

will result in a densely TE product with a fixed shape and high crystallinity for its TE 

measurements and characterizations. The efficient and rapid consolidation of a wide 

range of TE materials is recently reported via state-of-the-art Field Assisted Sintering 

Technology (FAST)/ Spark Plasma Sintering (SPS) machine manufactured by Dr. 

Fritsch Systeme GmbH, particularly model DSP-510 [120]. This advanced sintering 

press is an extension of the conventional Hot Pressing (HP) technique with design 

improvements to assist in fast, homogenous, and low-temperature sintering of various 

advanced TE ingots up to 70mm in diameter and 30mm in thickness [120]. It is reported 

as a promising sintering technique with interesting opportunities for industrial 

implementations towards improved and commercialized novel TE materials [120]. 
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            Additionally, this special version of SPS consists of a hydraulic pressing system, 

a water-cooled vacuum chamber, DC current pulse power supply system, vacuum, and 

atmospheric control system, and computer-aided process control system for 

measurement and control of sintering temperature and pressure (i.e. applied load) [121]. 

The presence of pulse power supply and absence of thermally insulated vessel or 

heating element in FAST/SPS has varied its performance from the conventional HP 

sintering technique. This unique design resulted in its homogenous heating, as well as, 

the sintered nanopowder, which is confirmed with negligible formation of thermal 

gradients (ΔT) across it even at elevated heating rates compared to conventional 

sintering techniques (e.g. HP), which are limited in application to low-moderate heating 

rates and longer dwell times (t*), hence incomplete homogenization, as illustrated in 

Figure 2.19 [122]. This figure shows clearly the typical thermal behavior of a sintering 

cycle for a nanopowder via recording its temperature at the center (TI) and edge (TA) 

to obtain its thermal gradients (ΔT) and dwells time (t*). This proves that FAST/SPS 

has the lowest ΔT and t*, which leads to its homogenous and fast sintering performance 

compared to the HP, respectively. 

 

 

 

Figure 2.19 The Schematics for conventional hot pressing (a) and advanced 

FAST/SPS (b) sintering techniques of high-performance TE materials [122]. 

(a) (b) 



  
   

54 
 

            Therefore, the FAST/SPS technique is suitable for structural nanocomposite TE 

materials due to its fast powder consolidation, high heating and cooling rates via DC 

pulse electric current under atmospheric pressure and vertical uniaxial deformation 

[123]. This will result in multiple pulse cycles with homogenous distribution of heating 

power over the volume of sintered powder in the macroscopic scale and contact regions 

of powder particles on a microscopic scale [123]. This favorable sintering behavior 

ensures high reliability, easy operation, rapid sintering, and accurate control of various 

sintering parameters, especially sintering energy at high heating rates (e.g. 1000°C/min) 

[124].  

            This has also resulted in inhibiting powder decomposition and grains growth, 

which facilitate stabilizing and preserving the nanostructure of bulk TE 

nanocomposites, hence attaining the desired TE device with stable TE performance for 

reliable service [124]. For instance, the BiSbTe nanobulk is reported frequently with a 

significant reduction in its σ at elevated sintering temperatures via HP technique, while 

the opposite trend was observed via FAST/SPS technique [125]. This approves the 

different features of these sintering techniques and their impact on TE properties of 

sintered nanobulk TE materials.  

 

 

 

 

 

 

 

 

3 These 



  
   

55 
 

Chapter 3:  RESEARCH EXPERIMENTAL METHODOLOGY 

 Thesis Research: Specimens Preparations 

              The specimens in this thesis research are prepared based on the elemental 

powders of high purity Bismuth (Bi), Antimony (Sb), Tellurium (Te), and Graphene 

nanoplatelets, as displayed in Table 3.1. These powders have been utilized in the 

synthesis of 2 different nanopowder classes. The first class includes a set of specimens 

synthesized based on pristine Bi0.4Sb1.6Te3 alloy at fixed elemental compositions but 

different mechanical milling times ranging from 4, 8, 12, 16, to 20hrs. Accordingly, 

this class investigates the effect of milling time on the nanostructure and mechanical 

performance (i.e. Vickers Hardness) of synthesized nano-alloys. Its outcomes will be 

utilized in identifying the proper milling time for synthesizing the nanocomposites of 

Bi0.4Sb1.6Te3 and Graphene.  

              These nanocomposites are synthesized at the same elemental compositions and 

filler weight of 0.05wt.% Graphene. In this group, the time for nanocomposite 

formation will be optimized towards the desired stabilized nanocomposite structure and 

TE performance for reliable service and efficient thermoelectric energy conversion. 

This is attained via adjusting the time of filler addition (Graphene nanoplatelets) to the 

metal matrix (nanopowder of Bi0.4Sb1.6Te3). Thus, its addition time will vary from full 

time, half time, last 1hr, and last 5min of overall pre-identified proper milling time.  
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Table 3.1 The Summary of Raw Materials Utilized in this Thesis Research  

Raw Material Purity (%) Source Particles Size 

Elemental Bismuth 

powder (Bi) 

 

99.999 

Alfa 

Aesar 

200mesh (74μm) 

Elemental Antimony 

powder (Sb) 

 

99.999 200mesh (74μm) 

Elemental Tellurium 

powder (Te) 

 

99.99 325mesh (44μm) 
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Raw Material Purity (%) Source Particles Size 

Graphene 

Nanoplatelets powder 

 

- 
Sigma 

Aldrich 

Few-layer graphene 

flakes with an 

average of 5-7 

atomic layers. 

 

 

              This design approach fulfills the objectives of this thesis research in optimizing 

and stabilizing the structure and performance of BiSbTe/Graphene nanocomposites for 

the highest thermoelectric performance (i.e. high ZT values). Accordingly, the atomic 

and weight compositions of the two nanopowder classes are calculated and the 

outcomes are summarized in Table 3.2. 

 

 

Table 3.2 The Atomic Composition, Mass Composition, and Elemental Weight for 

Specimens Preparations 

Element at.% wt.% g 

Specimens Class (1): Pristine Bi0.4Sb1.6Te3 Nanopowders 

Bismuth (Bi) 8.0000 12.643 0.7585 

Antimony (Sb) 32.000 29.464 1.7678 

Tellurium (Te) 60.000 57.894 3.4736 

Total 100.00 100.00 6.0000 
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Element at.% wt.% g 

Specimens Class (2): Bi0.4Sb1.6Te3/Graphene Nanocomposites 

Bismuth (Bi) 8.0000 12.636 0.7582 

Antimony (Sb) 32.000 29.449 1.7669 

Tellurium (Te) 60.000 57.865 3.4719 

Graphene - 0.0500 0.0030 

Total 100.00 100.00 6.0000 

 

 

 Thesis Research: Processing Methods 

3.2.1 TE Nanopowder Synthesis Method: High-Energy Ball Milling (HE-BM) 

            This TE nanopowder synthesis method was initiated with weighting the 

elemental weights of the raw powders, as displayed in Table 3.2. The weights were 

taken in the Glovebox laboratory equipment over an analytical balance for precise and 

accurate weights, as shown in Figures 3.1 (a) and (c), respectively. Then loaded into a 

well pre-cleaned and dried Stainless-Steel vial (SS-vial) and Stainless-Steel balls (SS-

balls). This milling set is made up of hardened 440C stainless steel to avoid their 

degradation in the high energy milling process.   
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Figure 3.1 The mBRAUN-LABstar Glovebox workstation (a) and its touch panel (b) 

along with Ohaus balance weighing equipment (c). 

 

 

            Additionally, the Ball to Powder Weight Ratio (BPR) was kept at 10:1 via 

loading SS-balls with a total weight of 50g and weighted total powder of 6g into 65mL 

SS-vial. The used SS-balls are in two different sizes of 5/16in (7.94mm) and 1/4in 

(6.35mm) with an equal number of 16 SS-balls for each size, hence a total of 32 SS-

balls. Then the SS-vial was tightly closed under dry and high purity Argon (Ar) 

atmosphere in the Glovebox with oxygen (O2) and moisture (H2O) contents of <0.5ppm 

as continuously monitored via the touch panel of Glovebox, as displayed in Figure 3.1 

(b). This is to avoid impurities contamination and nanopowder oxidation during the 

long milling times. Then each of the specimens undergoes continuous milling on fixed 

milling conditions as shown in Table 3.3. 

 

 

 

 

 

(a) (b) (c) 
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Table 3.3 The Common Conditions of High-Energy Ball Milling Adopted for 

Specimens Preparations  

Milling atmosphere Under dry and pure Ar atmosphere 

Milling temperature ~25°C 

Milling speed 1080cycle/min 

Ball to Powder Weight Ratio (BPR) 10:1 

Milling Type High-Energy Shaker Mill 

Specimens Class (1): Pristine Bi0.4Sb1.6Te3 Nanopowders 

Milling Times 

 

4hrs 

8hrs 

12hrs 

16hrs 

20hrs 

Specimens Class (2): 0.05wt% Graphene/Bi0.4Sb1.6Te3 Nanocomposites 

Milling Times 

Specimen Code 
Before Graphene Addition 

(hr/min) 

After Graphene Addition 

(hr/min) 

Full time 0/0 16/960 

Half time 8/480 8/480 

Last 1hr 15/900 1/60 

Last 5min 15.92/955 0.083/5.00 

 

 

            Thereafter, the tightened closure SS-vial, which contains the SS-balls and 

specimen pre-weighed powder was loaded into the 8000M Mixer/Mills to undergo the 

high-energy ball milling process for nanopowder synthesis. This efficient laboratory 

mixer/mills shake sufficiently the SS-vial in complex motion combining back and forth 

swings with short lateral movements in approximately 1080cycle/min (60Hz). In each 
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swing, the SS-balls impact against one end of SS-vial for simultaneous milling of 

specimen powder and blending it, as illustrated in Figure 3.2 (d). It’s worth mentioning 

that each of the SS-balls develops fairly high centrifugal forces in the SS-vial due to 

the efficient clamp’s velocity and amplitude [126]. This vigorous motion of clamp 

pulverizes effectively the micro-sized raw powder into the desired nano-size powder, 

as well as, even blending of powder elements for their homogenous mixing and uniform 

distribution [126]. 

 

  

 

Figure 3.2 The SPEX SamplePrep 8007 Stainless Steel grinding vial set including a 

screw-on cap with O-ring and stainless-steel balls (a). The SPEX SamplePrep 8000-

series Mixer/Mills (b) with single-clamp (c) and schematic of its high-energy ball 

milling process (d) [126]. 

 

 

3.2.2 TE Nanopowder Sintering Method: FAST/SPS Sintering Press (DSP-510) 

(a) (b) (c) 

(d) 
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            The synthesized nanopowder using HE-BM method will undergo the sintering 

process to convert it into bulk nanomaterial for the measurements of its TE parameters 

(k, σ, S, PF, and ZT values). This sintering process was accomplished using the 

advanced FAST/SPS Sintering Press in its model of DSP-510, as shown in Figure 3.3 

(a). It sintered the nanopowder in 4 main repeated steps, which are: vaporization and 

solidification, volume diffusion, surface diffusion, and grain boundary diffusion, as 

clearly illustrated in Figure 3.3 (c) [127]. The effectiveness of these steps is dependent 

on its operating parameters. These parameters are also critical in thermal stabilization 

of nanopowders’ microstructure, which will affect their TE performance in energy 

conversion. This is due to its main dependence on uniform temperature and uniaxial 

pressure in sintering TE nanopowders, hence rising possibilities for initiation of grains 

growth. Thus, the nanopowder of each specimen was loaded separately into a Graphite 

die in certain weights based on the rule of mixture calculations. These weights match 

precisely the volume of the target disc with 12.7mm in diameter and 3.5mm in thickness 

for its dense compaction, as displayed in Figure 3.3 (e). 
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Figure 3.3 The FAST/SPS Sintering Press (DSP-510) (a) and schematics of its 

internal parts (b) and sintering process (c) for uniaxial consolidation (d) of 

nanopowder into a dense disc with the target dimensions (e) [127]. 

 

 

            Thereafter, the filled graphite die was connected to thermocouples for precise 

temperature measurements to avoid ineffective pulsing of current and its over-heating 

consequences during the sintering process, hence it is an energy-saving technique [128]. 

Then it was loaded in between upper and lower graphite punches and each of them 

relates to a graphite spacer that’s connected to graphite electrical electrode to control 

its displacement, as demonstrated in Figure 3.3 (b). The repeated use of graphite in 

internal parts of this sintering press is due to its low cost, high thermal and electrical 

conductivities [128]. After that, the DC power generator connected to the sintering 

press was turned on to allow the direct current (DC) flowing directly through the 

graphite sintering mold and specimen as both are made up of electrically conductive 

(d) 

(c) 

(b) 

(e) 

 

 

(a) 
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materials. However, the presence of electrical resistance within the mold and specimen 

will speed up their sintering process due to an activation of the Joule’s heating effect, 

as displayed in Figure 3.3 (d).  

            Thus, the temperature will be generated only if indeed and the sintering duration 

will be around 10min, as shown in Table 3.4. This short sintering duration is referred 

to the short sinter cycles due to the occurrence of the sintering process in an evacuated 

chamber (fine vacuum atmosphere of ~5Pa) followed by rapid cooling using an inert 

gas (Ar), which produces high-quality specimens. These short sinter cycles also benefit 

in minimizing grains growth, maximizing densities of compaction, improving 

microstructure, increasing productivity, and lowering their production costs compared 

to traditional HP [128]. Thus, conserving the nanostructure of TE synthesized 

nanopowder during its sintering process to attain the desired bulk nanomaterial with 

high thermal stability for efficient and reliable service. Accordingly, Dr.Fritsch 

FAST/SPS sintering press is the world market leader sintering technology for many 

applications, particularly in the TE industry [128]. 

 

 

Table 3.4 The Common Conditions of FAST/SPS Sintering Press (DSP-510) Adopted 

for Consolidating the Pre-Synthesized Nanopowder Specimens 

FAST/SPS sintering pressure 45MPa 

FAST/SPS sintering temperature 280°C 

FAST/SPS sintering time 10min 

Dimensions of Graphite die Diameter Thickness Volume 

12.7mm 3.5mm 443.4mm3 

 

Powder weight loaded into Graphite die 

 

Pristine Bi0.4Sb1.6Te3 

Nanopowder 

 

Bi0.4Sb1.6Te3/Graphene 

Nanocomposites  
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2.9617g 2.9622g 

 

 

 Thesis Research: Characterization Techniques 

3.3.1 Structural Characterization Techniques 

              The structural characterization of TE materials is crucial as it will reflect on 

their TE performance. Thus, several advanced structural characterization techniques 

have been utilized to investigate the specimens’ microstructure, defects, average grain 

size and distribution, number of graphene layers, intermetallic compound phases, and 

lattice strain. 

3.3.1.1 X-Ray Diffractometer (XRD) Instrument 

              The X-Ray Diffractometer (XRD) is a non-destructive analytical technique for 

investigating the crystal structures, intermetallic compound phases, average grain size, 

and lattice strain for the pre-synthesized nanopowder specimens [129]. This technique 

was conducted using the EMPYREAN model of PANalytical XRD instrument, as 

shown in Figure 3.4 (a). This instrument consists primary of an X-ray tube, which 

radiates X-rays using alpha Copper (Cu Kα1) anode with an average wavelength (λ) of 

1.5406Å and high intensity for excellent resolution, as illustrated in Figure 3.4 (b). It 

also consists of the sample holder to hold the nanopowder specimens and an X-ray 

detector (PIXcel model) to count and detect the diffracted x-rays in order to generate 

the XRD diffractogram of the specimen, as displayed in Figures 3.4 (d) and (b), 

respectively.  
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Figure 3.4 The PANalytical X-Ray Diffractometer (XRD) instrument of EMPYREAN 

model (a) and schematics diagrams for its operating principle (b) and Bragg’s law 

parameters (c) along with the used sample holder for nanopowder specimens (d) 

[129]. 

 

 

              Accordingly, this XRD instrument was powered on at 45kV and 40mA, as 

displayed in Table 3.5. Then the electrical current was flowing across the x-ray tube 

causing the excitation of its anode material, which is the Cu Kα1. This excitation 

resulted in ejecting the electrons in inner energy levels of Cu by a beam of electrons 

from the supplied electric current (i.e. flow of electrons per unit time). Now, the 

electrons in the outer energy levels of Cu will fall into the vacant inner energy levels 

through radiating their extra energy in the form of electromagnetic waves (X-rays) in 

order to fit the energy of new levels and return the Cu atoms to their stable state. These 

waves have a constant wavelength of 1.5406Å and will pass through filters consisting 

(c) 

(a) (b) (d) 
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of thin foils in order to generate monochromatic radiation containing mostly Cu Kα (i.e. 

electrons falling from L- to K- shells), which are filtered from the Cu Kβ (i.e. electrons 

falling from M- to K- shells) [130]. 

              This monochromatic radiation will pass through a collimator to be collimated 

(for shaping the x-ray beam) to concentrate it on the nanopowder specimen. These 

collimated x-rays will be directed onto the crystalline nanopowder and the intensity of 

the reflected x-rays will be detected and counted by a detector that’s connected to a 

computer in order to monitor the displayed diffractogram of the specimen. The 

goniometer is used to rotate the sample holder in the direction of incident collimated x-

rays and control its rotation angle (θ). It is also used to rotate the mounted detector at 

an angle of 2θ to collect the diffracted x-rays from the sample. The data of all tested 

specimens were collected based on a continuous scan on the scan-axis of 2θ to θ at scan 

range of 2θ from ~10° to ~100° with a scan rate of 0.000246°/sec, as summarized in 

Table 3.5. 

 

 

Table 3.5 The Uniform Operating Conditions of PANalytical XRD Instrument 

(EMPYREAN model) on the Pre-Synthesized Nanopowder Specimens 

Anode material Cu Kα1 λ= 1.5406Å 

2θ Scanning range 10-100° 

Step size 0.01313° 

Scan rate 0.000246°/sec 

Operating conditions 45kV 40mA 25°C 

 

 

              Additionally, the intensity peaks in the obtained diffractograms of the tested 

nanopowder specimens have resulted from the occurrence of constructive interference 
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that indicates the satisfaction of Bragg’s law at these peaks. This originates from the 

incident monochromatic x-rays beam, which has an incident angle (θ) between the 

sample and x-ray source, whereas, the reflected beam has a diffracted angle (2θ) 

between the detector and incident beam. The detector angle (2θ) is always twice the 

incident angle (θ). In case the path difference between the adjacent crystal planes 

(2d*sinθ) equals an integer (n) multiplied with the x-ray constant wavelength (λ), then 

the constructive interference will occur and the Bragg’s law will be satisfied, as 

demonstrated in Figure 3.4 (c) [131]. In such law, the wavelength (λ) of electromagnetic 

radiation is related to both the lattice spacing (d) and diffractive angle (θ) of the 

crystalline nanopowder, as shown in Equation (3.1) [131]. The only variable in this law 

is d, which refers to the spacing between the crystal planes and provides a fingerprint 

of elements and intermetallic phases within the tested specimen.  

𝑛 ∗ 𝜆 = 2 ∗ 𝑑 ∗ 𝑠𝑖𝑛𝜃                                                                                                             (3.1) 

              Furthermore, the broadening of peaks within XRD diffractogram could be 

related to the average grains size and lattice strain within the tested nanopowder 

specimens. Thus, an integral breadth analysis was carried out to quantify these 

parameters using 3 different methods namely: Scherrer, Williamson-Hall, and Warren-

Averbach methods [132]. The Scherrer method calculates only the average grain size, 

while Williamson-Hall fails at very small grain sizes [132]. Consequently, the outcomes 

of the Warren-Averbach method are the most reliable as frequently reported and will 

be compared with TEM average grains distribution for its confirmation [133]. This 

reliable method was conducted based on Equation (3.2) and its outcomes will be 

displayed and discussed in chapter (4) [134].  

𝛽2

𝑡𝑎𝑛2𝜃0
=

𝜆

𝑑
(

𝛽

𝑡𝑎𝑛𝜃0𝑠𝑖𝑛𝜃0
) + 25(𝑒2)                                                                               (3.2) 

Where, d is the average grains size, e is the lattice strain, 𝜃𝑜 is the diffraction angle of 
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peak in radian, 𝛽 is equivalent to FWHM in radian, which was obtained for each peak 

by plotting it separately and fitting it using the Gaussian Fit in the OriginPro software, 

and 𝜆 is the constant wavelength of x-rays produced by cathode ray tube and equivalent 

to 0.15406nm. 

3.3.1.2 Transmission Electron Microscope (TEM) 

              The Transmission Electron Microscope (TEM) is an innovative analytical 

instrument that provides rapid and accurate imaging in sub-Angstrom resolution. This 

crucial structural characterization technique was utilized to investigate the topography 

(surface features), morphology (shape and size of particles), composition (existing 

elements and compounds), and crystallographic information (atoms arrangements) of 

specimens [135]. These structural outcomes are in high significance as it is in direct 

relation to the properties of the specimens, particularly mechanical (e.g. hardness), 

electrical (e.g. σ), thermal (e.g. k), and thermoelectric (e.g. PF and ZT) properties. Thus, 

the Thermo Scientific Talos F200C TEM instrument was used to image the pristine 

BiSbTe and its nanocomposites with 0.05wt.% graphene, as shown in Figure 3.5 (a). 

This TEM’s model has a constant-power and C-TWIN lens for outstanding optical 

performance to ensure optimal balance between contrast and resolution [135]. This 

innovative design increases its imaging stability, throughput, and easiness in use. 

             Accordingly, its outstanding performance in imaging is a consequence of its 

advancing working principle. This principle is based on the use of highly energetic 

electrons forming a beam that will transmit through the specimen to image it on a very 

fine scale (nm), hence yielding the valuable structural outcomes. This first launched 

type of electron microscopes has a similar pattern to the light microscope except that it 

uses focused electrons beam instead of light to image the specimen[136]. This electrons 

beam has been used to overcome the limited resolution (~200nm) of optical 
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microscopes in imaging the nanostructured specimens. This insufficient resolution is 

due to the presence of nano-sized particles, which are much smaller than the wavelength 

of the incident light.  

 

 

 

Figure 3.5 The Thermo Scientific High-Resolution Transmission Electron Microscope 

(HR-TEM) instrument of Talos F200C model (a) and schematic diagram for its 

electron column (b) along with the used FEI Versa 3D Dual Beam FIB/SEM 

instrument (c) for specimens thinning (d) [137]. 

 

 

             Therefore, its electron column is designed with an electron source/gun 

including filament, electromagnetic lens system including condenser lens with aperture, 

sample holder, and imaging system including objective lens with aperture, projector 

lens, imaging grid/plate, and fluorescent screen, respectively, as clearly demonstrated 

in Figure 3.5 (b). The imaging was initiated with turning its power on (~200kV) to 

(a) (b) (c) (d) 
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allow the emitted monochromatic and coherent electrons beam with uniform current 

density from the Talos field emission gun to illuminate the specimen through an 

electromagnetic condenser lens and aperture in the vacuum electron column. Then the 

condensed electrons have an incident in parallel beam onto the specimen and resulted 

in a number of interactions with its atoms, which could result in elastic and inelastic 

scatterings [137].              

             This has raised various signals that are detectable using a fully integrated 

16MPixel CMOS detector for faster imaging and improved reliability. The volume of 

these interactions increases with increasing acceleration voltage, while decreases with 

the increasing atomic number [138]. Then the objective lens provided the information 

on the specimen from these interactions either in the form of TEM bright/dark field 

image or diffraction pattern displayed on the image grid. The distribution intensity of 

transmitted electrons is further magnified with the projector lens to be viewed on a 

fluorescent screen at the bottom of the column. 

             Additionally, the specimen should be ultrathin (<0.5μm) for transmitting the 

electron beam and forming the TEM images in good contrast. Thus, the Fischione 

double-jet electropolishing (model 110) and Ultramicrotomy on cold-pressed discs with 

3mm in diameter and 1mm in thickness were used for specimens thinning but neither 

of the techniques worked and ended up with fractured thin layers. Thus, all the tested 

TEM specimens were soaked with low viscosity epoxy resin (~250cPa) under vacuum 

(~0.1-0.15mbar) for ~15min to mechanically stabilize the specimens. Then a cross-

sectional of TEM lamella (ultrathin layer) was prepared using Focused Ion Beam (FIB) 

for specimens thinning via FEI Versa 3D Dual Beam FIB/SEM instrument, as displayed 

in Figure 3.5 (c). This powerful instrument is based on dual beam of electrons and ions 

that intersected the specimen surface at a coincident point with an angle of ~52°. This 
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allowed the direct imaging of FIB-modified surface in high resolution using SEM for 

nanometer precision. This unique system with complementary imaging and beam 

chemistry capabilities has success in specimens thinning to ~35nm with the precise 

control of energy and intensity of incident ion beam, as shown in Figure 3.5 (d). 

             Consequently, the TEM mode was conducted to obtain the typical Bright Field 

(BF), Dark Field (DF), and Distribution of Particles (DP) TEM images along with 

diffraction patterns (e.g. Selected Area Diffraction (SAD)). Whereas, the Scanning 

Transmission Electron Microscopy (STEM) mode was used for qualitative elemental 

mapping via High-Angle Annular Dark-Field (HAADF) detector in conjunction with 

FEI Energy Dispersive X-ray (EDX) detector that count, and sort characteristic X-rays 

based on their energy. The main difference between these modes is that the focused 

electron beam in STEM is in a raster pattern to scan the specimen, which gives high 

spatial resolution compared to conventional SEM [139]. In this mode, the transmitted 

e-beam has been scattered in a large angle and then was detected by HAADF detector.  

             Therefore, the TEM outcomes will be utilized in investigating the average grain 

size and their distribution, as well as, type of defects presents in the specimens such as 

dislocations, twin boundaries, and stacking faults. It is worth mentioning, that such 

outcomes are not obtainable via another electron microscopy, particularly Scanning 

Electron Microscopy (SEM). This is because it is based on scattering electrons rather 

than transmitting them, hence used to investigate the 3D surface morphology in 

resolution of nm rather than 2D imaging of internal structures including: tiny 

precipitates, grain boundaries, dislocations, and defect structures in polycrystalline 

solid specimens, which are accomplished in much higher resolution (Å) via TEM [140].  

3.3.1.3 Raman Microscope 

             The Raman microscope is an advanced, reliable, and non-destructive analytical 
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microscope to characterize the crystal structure of different novel materials. Thus, the 

Thermo Scientific DXR Raman microscope has been utilized for the structural 

characterization of the embedded graphene nanoplatelets, which are used as fillers into 

the metallic matrix of BiSbTe, as shown in Figure 3.6 (a). In this vibrational technique, 

the specimen was irradiated with a laser beam emitted from the light source. This has 

resulted in the generation of an infinitesimal amount of Raman scattered lights, which 

were detected using a CCD camera to obtain the desired Raman spectrum [141]. This 

spectrum is the characteristic fingerprint pattern of Raman microscope and then it has 

been utilized in identifying the presence of graphene, evaluating its crystallinity and 

layers thickness.  

 

 

 

Figure 3.6 The Thermo Scientific DXR Raman microscope instrument (a) and the 

used DXR 532nm FILTER for laser excitation (b) of specimens placed over clear 

glass microscope slides (c) under Raman microscope (d) to obtain their Raman 

spectrum (e) [141]. 

(a) (e) 

(b) (c) (d) 
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             This is accomplished via monitoring the peaks position and intensity in the 

Raman spectrum. For instance, the intensity of peak within the Raman spectrum has 

resulted from symmetric lattice vibrations that induce many distortions of e-cloud 

surrounding the molecules within the specimen [142]. This could be utilized in tracking 

changes in crystallinity and the 2D structure of reinforced filler (graphene 

nanoplatelets) in the metallic matrix (BiSbTe) of synthesized nanocomposite 

specimens. On the other hand, the peak position shows the specific vibrational mode of 

the present molecular functional groups within the specimen and any shift in their 

position is due to residual stresses from nearby surrounding functional groups, as 

illustrated in Figure 3.6 (e). Thus, the Raman spectrum is crucial in proving the 

molecular fingerprint of synthesized nanocomposites, as well as, its filler.  

             Additionally, this characterizing technique is based on the Raman Effect in 

which the interaction of incident light with the molecules within the specimen results 

in polarizing them via distorting their e-cloud to non-equilibrium state, hence 

immediate radiation of the absorbed photon as scattered light [142]. This scattered light 

arises from the molecular vibrations and could be resulted either from elastic or inelastic 

scatterings. The elastic scatterings are known as Rayleigh scatterings where there is no 

change in the energy of incident light beam (i.e. λ incident light = λ scattered light) [143]. 

Whereas, the inelastic scatterings lead to the energy change between the incident light 

and scattered light (i.e. λ incident light ≠ λ scattered light) [143]. This was observed 

experimentally in 1928 by Chandrasekhara Raman, hence known as Raman scatterings 

(Raman Effect) [143].  

             In this Raman instrument, only Raman scattered lights were recorded, while 

the Rayleigh scattered lights were rejected using a filter for simplicity in interpreting 

the Raman spectrum. This spectrum is in a form of the intensity of Raman scattered 
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light versus Raman shift or Wavenumber, which is a reciprocal of the wavelength. The 

advantage of representing the Raman spectrum in terms of wavenumber is that the 

obtained spectrum will be independent on the wavelength of the used laser excitation 

due to the linear proportionality of wavenumber with photons energy [144]. Thus, all 

the specimens were tested using the same laser excitation with a fixed wavelength of 

532nm, as displayed in Figure 3.6 (b). These nanopowder specimens were placed over 

clear glass (SiO2) microscope slides prior to being tested under Raman microscope, as 

shown in Figures 3.6 (c) a (d), respectively. The uniform operating conditions of 

structural characterization conducted via the DXR Raman microscope is summarized 

in Table 3.6. It’s worth mentioning that graphene exhibits fluorescence with Near Infra-

Red (NIR) lasers (e.g. λlaser= 785nm or 780nm), hence the nanocomposite specimens 

have been deposited on the SiO2 microscope slides along with the use of visible lasers 

(e.g. λlaser= 633nm or 532nm) [144]. 

 

 

Table 3.6 The Uniform Operating Conditions of DXR Raman Microscope Instrument 

on the Pre-Synthesized Nanopowder Specimens 

Laser excitation DXR 532nm Laser 

Microscope substrate Clear glass (SiO2) 

 

 

3.3.2 Mechanical Characterization Techniques 

3.3.2.1 Vickers Micro-Hardness Tester Instrument 

             The Vickers micro-hardness tester is a standard, reliable, and advanced 

instrument to investigate the mechanical properties of TE specimens, particularly 

Vickers hardness (Hv). In prior to the hardness testing, the nanopowder specimens have 
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to undergo sequenced preparation operations for smooth and precise hardness testing. 

Thus, they have undergone hydraulic press to be transformed into compact discs with 

3.0mm in diameter and 1.0mm in thickness using the Carver Hydraulic Laboratory 

Press instrument, as shown in Figure 3.7 (a).  

 

 

 

Figure 3.7 The Carver Hydraulic Laboratory Press instrument of 4386 Model (a) with 

the used Tungsten Carbide die and rods (b) along with its gauge reads (c). The 

compacted discs placed over quartz cylinder in specimen holder (d) prior being 

grinded/polished using Metkon Grinder/Polisher automatic machine with double 

wheels and FORCIPOL-2V model (e). 

 

 

             The nanopowders' weight for compaction was around 16mg based on the rule 

of mixture calculations, as summarized in Table 3.7. This weighted powder was loaded 

into a Tungsten Carbide (WC) die and the WC rods were used for cold compression of 

(a) (b) 

(c) 

(d) 

(e) 
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the powder under compaction load of a 0.72metric ton (mt), which was monitored via 

gauge readers, as displayed in Figures 3.7 (b) and (c). Then the cold-compacted discs 

were glued over the quartz cylinder and placed in the specimen holder to easiness their 

grinding and polishing using Metkon Grinder/Polisher automatic machine with double 

wheels, as shown in Figures 3.7 (d) and (e), respectively.  

 

 

Table 3.7 The Uniform Operating Conditions of Carver Hydraulic Laboratory Press 

Instrument for Cold compaction of the Pre-Synthesized Nanopowder Specimens 

Compaction load 0.72mt 

Compaction temperature 25°C 

Compaction time 2min 

Dimensions of WC die Diameter Thickness Volume 

3.0mm 1.0mm 7.07mm3 

 

Powder weight loaded into WC die 

 

Pristine Bi0.4Sb1.6Te3 

Nanopowders 

 

Bi0.4Sb1.6Te3/Graphene 

Nanocomposites  

15.739mg 15.742mg 

 

 

             In the grinding operation, the emery (sand) paper was used as a coarse abrasive 

with a grit size of P1200. The specimens were rotated several times in 90o with 

sustaining an equal pressure on them to ensure a uniform grinding, eliminate completely 

the surface scratches, and attain a specimen surface that’s ground flat with enough 

smoothness. Then the specimens were polished on a polishing cloth that was inserted 

into the rotating wheel. This polishing cloth was lubricated with a small amount of 

Metkon Alumina (Al2O3) suspension (0.05μm) used as a fine abrasive material that’s 

capable to well polish the hard surface of the specimen by rubbing. In a similar manner 
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to grinding, the polishing was also done under moderately flowing water and 90o 

specimen rotation to ensure even polishing until the specimen surface becomes glossy 

as a mirror. At the end of polishing, the specimen was rinsed with water and well dried 

to ensure the removal of any suspended alumina particles on its surface prior to its 

hardness testing. 

             Thereafter, the hardness test was conducted on the polished discs using the 

Micro-Hardness Tester instrument and model of FM-ARS9000 that uses a range of 

micro-indentation testing methods based on the indenter size to measure the resistance 

to the localized surface deformation, as shown in Figures 3.8 (a) and (b). The used 

diamond indenter has intersected with the surface of the underneath specimen in an 

angle of ~136° between the faces to form a clear square-based pyramid with diagonals 

of d1 and d2, as demonstrated in Figure 3.8 (c).  

 

 

 

Figure 3.8 The Future Tech. Vickers Micro-hardness Tester instrument of FM-

ARS9000 model (a) with diamond indenter placed above-tested specimen (b) and 

schematic diagram for the resulted Vickers diamond square-based pyramid (c) [145]. 

 

 

(a) (b) (c) 
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             Accordingly, this tester was operated at the Vickers Hardness (HV) scale in 

which a very small diamond indenter with pyramidal geometry is forced onto the TE 

specimen surface at a test load of 25gf (0.245N) for a dwell time of 10sec, as displayed 

in Table 3.8. The resulting micro-indentation is observed under a microscope and 

measured by software attached to this instrument. This measurement was converted 

into a hardness number using Equation (3.3) and its outcomes will be discussed in 

chapter 4 [145]. 

𝐻𝑉 = 1.854 ∗
𝑊

𝑑𝑣
2                                                                                                                  (3.3) 

Where the Hv is the Vickers hardness (or hardness number) in MPa, W is the applied 

weight/load in N, and dv is the average diagonal length of square-based pyramid 

indentation in m, as illustrated in Figure 3.8 (c). 

 

 

Table 3.8 The Uniform Operating Conditions of Vickers Micro-hardness Tester 

Instrument on the Cold-Compacted Specimens 

Hardness scale HV 

Applied test load/force 25gf (0.245N) 

Dwell time 10sec 

Object lens Lens x50 

No. of indentations per specimen 5 

 

 

3.3.3 Thermal Characterization Techniques 

3.3.3.1 Differential Scanning Calorimeter (DSC) Instrument  

             The Differential Scanning Calorimeter (DSC) is a flexible, easy-to-use, and 

powerful thermal analysis technique, particularly its Q2000 model. This model is the 
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world leader in the thermal analysis due to its proven superior performance in 

sensitivity, precision, resolution, and baseline flatness, as shown in Figure 3.9 (a). Thus, 

it has been utilized in investigating the thermal behavior of TE specimens including 

their phase transition temperatures (melting and crystallization temperatures), 

enthalpies (heat content), crystalline behavior, and eutectic transitions. These values 

will be utilized in identifying the proper sintering temperature of TE specimens to avoid 

their nanograins growth and decay in TE performance, which will, in turn, stabilize 

further their TE structure and performance for reliable service.  

 

 

      

Figure 3.9 The TA Differential Scanning Calorimeter (DSC) instrument of Q2000 

model (a) with its DSC cell containing the reference and sample pans (b) made up of 

Tzero Aluminum (c) along with schematic diagram on its DSC cell arrangements (d) 

[146]. 

 

(a) (b) 

(c) (d) 
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             Accordingly, this well-equipped DSC instrument consists mainly of an external 

cooling unit, purge gas unit, DSC main unit, DSC cell, DSC cell controller, and Tzero 

Aluminum pans to satisfy the top DSC operating conditions, as displayed in Figures 3.9 

(a), (b), and (c). The DSC cell has an inner two adjacent raised platforms on a sensor 

base located at bottom of its enclosure and connected to different detectors.  The sensor 

base is made up of silver for optimum thermal conduction to the upper reference and 

sample pans. These pans are made up of Tzero Aluminum and it is crucial to always 

place them on their corresponding platforms for proper DSC operation, as demonstrated 

in Figure 3.9 (d) [146]. Thus, all the TE specimens were placed in the Tzero Aluminum 

pan and placed over the sample platform is adjacent to an empty reference pan into the 

Q2000-DSC instrument for their thermal analysis. This instrument was connected to 

computer software to monitor the pans temperatures via the attached cooling unit and 

regulate its heat flows via the purge gas unit.  

             The attached cooling unit to DSC Q2000 provides heating/cooling to the DSC 

cell to control precisely its operating temperature in range of -90 to 550°C, while the 

purge gas unit is used to continuously purge the DSC cell at constant flow rates to 

ensure efficient heat transfer across the unit via removing moisture, off-gases, and hot 

spots. The used purge gas in this DSC model was Argon as it is easily available, low 

thermal conductivity, inert, and inexpensive gas. This purge gas where heated 

sufficiently before entering the DSC cell to ensure equilibrating its temperature with 

the temperature of the entire DSC cell without interfering with the heat measurements. 

Then both pans were heated spontaneously from room temperature to maximum 

temperature in the DSC instrument at a linear and constant heating rate, as shown in 

Table 3.9.  The differences in temperature records of each pan measured by its 

corresponding thermocouple have resulted in detecting sample thermal critical points. 
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Table 3.9 The Uniform Operating Conditions of Q-2000 Differential Scanning 

Calorimetry (DSC) Instrument on the Nanopowder Specimens 

Powder weight loaded into pan ~5.20mg 

Purge gas flow rate Argon in 20ml/min 

Pan Tzero Aluminum 

Temperature range 30-430°C 

Heating rate 10°C/min 

Operating steps 1. Equilibrate at 30°C 

2. Isothermal for 5min 

3. Ramp 10°C/min to 430°C 

4. Isothermal for 1min 

5. Ramp 10°C/min to 30°C 

6. Ramp 10°C/min to 430°C 

7. Isothermal for 1min 

8. Ramp 10°C/min to 30°C 

 

 

3.3.4 Thermoelectric Characterization Techniques 

3.3.4.1 NETZSCH SBA-458 Nemesis® Instrument 

             The NETZSCH SBA-458 instrument is based on a new, innovative, and 

practical design for simultaneous measurements of Seebeck coefficient (S) and 

electrical conductivity (σ) for TE samples in temperature ranges of RT to 1100°C, as 

shown in Figure 3.10 (a). This is referred to its novel setup that has resulted in precise 

and reliable measurements of thermophysical properties (S and σ) under identical 

conditions, as displayed in Figures 3.10 (b) and (c). This setup is based on 

thermocouples and current pins placed on the lower surface of the sample to measure 

its σ via the 4-point method, as demonstrated in Figure 3.10 (d) [147]. Whereas, the 

micro-heaters, which operate in alteration are placed below the 2-edges of the sample 
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to create a cyclic heating environment with a uniform temperature gradient (ΔT) in both 

sample directions (from left to right or right to left of the sample). This has resulted in 

the generation of thermal voltage (ΔV=VA-VB) across TE sample, as demonstrated in 

Figure 3.10 (e). This voltage is measured via thermocouple wires and used in 

calculations of S, which is a ratio of ΔV to ΔT, as pre-discussed in section 2.3.1.  

 

 

 

Figure 3.10 The NETZSCH SBA-458 Nemesis® instrument (a) and the entire sample 

setup (b) along with its schematic diagrams for sample setup (c), measurements of 

electrical conductivity (d), and Seebeck coefficient (e) [147]. 

 

 

             Additionally, its plug-and-measure feature offers the ability to measure S and σ 

for unlimited sample geometries in different dimensions [147]. This is due to 

(a) (b) 

(e) (d) (c) 
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eliminating the distance determination between the mechanically fixed thermocouples, 

hence easy, rapid, and accurate thermophysical properties measurements. These 

thermocouples are Inconel® sheathed with type K (NiCr/NiAl) to avoid either adhesion 

or chemical contamination between sample and thermocouple for homogenous thermal 

and electrical contacts. It has also a valuable integrated quality check feature to record 

the S and σ values either priors to or whiles it is in progress. This has enabled the precise 

characterization of thermophysical properties for the pre-consolidated TE specimens in 

optimized testing times, as summarized in Table 3.10. 

 

 

Table 3.10 The Uniform Operating Conditions of NETZSCH SBA-458 Nemesis® 

Instrument on the Pre-Consolidated Nanopowder Specimens 

Sample geometry Round disc 

Sample dimensions 
Diameter Thickness 

12.7mm 3.5mm 

Temperature ranges 323-425K 

Heating rate 200K/min 

Purge gas flow rate Inert Argon in 50ml/min 

Operating conditions 
Pins Current Heaters Voltage 

0.05A 8V 

 

 

3.3.4.2 NETZSCH LFA-467 HyperFlash-Light Flash Apparatus  

             The NETZSCH LFA-467 instrument offers a fast data acquisition, high sample 

throughput, wide temperature range (-100 to 500°C), and accurate measurements, as 

shown in Figures 3.11 (a) and (b). This is referred to its analyzer that simplifies and 

fastens the measurements of specific heat (Cp), thermal diffusivity (a), bulk density (ρ), 
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and thermal conductivity (k) as functions of temperature. This is attained via the 

adopted Light Flash (LFA) technique in its working principle, which is a non-contact, 

non-destructive, fast, and absolute method to determine various thermal properties 

[148]. Accordingly, this efficient method has been utilized in the measurements of k 

for the pre-consolidated TE specimens in conjunction with S and σ values obtained 

from SBA-458 towards PF and ZT values using Equations (2.17) and (2.18), 

respectively. Additionally, a light pulse with short energy was used to heat the front 

surface of the TE samples, which resulted in temperature deviation of its rear face to 

radiate Infra-Red energy that was measured by the IR detector, as demonstrated in 

Figures 3.11 (c) and (d). 

 

 

 

Figure 3.11 The NETZSCH LFA-467 HyperFlash-Light Flash Apparatus (a) and the 

entire sample setup (b) along with its schematic diagram for sample setup (c) and light 

flash technique (d) [148]. 

 

(a) (b) 

(c) (d) 
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             The k measurements via LFA-467 were conducted in homogenous temperature 

distribution and under the inert Argon atmosphere in the vertical system due to the 

sensitivity of TE samples to oxygen, as displayed in Table 3.11. This system is designed 

with an IR detector at the top, TE sample at the center, and Xeon lamp, which serves as 

a flash source at the bottom [148]. This innovative design has enabled its thermal 

coupling to various cooling devices, which raised its heating rates to 50K/min, reduced 

its measurement times, and maintained its excellent thermal stability. It’s worth 

mentioning that the LFA-467 design includes a stepper-motor-actuated lens inserted 

between TE sample and IR detector to optimize the field of view by software control, 

which prevents the measuring artifacts due to the presence of aperture stop that delays 

the IR signal, hence precise measurements [148]. 

 

 

Table 3.11 The Uniform Operating Conditions of NETZSCH LFA-467 Instrument on 

the Pre-Consolidated Nanopowder Specimens 

Sample geometry Round disc 

Sample dimensions 
Diameter Thickness 

12.7mm 3.0mm 

Temperature ranges 323-425K 

Heating rate 5K/min 

Purge gas flow rate Inert Argon in 50ml/min 

4 Err 
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Chapter 4:  RESEARCH RESULTS & DISCUSSIONS 

 Structural Characterization 

4.1.1 X-ray Diffraction Analysis of the Pristine Bi0.4Sb1.6Te3 Nanopowders 

            The evolution of the nanocrystals structure of this promising TE performance 

system for low-temperature applications has been analyzed via a set of structural 

characterization techniques including XRD and TEM. The XRD patterns of 

nanocomposites matrix show the formation of single-phase Bi0.4Sb1.6Te3 nanocrystals 

at different mechanical milling times, as displayed in Figure 4.1 (a). The characteristic 

peaks of these XRD patterns are consistent with the standard peaks of rhombohedral 

Bi0.4Sb1.6Te3 intermetallic compound phase in the Inorganic Crystal Structure Database 

(ICSD 98-002-0071) [149].  

            This good agreement in peaks positions and intensities prove the uniform 

crystallographic structure and atomic composition of synthesized BiSbTe nanocrystals, 

as illustrated with diffraction lines in Figure 4.1. (a). This figure shows also the 

appearance of Bragg’s fundamental peak for this crystalline metallic matrix with 

indexed crystal plane of (015) at low Bragg’s angle (2θ) of 28.01° in very strong 

intensity. It appears at narrow angular range of 2θ with FWHM value of <0.5 indicating 

the high crystallinity and long-range order of synthesized nanocrystals in comparison 

to the extremely broad peaks that appear as hump over wide angular range of ~10° in 

typical diffraction patterns of amorphous materials [150]. 
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Figure 4.1 The XRD patterns of the pristine Bi0.4Sb1.6Te3 nanopowders (a) milled at 4, 8 , 12, 16, and 20 hours. The Effect of milling time 

on average grains size (in blue) and microscopic lattice strain (in green) of pristine Bi0.4Sb1.6Te3 nanopowders (b) based on the integral 

breadth analysis on their XRD patterns using Warren-Averbach method. 
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            Additionally, the broadening in the observed XRD peaks profile of synthesized 

BiSbTe nanopowders gives a reliable insight on their average crystallites size and 

residual lattice strains, which have been quantified using Warren-Averbach method (see 

section 3.3.1.1 in chapter 3 for details), as displayed in Figure 4.1 (b). This figure shows 

that the average grain size of synthesized BiSbTe nanocrystals gradually decreases with 

increasing milling time. The synthesized nanocrystals have undergone a smooth 

reduction in their size with the incremental of the mechanical milling time by a factor 

of 4hrs. This reduction in grain size has reached its plateau stage after 16hrs of milling 

and turns to a negligible difference of 1nm at 20hrs, as shown in Figure 4.1 (b). This 

indicated that the 16hrs of mechanical milling is enough for synthesizing a single-phase 

intermetallic compound of Bi0.4Sb1.6Te3 with an average grain size of 16nm and lattice 

strain of 0.18%. Thus, the composition milled for 16hr is adopted in this thesis to be 

suitable for synthesizing the desired nanostructure of BiSbTe. 

            On the other hand, the residual microscopic lattice strains in the milled BiSbTe 

nanopowders have not exceeded 0.21% after 20hrs of milling, as displayed in Figure 

4.1 (b). These microstrains are distinguishable from macrostrains due to the absence of 

positions shift in any of the diffraction peaks in the XRD patterns of nanopowders 

[151]. This indicates the presence of microstresses in nanocrystals lattice, which could 

contribute to the broadening of diffraction peaks. The lattice strains could mainly 

microstresses resulted from some imperfections in nanocrystals lattice such as stacking 

faults, vacancies, lattice dislocations, grain boundaries, shear planes, and solid solution 

inhomogeneity [152]. These lattice imperfections are frequently observed in nanosized 

crystallites (grain size <100nm) and could affect the structure-sensitive properties of 

BiSbTe/Graphene nanocomposites such as electrical conductivity and fracture strength 

[153]. However, their contribution could be inadequate and then retaining the 
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refinement in grain size of BiSbTe nanocrystals, as observed from the broadening 

profile of XRD peaks in Figure 4.1 (a).  

4.1.2 X-ray Diffraction Analysis of the Graphene/Bi0.4Sb1.6Te3 Nanocomposites 

            The graphene nanoplatelets have been added in 0.05wt% to the pre-synthesized 

single-phase Bi0.4Sb1.6Te3 nanocrystals milled for 16hrs. The low contents of graphene 

particularly near 0.05wt% has proven its well and even dispersion in the nanostructured 

BiSbTe matrices, as pre-shown in Figures 2.16 and 2.17 [112]. This will facilitate its 

charge carrier transfer, strengthen its doping effect, and raise its interfaces densities for 

effective phonons scattering. The graphene was added to the p-type nanopowder at 

different times of milling, as pre-displayed in Table 3.3. The resultant 

BiSbTe/Graphene nanocomposites XRD profiles match the pre-selected pristine 

BiSbTe nanopowder milled to 16hr, as presented in Figure 4.2 (a). This figure 

investigates the influence of milling time to the graphene distribution and integrity in 

the p-type BiSbTe matrix.  

            Additionally, the diffraction pattern of graphene shows the presence of its 

Bragg’s fundamental peak at 26.35° in very strong intensity, narrow angular range, and 

FWHM value of <0.5. This diffraction peak is indexed with a crystal plane of (002) at 

low Bragg’s angle and considered as a fingerprint of 2D nanostructure for graphene 

nanoplatelets [154]. However, this peak did not appear in the diffraction pattern of 

synthesized BiSbTe/Graphene nanocomposites, as shown in Figure 4.2 (a). This could 

be attributed to the small amount of the added graphene (0.05wt.%). 
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Figure 4.2 The XRD patterns of the Graphene nanoplatelets alone and 0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposites (a) milled at full 

time, half time, last 1hr, and last 5min of overall 16hr. The Effect of graphene milling time on average grains size (in blue) and 

microscopic lattice strain (in green) of 0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposites (b) based on the integral breadth analysis on 

their XRD patterns using Warren-Averbach method.
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            Moreover, Figure 4.2 (b) shows the calculated average grain size and lattice 

strain for the nanocomposite BiSbTe/graphene as a function of milling time. There is a 

clear growth in grains size appears gradually as the addition of graphene filler is delayed 

to short milling times, particularly at the last 1hr and 5mins of overall 16hr of milling 

with BiSbTe matrix. Interestingly, this resulted in the initiation of structural formation 

of BiSbTe/Graphene nanocomposites, as observed from Figure 4.2 (b). Thus, the 

average grains size of the nanocomposite where the graphene was added in the last 

5mins is 20nm, which is between the 16nm for BiSbTe matrix and 27nm for graphene 

filler. Whereas, the grains size of the nanocomposite when the graphene is added for 

16hr is 12nm with the highest lattice strain of 0.31% indicating the low crystallinity, 

high imperfections, and destruction of nanocomposite constituent's nanostructure.  

            It’s worth mentioning that the Warren-Averbach method shows the best-fitting 

linear regression model to all of the recognized diffraction peaks in XRD patterns of 

either BiSbTe nanopowders or BiSbTe/Graphene nanocomposites, as illustrated in 

Figure 4.3. This resulted in higher R2 values of their linear trendlines to be always 

around 1, which confirms the precision of the drawn and reported conclusions on 

average grains size and microscopic lattice strains of synthesized specimens.  
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Figure 4.3 The Comparative linear regressions on the pristine BiSbTe at 16hr milling 

and the 5mins milled nanocomposite based on the integral breadth analysis on their 

XRD patterns using the Warren-Averbach method for precise calculations of their 

grain size and lattice strain. 

 

 

4.1.3 TEM Analysis of the Pristine and the Nanocomposites Samples 

            The TEM analysis shows the formation of homogenous elemental distributions 

within the synthesized single phase in 16hr milled Bi0.4Sb1.6Te3 nanopowder and 5mins 

milled Bi0.4Sb1.6Te3/Graphene nanocomposite, as displayed in Figures 4.5 (b) and (e), 

respectively. These figures represent their high-resolution dark-field (DF) TEM 

micrographs in which it is clearly observable that there are uniform grain size and 

distribution without noticing the presence of agglomerated nanocrystallites. This 
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confirms the homogenous solubility of BiSbTe during the milling process without 

undergoing welding, which is the main drawback of mechanical milling technique in 

synthesizing nanostructured materials [157]. 

            Interestingly, the statistical analysis on DF-TEM micrographs confirms the 

agreement of the average grain size for the pristine BiSbTe nanopowder at 16hrs of 

milling and  the 5min BiSbTe/Graphene nanocomposite with their XRD outcomes, as 

displayed in Figures 4.5 (c) and (f), respectively. The average grain size in the pristine 

BiSbTe nanopowder is found to be 18nm calculated from 413grains. Whereas, for the 

5mins nanocomposite, the average grain size calculated from 255 grains is 32nm. It is 

noticeable from the Selected Area Diffraction Pattern (SADP) that the observed 

nanograins in the high-resolution bright-field (BF) TEM micrographs appear to be 

equiaxed in random orientations, which match their diffraction profile in the XRD 

patterns, as illustrated in the upper right insets of Figures 4.5 (a) and (d).
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Figure 4.4 The HR-TEM observations of typical nanostructures in pristine Bi0.4Sb1.6Te3 nanopowder synthesized at 16hr of milling via its 

bright (a) and dark (b) field TEM micrographs. The upper right inset in (a) is the SADP and shows the equiaxed nanograins in random 

orientations. A similar nanostructure is observed in 0.05wt% Graphene/BiSbTe nanocomposite synthesized at last 5min of overall 16hr 

milling as shown in its bright (d) and dark (e) field TEM micrographs and upper right inset in (d) is its SADP. The statistical grain size 

distribution plots of pristine BiSbTe nanopowder and 0.05wt% Graphene/BiSbTe nanocomposite are shown in (e) and (f), respectively.
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            Furthermore, it is recognized and reported for the first time (to the best of our 

knowledge) the presence of a twinning interfacial defect in the BiSbTe/Graphene 

nanocomposites, as illustrated in Figure 4.6 (b). This figure represents the SADP of the 

selected area shown in the high-magnification BF-TEM micrograph of the pre-

synthesized 5mins nanocomposite, as displayed in Figure 4.6 (a). This diffraction 

pattern demonstrates evidently the lattice symmetry of its nanocrystals, which appear 

as mirror reflections to each other, hence matching the nanostructure of the twinning 

[158]. These atomic reflections are due to the atomic displacements in the Bi0.4Sb1.6Te3 

nanocrystals across a common twinning plane. In such displacements, there is no 

resultant disorder in the atomic arrangements across the twinning boundary that 

separates the twinned nanocrystals, which distinguish it from the other 2D planar 

defects, particularly grain boundaries [158].  

            Additionally, this interfacial planar defect has probably resulted from the shear 

deformation during the mechanical milling process of the pre-synthesized 

nanocomposite [158]. The magnitude of atomic displacements during this deformation 

is proportional to the distance of the atom from the twinning plane [158]. The presence 

of twinning could affect the electrical conductivity and mechanical strength of the 

synthesized TE specimens, as frequently reported [159]. Thus, it must be taken into 

considerations during the analysis of TE performance for the synthesized 

nanocomposites. 
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Figure 4.5 The Recognition of twinning interfacial defect in the 0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposite synthesized at the last 

5min of overall 16hr milling as illustrated in its high-magnification bright-field TEM micrograph (a) and SADP (b). It is clear in the 

SADP (b) that the nanocrystals on either side are the mirror images of the other side.
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 SPS Consolidation 

4.2.1 Thermal Analysis of the Pristine and the Nanocomposites Samples 

               The thermal behavior of the synthesized TE specimens has been studied via 

the DSC analysis. This powerful thermal analysis technique has inspected precisely 

their thermodynamic parameters including the phase transition temperatures, 

enthalpies, and eutectic transitions. These key parameters play a crucial rule in 

identifying the proper sintering temperature to avoid grain growth of the nanostructures, 

which lead to deteriorations of mechanical properties and TE performance. The drop of 

grain boundaries, which act as barriers for dislocations motion will lower the hardness 

of bulk TE pellets leading to lower reliability and shorter service time. This could also 

result in the increase of thermoelectrical conductivity; as it relies on grain boundaries 

to increase the phonon-boundary scattering mechanism in nanostructured TE modules. 

               The procedure of the DSC analysis of the synthesized nanopowders has 

undergone two continuous heating and cooling cycles at a constant heating rate of 

10°C/min in a temperature range of 30-430°C under inert Argon atmosphere. The 

resultant heat flow curves of these samples are shown in Figure 4.11 (a). As can be seen 

from this figure, only an endothermic peak was observed for all samples with an onset 

temperature of 414°C. This phase transformation peak represents the melting of the 

eutectic phase Bi2Te3 [166]. The formation of this second phase proves the conversion 

of Bi0.4Sb1.6Te3 intermetallic compound into a mixture of two distinct phases, hence the 

sintering temperature was kept at a lower temperature of 280°C. However, the absence 

of any other peaks indicates the negligible nanograin growth and insufficient phase 

separation during the two continuous heating cycles of TE specimens in high-

temperature ranges (300-700K) beyond their operating temperature ranges (<400K), 

which gives an extra advantage of safe in operation. 
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Figure 4.6 The DSC heating curves (a) and cooling curves (b) with the onset temperatures for melting and crystallization peaks for two 

continuous thermal cycles conducted at a constant heating rate of 10ºC/min on the pristine Bi0.4Sb1.6Te3 nanopowder at 16hr milling and 

0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposites. 
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               Additionally, the second heating cycle shows a slight shift of ±5°C on the 

onset temperatures of the pristine Bi0.4Sb1.6Te3 and 0.05wt% Graphene/Bi0.4Sb1.6Te3 

nanocomposites. This narrow difference in initiating the endothermic phase 

transformation could indicate the high thermal stability of synthesized TE specimens 

under multiple heating cycles. This fulfills the adopted design criteria in this research 

towards synthesizing advanced TE modules for reliable service, safe operation, and 

sustainable TE energy. On the other hand, the first and second cooling cycles show 

similar onset temperatures for an exothermic phase transformation of the molten 

nanopowders at ~410°C, as demonstrated in Figure 4.11 (b). This onset temperature of 

the crystallization process is closer to their onset temperatures of melting in the heating 

cycles with a minor difference of ±5°C.  

               The pristine Bi0.4Sb1.6Te3 and 0.05wt% Graphene/Bi0.4Sb1.6Te3 

nanocomposites have similar thermal behavior and matching onset temperatures, as 

shown in Figures 4.11 (a) and (b). This is due to the small content of graphene 

(0.05wt%) to avoid the effect of its high thermal conductivity on the thermal stability 

of the multicomponent nanocomposites. This coincides also with their homogenous 

elemental distribution and stable single phase of Bi0.4Sb1.6Te3, which is verified from 

their HAADF-STEM images and EDS elemental mapping analysis, as shown in Figure 

4.12. This could maximize the isotropic performance of synthesized TE modules 

towards efficient TE energy conversion [167]. 



  
   

101 
 

 

Figure 4.7 The HAADF-STEM images and their corresponding EDS elemental mapping analysis on Bismuth (Bi), Antimony (Sb), and 

Tellurium (Te) atoms distribution in the pristine Bi0.4Sb1.6Te3 nanopowder synthesized at 16hr of milling (top row) and 0.05wt% 

Graphene/Bi0.4Sb1.6Te3 nanocomposite synthesized at the last 5min of overall 16hr milling (bottom row). 
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               However, the thermal decomposition of Bi0.4Sb1.6Te3 at 414°C has destroyed 

the homogeneity of the elemental distributions in TE specimens. Thus, stimulating the 

formation of second phase rich in Te, which in turn variated the normalized heating and 

cooling enthalpies for first and second heating cycles, as displayed in Figure 4.13. 

These variations are negligible as it is in narrow ranges of ±0.5J/g and referred to the 

small volume fraction of the formed second phase from Te-phase separation in the first 

heating cycle. This small rise in the enthalpies of the second heating and cooling cycles 

indicates the high strength of Bi0.4Sb1.6Te3 atomic interactions and their remarkable 

thermal stability.  

 

 

 

Figure 4.8 The Effect of graphene milling time on the normalized enthalpies of 

melting (in red) and crystallization (in blue) for two continuous thermal cycles 
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conducted at a constant heating rate of 10ºC/min on pristine Bi0.4Sb1.6Te3 nanopowder 

at 16hr milling (non-linked squares) and 0.05wt% Graphene/Bi0.4Sb1.6Te3 

nanocomposites (linked squares). 

 

 

4.2.2 Structural Analysis of the Consolidated Samples 

            The XRD analysis has been conducted on the sintered pellets of the pre-

synthesized pristine BiSbTe at 16hrs of milling and BiSbTe/Graphene nanocomposites, 

as illustrated in Figure 4.4 (a). This figure shows their match-up in diffraction profiles 

with the appearance of a couple of new and low-intensity peaks recognized at 2θ of 

26.23°, 33.56°, and 40.44° corresponding to the indexed crystal planes of (009), (018), 

and (0111), respectively. The presence of the diffraction plane indexed with (009) is a 

fingerprint in the XRD patterns of artifact-free bulk nanostructured pellets of BiSbTe 

and graphene [155]. This diffraction peak appears in low intensity of 1.96% in all the 

synthesized nanocomposites except the 5mins nanocomposite. In which it is well 

observable in a higher intensity of 5.68% and in an equivalent diffraction angle to 

graphene nanoplatelets at the plane of (002), as shown in Figure 4.4 (a). This quite small 

intensity is a resultant of the small filler content of 0.05wt.% being composited with the 

BiSbTe nanocrystals. 

            It is worth mentioning that the appearance of these new diffraction peaks is a 

common consequence of nanopowder consolidation via the SPS technique, as 

frequently reported [156]. This is referred to the growth of grains and reduction of the 

residual strains during the sintering of the nanopowders at relatively high temperatures 

of 280°C [156]. However, this sintering process has not affected considerably grain 

growth in the SPS pellets due to the absence of high residual strains in their 
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nanopowders. Thus, the average grains size and microscopic lattice strains of the SPS 

pellets have not dramatically varied from their nanopowders, as displayed in Figure 4.4 

(b). This figure indicates the gradual decrease in the grain size of bulk nanocomposites 

from 30nm to 22nm for full time and last 5mins milled nanocomposites, respectively. 

It is noticed also that the grain growth in the 5mins milled nanocomposite is just 1nm, 

hence sustaining the grain size refinement. Whereas, the full-time milled 

nanocomposite shows 18nm growth in its average grain size due to the initially high 

residual strains of 0.31% in its nanopowder.  

            On the other hand, there is a parallel decrease in the microscopic lattice strain 

to the average grain size, as illustrated in Figure 4.4 (b). This trend confirms the 

successfulness in synthesizing artifact-free bulk nanocrystalline BiSbTe composited 

with 0.05wt.% Graphene at the last 5mins of the overall 16hrs of continuous mechanical 

milling. The resultant sintered pellet shows a drop of its residual strain from 0.22% to 

0.14%, while retaining the grain size refinement of 22nm.
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Figure 4.9 The XRD patterns of sintered pellets for pristine BiSbTe and 0.05wt% Graphene/BiSbTe nanocomposites (a) milled at full 

time, half time, last 1hr, and last 5min of overall 16hr. The top inset shows in-plane surface of as-pressed disc perpendicular to its SPS 

pressing. The Effect of graphene milling time on average grains size (in blue) and microscopic lattice strain (in green) of sintered pellets 

for pristine and nanocomposites (b) based on integral breadth analysis on their XRD patterns using Warren-Averbach method. 
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 Mechanical Characterization 

4.3.1 Mechanical Properties of the Pristine Bi0.4Sb1.6Te3 Nanopowders 

            The mechanical behavior of the synthesized Bi0.4Sb1.6Te3 nanocrystals has been 

analyzed using the Vickers micro-hardness tester. This advanced technology 

characterizes precisely the resistance of synthesized specimens to localized surface 

deformation in terms of Vickers micro-hardness (Hv) [159]. This characterization is 

crucial for TE device integrity and reliable operation to withstands the mechanical 

stresses [159]. Accordingly, the synthesized nanocrystals show a gradual increment in 

their average Vickers micro-hardness values with prolonging the milling times, as 

displayed in Figure 4.7. This mechanical behavior is consistent with the Hall-Petch (H-

P) relationship in which the nanostructured materials are characterized with multiple 

grain boundaries that obstruct the dislocations motion and then hardening the material 

[160]. Thus, the synthesized Bi0.4Sb1.6Te3 nanocrystals have reached an ultrahigh 

hardness value of 1.30GPa with an ultralow average grains size of 16nm after 16hrs of 

high energy milling, as shown in Figure 4.7.  

            This hardness value is the highest reported to our knowledge for such TE system 

and denotes the effectiveness of synthesizing the intermetallic Bi0.4Sb1.6Te3 with 

ultrafine nanostructure at optimized synthesizes conditions using the mechanical 

milling process. However, the initiation of the plateau region in the average micro-

hardness values is observed for excessive milling times exceeding the 16hrs, as shown 

in Figure 4.7. This further confirms that 16hrs of milling is enough for synthesizing 

Bi0.4Sb1.6Te3 nanocrystals with exceptional hardness and nanostructure.  
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Figure 4.10 The Effect of milling time on the average Vickers micro-hardness (in 

blue) and average grain size  (in green) of pristine Bi0.4Sb1.6Te3 nanopowders.  
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hardness values of single and ingot Bi0.4Sb1.6Te3, which are in the average of 0.60GPa 

and 0.57GPa, respectively [163,164]. This is due to the fine grain structure of the 

synthesized 5min nanocomposite, which is in good agreement to the pre-observed 

evolutions in its crystallinity and nanostructure. However, increasing the graphene 

content beyond 0.05wt% will enhance further the hardness of Graphene/Bi0.4Sb1.6Te3 

nanocomposite. This enhancement is a trade-off approach in which the ZT values will 

be lowered dramatically due to the high thermal conductivity of graphene, hence 

contradicting the design standards of TE modules (see section 2.5.1 in chapter 2 for 

details). 

 

 

 

Figure 4.11 The Effect of graphene milling time on average Vickers micro-hardness 

(in blue) and average grain size (in green) of Graphene/BiSbTe nanocomposites.  
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            The outstanding mechanical behavior of the synthesized nanocomposites is 

consistent with the nanostructure evolution of graphene nanoplatelets, as displayed in 

Figure 4.9 (a). This figure shows the Raman spectra at standard DXR laser excitation 

of 532nm to investigate the morphology of graphene in the reference powder (raw 

graphene nanoplatelets) and synthesized nanocomposites. This investigation is 

quantified in a reliable manner based on calculations of the intensity ratio between the 

2D band to G band (I2D/IG ratio) from their Raman spectra. The outcomes of I2D/IG ratio 

calculations confirm the crucial rule of graphene addition time on its structure, as well 

as, the morphology and mechanical behavior of the synthesized nanocomposites, as 

shown in Figure 4.9 (b). This figure demonstrates the gradual transition trend in number 

of graphene layers from multi-, few-, to the single-layered structure. The multi-layered 

graphene appears in full-time (added initially and undergone 16hrs of milling) and half-

time (added after 8hrs and undergone 8hrs of milling) nanocomposites. This multi-

layered structure is referred to the excessive milling of graphene due to its addition at 

early milling times, which in return affected its unique 2D integrity.  

            The addition of graphene into the last hour of the overall 16hrs milling time 

resulted in few-layered graphene. This structural transition has also shifted to single 

layered graphene after its addition at the last 5mins of the overall 16hrs milling time 

[165]. This could be the reason for the exceptional mechanical behavior and 

nanostructure of the synthesized 5mins nanocomposite. The delayed addition times of 

graphene to Bi0.4Sb1.6Te3 nanopowder is favored as it shortens its milling duration, 

hence preserving its 2D nanostructure and advantaging its exceptional properties. It is 

worth pointing out that this is the first time (to the best of our knowledge) to observe 

and report the transition trend in graphene layered structure to its milling duration in 

promising TE system as Bi0.4Sb1.6Te3. 
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Figure 4.12 The Raman spectra of the reference graphene nanoplatelets, 16hr milled pristine Bi0.4Sb1.6Te3 nanopowder, and 0.05wt% 

Graphene/Bi0.4Sb1.6Te3 nanocomposites (a) at DXR laser excitation of 532nm. The Effect of graphene milling time on the 2D band 

intensity to G band intensity ratio (I2D/IG ratio) (in blue) indicates the dramatic change in the number of graphene layers (in green) 

present in the synthesized 0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposites (b). 
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            The evolution of Raman spectra including the positions and intensities of G, D, 

2D, and D+G bands has been utilized in differentiating graphene from its carbon 

allotropes (e.g. graphite and carbon nanotubes). Figure 4.10 shows the prominent 

Raman features of the monolayered graphene sheet in the synthesized 5mins 

nanocomposite. The Raman profile of this sample reveals distinguishable peaks at 

around 1345, 1579, and 2692 cm-1 for D, G, and 2D bands, respectively. These peaks 

are positioned with slight blueshifts of only 3, 8, and 2 cm-1 from the corresponding 

ones in the reference graphene. However, these shifts are dramatical in the remained 

nanocomposites, which are pre-characterized with multi- or few-layered graphene. It is 

also worth noting that a sharp D+G combination peak appears at 2919, 2932, and 2933 

cm-1 in the full-time, half-time, and last-1hr milled nanocomposites, respectively. This 

additional peak denotes the presence of high disorder in the graphene structure and 

confirms the stacking of its 2D monolayer into other carbon allotropes, particularly the 

3D graphite. This coincides with the pre-observations on the number of graphene layers 

in the synthesized nanocomposites based on their I2D/IG ratios. 

            Additionally, the D-mode signal, which is induced via defects or disorder 

appears in the lowest intensity in the 5mins nanocomposite [165]. This indicates the 

high crystallinity of graphene filler and the absence of new structural defects throughout 

compositing process with Bi0.4Sb1.6Te3 nanopowder using the ball milling technique. 

This allows to preserve the large surface area of the monolayer graphene and then 

strengthens its interfacial interactions with Bi0.4Sb1.6Te3 nanopowder, which in turn 

resulted in a stabilized TE nanocomposite with enhanced mechanical behavior for 

reliable service. 



  
   

112 
 

 

Figure 4.13 The Evolutions of D, G, 2D, and D+G bands in the Raman spectra of the reference graphene nanoplatelets, 16hr milled 

pristine Bi0.4Sb1.6Te3 nanopowder, and 0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposites at DXR laser excitation of 532nm. 
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 Thermoelectric Properties 

              The thermoelectric performance of the synthesized TE specimens has been 

tested via the SBA-458 and LFA-467 instruments. The practical design of the SBA-458 

has permitted simultaneous measurements of the electrical conductivity (σ) and 

Seebeck coefficient (S) in the temperature ranges from 323K to 425K, as displayed in 

Figures 4.14 (a) and (b), respectively. The electrical conductivity of the tested SPS 

pellets for pristine Bi0.4Sb1.6Te3 and 0.05wt% graphene/Bi0.4Sb1.6Te3 nanocomposites 

show a linear decrease with increasing the temperature. Their common behavior 

matches the metallic behavior at elevated temperatures due to the increased thermal 

excitations of lattice vibrations [168]. The lattice vibration increases scattering rates via 

collisions with crystallographic defects, which in turn obstruct the flow of charge 

carriers, decrease their mean free path, and reduce their mobility [168]. However, this 

drop in electrical conductivity is not very sharp as it decreases from 231S/cm at 323K 

to 209S/cm at 420K for the pristine BiSbTe, as shown in Figure 4.14 (a). 

              The addition of graphene to the p-type BiSbTe has impressed the electrical 

conductivity for all samples at different conditions, as shown in Figure 4.14 (a). It is 

worth mentioning that the electrical conductivity of pristine Bi0.4Sb1.6Te3 has 

considerably improved from 231S/cm to 344S/cm at 322K after compositing it with 

graphene nanoplatelets. This refers to its high charge carrier density and mobility due 

to owning a unique 2D nanostructure that offers additional charge transmission 

channels [169].  

              On the other hand, the positive values of Seebeck coefficient confirm the 

effectiveness in resonant level doping of Bi-Te system with Sb dopant to form the 

desired p-type Bi0.4Sb1.6Te3, as presented in Figure 4.14 (b). This p-type semiconductor 
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shows an exponential decay in its Seebeck values as the temperature increases from 

323K to 425K. The pristine Bi0.4Sb1.6Te3 pellet shows the highest Seebeck coefficient 

values in reverse to its behavior in electrical conductivity. This is due to the inverse and 

strong interdependence of electrical conductivity and Seebeck coefficient on charge 

carrier’s density as pre-shown in Equations (2.19) and (2.20), respectively.  

              Accordingly, the power factor (S2σ), which is derived from structure-sensitive 

properties, namely the Seebeck coefficient and electrical conductivity shows a linear 

temperature dependence, as displayed in Figure 4.14 (c). This figure confirms that the 

5mins nanocomposite has the highest power factor of 1.73mW/m.K2 at 324K, which 

slowly decreased to 1.40mW/m.K2 at 422K. These values are the highest reported (to 

our knowledge) and overcomes the solution-derived BiSbTe with a maximum of 

9.0μW/cm.K2 and ternary alloy ingot of 18.0μW/cm.K2 [169,170]. This high power 

factor coincides with its exceptional mechanical behavior. The grain boundaries in its 

nanostructure have strengthened the energy filtering of minority carriers with low 

energy. Thus, maximizing its Seebeck coefficient to reach 225μV/K at 376K, which is 

higher than that reported for Bi0.5Sb1.5Te3 pellet produced from solution route 

(168μV/K at 375K) [171]. Additionally, its preserved 2D nanostructure of graphene 

nanoplatelets due to its shortened milling durations has maximized its electrical 

conductivity to 313S/cm at 376K.  

              Moreover, the measured thermal conductivity of synthesized SPS pellets 

shows a linear increase with temperature, as displayed in Figure 4.14 (d). This thermal 

conductivity is lowest at the 5mins nanocomposite, which increase from 0.723W/m.K 

at 323K to 0.815W/m.K at 423K. This negligible change in its thermal conductivity 

over a wide temperature range indicates the influence of graphene in improving its 
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phonons scatterings. These scatterings occur primarily at nanograins boundaries of the 

Bi0.4Sb1.6Te3 and nanointerfaces of the preserved 2D graphene nanoplatelets. 

              It is worth pointing out that the thermal conductivity values in Figure 4.14 (d) 

is the total contributions of phonons (lattice thermal conductivity) and charge carriers 

(electronic thermal conductivity). The phonon contribution is dominant in the 

degenerated semiconductors and has been quantified via subtracting the measured total 

thermal conductivity from the calculated electronic conductivity using Wiedemann-

Franz law, as pre-shown in Equations (2.10) and (2.12). Consequently, the phonons 

contribution has been diminished extremely in the 5mins nanocomposite and reached a 

value of 0.598W/m.K at 423K, as displayed in Figure 4.14 (e). This much smaller than 

the 0.705W/m.K at 423K in the pristine Bi0.4Sb1.6Te3 pellet and confirms the advantage 

of graphene nanocompositing in providing additional interfaces for maximizing 

phonons scattering.  
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Figure 4.14 The Temperature dependence of thermoelectric parameters: Electrical conductivity (a), Seebeck coefficient (b), Power factor 

(c), Total thermal conductivity (d), Lattice thermal conductivity (e), and Figure-of-Merit (f)  for SPS pellets of the pristine Bi0.4Sb1.6Te3 at 

16hr milling and 0.05wt% Graphene/Bi0.4Sb1.6Te3 nanocomposites.
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             As a result, the Figure-of-Merit (ZT) shows a temperature-dependence profile, 

which has been derived via dividing the power factor of the SPS pellets by their total 

thermal conductivity using Equation (2.18). Interestingly, the ZT profile shows a 

considerable enhancement in thermoelectric energy conversion of the 5mins 

nanocomposite that achieved 0.70 at 323K till 398K, as presented in Figure 4.14 (f). 

This shows a 25% of improvements to the pristine BiSbTe pellet and 68% to other 

literatures, particularly at 324K. This TE performance is highly beneficial for several 

TE applications in Qatar, as the typical room temperatures at its summer weather is near 

324K (51°C). This achievement proves also its ability in attaining an isotropic 

thermoelectric performance over a wide temperature range. This coincides with the pre-

observations on its homogenous elemental distribution and stable single phase of its 

Bi0.4Sb1.6Te3 matrix. This matching the thesis objectives in sufficiently stabilizing the 

TE performance of synthesized nanocomposites for reliable service and sustainable 

energy conversion.  

              Additionally, the unique electrical and mechanical properties of 2D graphene 

nanoplatelets have been effectively utilized in upgrading the TE performance of pristine 

BiSbTe via tuning its addition time to the milling process, as shown in Figure 4.14 (f). 

Thus, resulting in comparable TE performance to other p-type Bi-Te based TE materials 

synthesized via different techniques such as laser 3D printing, chemical reactions, and 

ingot vibration crashing, as displayed in Figure 4.14 (f) [172–174]. This confirms also 

the optimized processing conditions of the high-energy milling and SPS in synthesizing 

artifact-free nanostructured bulk BiSbTe/Graphene nanocomposites with isotropic TE 

performance.  

 

5 Err 
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Chapter 5:  CONCLUSIONS & RECOMMENDATIONS 

 Thesis Research: Conclusions 

              The effectiveness in the adopted hypothesis of this thesis research towards 

achieving its objectives on optimizing and stabilizing the p-type BiSbTe/Graphene 

nanocomposites for efficient TE energy conversion is remarked in the following 

conclusions: 

• The combination of High-Energy Ball Milling and FAST/SPS 

Sintering Press showed a reliable and cost-effective synthesis 

approach for artifact-free nanostructured bulk BiSbTe/Graphene 

nanocomposites. 

• The XRD patterns of nanocomposites matrix show the coinciding of 

synthesized single-phase rhombohedral Bi0.4Sb1.6Te3 nanocrystals 

with its standard peaks in the ICSD. 

• The 16hrs of mechanical milling is optimum for synthesizing a single-

phase intermetallic compound of Bi0.4Sb1.6Te3 into extremely small 

nanocrystals size of 16nm and lattice strain of 0.18%. 

• The successfulness in synthesizing artifact-free bulk nanocrystalline 

BiSbTe composited with 0.05wt.% Graphene at the last 5mins of the 

overall 16hrs of continuous mechanical milling.  

• The sintered pellet of 5mins nanocomposite shows a lowering in its 

residual strain from 0.22% to 0.14%, while retaining the grain size 

refinement of 22nm instead of 20nm in its nanopowder form.  

• The high-resolution DF-TEM micrographs confirm the formation of a 

homogenous elemental distribution within the synthesized single 
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phase in the 16hr milled Bi0.4Sb1.6Te3 nanopowder and the 5mins 

milled Bi0.4Sb1.6Te3/Graphene nanocomposite. 

• The statistical analysis on DF-TEM micrographs confirms the 

agreement of the average grain size for the pristine BiSbTe 

nanopowder at 16hrs of milling and the 5min BiSbTe/Graphene 

nanocomposite with their XRD outcomes. 

• The HAADF-STEM images and EDS elemental mapping analysis 

verifies the homogenous elemental distribution and stable single phase 

of Bi0.4Sb1.6Te3 either in the pristine nanopowder or the 

multicomponent nanocomposites. 

• The recognition and reporting for the first time the presence of a 

twinning interfacial defect in the BiSbTe/Graphene nanocomposites.  

• The synthesized Bi0.4Sb1.6Te3 nanocrystals have reached an ultrahigh 

hardness value of 1.30GPa with an ultralow average grains size of 

16nm after 16hrs of high energy milling, which is the highest reported 

for such TE system. 

• The mechanical behavior of the Bi0.4Sb1.6Te3 nanocrystals has 

undergone remarkable improvements after compositing with graphene 

nanoplatelets resulting in the uppermost hardness of 1.78GPa at an 

average grains size of 20nm in the 5mins nanocomposite.  

• The outcomes of I2D/IG ratio calculations confirm the crucial rule of 

graphene addition time on its structure, as well as, the morphology, 

mechanical behavior, and thermoelectric performance of the 

synthesized nanocomposites. 
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• This is the first time observed and evidently reported such transition 

trend in graphene layered structure to its milling duration in a 

promising TE system such as Bi0.4Sb1.6Te3. 

• The structural transition has shifted to graphene with a single layer 

after its addition at the last 5mins of the overall 16hrs milling.  

• The exceptional mechanical behavior and nanostructure of the 

synthesized 5mins nanocomposite confirm that the delayed addition 

times of graphene to Bi0.4Sb1.6Te3 nanopowder are favored; as it will 

shorten its milling duration to preserve its 2D nanostructure and 

advantage its exceptional properties. 

• The pristine Bi0.4Sb1.6Te3 and 0.05wt% Graphene/Bi0.4Sb1.6Te3 

nanocomposites have similar thermal behavior and matching onset 

temperatures; due to the small filler content of only 0.05wt% to avoid 

the effect of its high thermal conductivity on thermal stability of the 

multicomponent nanocomposites. 

• The resultant heat flow curves confirm the high thermal stability of 

synthesized TE specimens from the room temperature until 414°C, at 

which the Bi0.4Sb1.6Te3 intermetallic converts into a mixture of two 

distinct phases.  

• The narrow difference in initiating the endothermic phase 

transformation in the 2nd heating cycle confirms the remarkable 

thermal stability of synthesized TE specimens under multiple heating 

cycles, which gives an extra advantage of safety in operation. 

• The variations in the normalized heating and cooling enthalpies for 
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first and second heating cycles are negligible as it is in narrow ranges 

of ±0.5J/g, which refers to the small volume fraction of the formed 

second phase from Te-phase separation in the first heating cycle.  

• The electrical conductivity of pristine Bi0.4Sb1.6Te3 has considerably 

improved from 231S/cm to 344S/cm at 322K after compositing it with 

graphene nanoplatelets owing to its high charge carrier density and 

mobility. 

• The positive values of Seebeck coefficient confirm the effectiveness 

of resonant level doping of Bi-Te system with the Sb dopant to form 

the desired p-type Bi0.4Sb1.6Te3. 

• The maximizing of Seebeck coefficient in 5mins nanocomposite 

resulted in 225μV/K at 376K, which is comparable to 168μV/K at 

375K for Bi0.5Sb1.5Te3 pellet derived from solution route; due to its 

preserved 2D nanostructure of graphene nanoplatelets. 

• The 5mins nanocomposite has the highest power factor of 

1.73mW/m.K2 at 324K, which slowly decreased to 1.40mW/m.K2 at 

422K to overcome the solution derived BiSbTe and ternary alloy 

ingot; hence the highest values reported at the present. 

• The thermal conductivity is lowest in the 5mins nanocomposite with 

0.723W/m.K at 323K and 0.815W/m.K at 423K. This negligible 

change in its thermal conductivity over a wide temperature range 

indicates the strengthening of its phonon scatterings. 

• The phonons contribution has been diminished extremely in the 5mins 

nanocomposite and not exceeding 0.598W/m.K at 423K, which 
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confirms the advantage of graphene nanocompositing in providing 

additional interfaces for maximizing phonons scattering. 

• The 5mins nanocomposite achieved the optimum thermoelectric 

energy conversion of 0.70 at 323K till 398K with an isotropic 

thermoelectric performance over a wide temperature range and 25% 

improvements to the pristine BiSbTe. 

 Thesis Research: Recommendations 

              The above conclusions give an accredited novelty to this thesis research on 

BiSbTe/Graphene nanocomposites and for further breakthroughs in TE field it is 

recommended to: 

• Use elemental raw powders with uniform particle size for homogenous 

elemental distributions and uniform nanograins size across TE 

specimens.  

• Characterize the chemical composition of elements within TE 

specimens for verification of impurities absence using an Inductive 

Coupled Plasma (ICP). 

• Utilize the structural characterization techniques such as SEM or TEM 

on SPS pellets to investigate further their bulk nanostructured 

evolutions. 

• Characterize the types, density, and location of the possible 

dislocations and twinning across TE specimens. 

• Examine the micro-hardness values of bulk nanostructured 

BiSbTe/Graphene nanocomposites after their consolidating via SPS, 

which have a crucial rule on their nanostructure evolutions.  
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• Characterize the morphology of the indented surfaces of TE specimens 

using SEM-EDS to identify their failure mechanism and degree of 

reorientation.  

• Evaluate the cracks propagation mechanism during the micro-

indentation of TE specimens to upgrade further their hardness values. 

• Identify the proper etching solution for metallurgical examination of 

eutectic layered microstructure in TE specimens towards confirming 

further their average grains size and phases distribution with TEM and 

XRD outcomes. 

• Identify the lamellar structure of the metallurgically treated SPS 

pellets using SEM-EDS and investigate the mechanism of eutectic 

phase transformation and its influences on ZT parameters.  

• Derive a ternary phase diagram for the BiSbTe system based on the 

obtained thermodynamic data on TE specimens.  

• Conduct the transport measurements on the hole concentration and 

mobility in the designed operating temperatures of TE specimens 

using the Hall probe. 

• Investigate the morphology, localization, and distribution of graphene 

nanoplatelets across TE specimens via detailed spectral mapping and 

chemical imaging of TE nanopowders using 3D Confocal Raman 

Microscopy (CRM). 

• Evaluate the effect of replacing 0.05wt% graphene nanoplatelets with 

its carbon allotropes, especially the Single-Walled Carbon Nanotubes 

(SWCNTs) on TE performance of synthesized specimens.  



  
   

124 
 

• Evaluate the difference between the in-plane and out-of-plane thermal 

conductivity on the isotropic TE performance of synthesized TE 

nanocomposites. 

• Conduct post-heat treatment on TE specimens for additional 

nanostructure stabilization and elimination of randomly distributed 

internal stresses in TE pellets via dislocations annihilation.  

• Investigate the advantage of adding process control agents such as 

Ethanol and Stearic Acid on eliminating the welding of TE 

nanopowders during the mechanical milling process. 

• Study the electrical and phonon transport mechanisms across TE 

specimens for comprehensive TE advancements. 
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