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This study investigates the compatibility of  synthesized materials for optimized thermal 
transport within thermoelectric modules. Experimental procedures involved the synthesis 
of  candidate materials followed by characterization using techniques such as scanning 
electron microscopy, and thermal conductivity measurements. The research employs 
electrodeposition of  HoSbxTex on the synthesized materials using AAo as a template in 
the electrolyte composed of  2mm TeO2, 2.5mm Bi(No3)3, 0.33mm SeO2, and 0.2m HNO3. 
Compatibility assessments were conducted within simulated thermoelectric modules to 
evaluate the materials’ performance under realistic operating conditions. The findings 
reveal crucial insights into the interplay between material properties and thermal transport 
mechanisms, guiding the selection and optimization of  materials for enhanced thermoelectric 
power generation. Moreover, this study underscores the importance of  tailored material 
design to achieve synergistic enhancements in both thermal and electrical conductivity, 
thereby advancing the efficiency and viability of  thermoelectric energy conversion 
technologies. This research contributes to the ongoing efforts to enhance thermoelectric 
power generation and supports the global transition to sustainable energy systems.
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INTRODUCTION
The world’s ever-increasing population translates to a 
corresponding increase in the demand for energy to 
satisfy human consumption and industrial usage. For this, 
traditional non-renewable energy sources (fossil fuels) 
have become increasingly exhausted in a bid to quench the 
insatiable thirst for energy (Wang et al., 2012). Currently, 
there is ongoing research to exploit cleaner sources of  
energy as regards efficiency and sustainability, and this 
research is nothing short of  being highly desirable (Harsito 
et al., 2022a; Karthick et al., 2019). Among these emerging 
technologies, thermoelectric (TE) energy conversion has 
garnered widespread attention as it provides a captivating 
opportunity for the reliable, reversible, and direct energy 
conversion between heat and electricity thereby crucial 
to the areas of  waste heat recovery, radioisotope power 
generation and refrigeration (Ali et al., 2018; Pramudi et 
al., 2024). The solid-state nature of  the thermoelectric 
technique, its high reliability, and its long operating 
life, are chief  among the advantages it provides. It also 
requires no mechanical moving parts thereby making it 
relatively scalable and noise-free (Lee et al., 2020; Zhang 
et al., 2018). Solid-state TE devices employ the Seebeck 
and Peltier effects in their operation. The former enables 
the transformation of  thermal energy to electrical energy, 
and the latter conversely changes electric power to heat 
(Harsito et al. n.d; Thimont & LeBlanc, 2019). The 
fundamental idea under which thermoelectric power 
generation operates is simple. A temperature gradient is 

created across a heat source and a heat sink. Heat flows 
from the source to the sink through a thermoelectric 
converter (usually pairs of  different semiconductor 
materials) that creates a voltage difference when exposed 
to the temperature gradient. This phenomenon is called 
the Seebeck effect. Uniquely, the configuration can be 
reversed to create a heat gradient from an electric current. 
This phenomenon is called the Peltier effect.
Materials play a key role in the overall output of  every 
technological process and in fact, the transformation to 
renewable energy technologies should first of  all be a 
materials transition. Hence, it is imperative to synthesize 
compounds and evaluate their compatibility for thermal 
transport in TEPGs, in such a way as to improve the 
efficiency of  the TE materials for better results of  the 
thermoelectric power generation. The efficiency of  these 
TE materials is measured by a dimensionless figure of  
merit defined by ZT = (α2/ρk)T, where α is the Seebeck 
coefficient, ρ is the electric resistivity, k is the thermal 
conductivity and T is the absolute temperature. Therefore, 
an ideal and compatible TEPG material should possess a 
ZT value close to or greater than unity. A higher ZT value 
translates to better TE efficiency. Similarly, the material 
should have a large Seebeck coefficient to generate a 
large voltage, as the Seebeck coefficient reflects the 
ability of  a material to generate a potential difference in 
response to a temperature change. It is equally important 
that the material possesses a low electrical resistivity for 
easy transport of  charge carriers thereby minimizing 
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joule heating and maximizing power output, and a low 
thermal conductivity to reduce heat dissipation and 
maintain a large temperature gradient across the material 
(Wang et al., 2020). Hence, the research of  heat transport 
characteristics in the framework of  TEPG is critical to 
optimizing the design, stability, and performance of  TE 
materials and devices in such a way as to lead to more 
effective and efficient thermoelectric power generation. 
Other key criteria to evaluate the compatibility of  
synthetic materials for thermal transport in TEPG include 
high thermal stability of  the material across the operating 
temperature range to ensure its reliability and boost long-
term performance. TE materials should also possess 
good mechanical properties such as high strength and 
flexural stability to boost the durability of  TE generators 
in applications that induce mechanical stresses. The most 
common methods to assess the compatibility of  synthetic 
materials with TEPG systems include the measurement 
of  the thermoelectric properties (Seebeck coefficient, 
electrical conductivity, and thermal conductivity), 
calculating the figure of  merit (ZT), mechanical testing 
(for thermal cycling stability, flexibility and durability), 
as well as the structural and compositional analysis of  
the materials (using techniques as scanning electron 
microscopy, x-ray diffraction, etc.) among several others. 
Recently, the development and modification of  
thermoelectric power generators have opened doors to 
new materials for thermal transport in TEPG through 
the synthesis of  conventional and non-conventional 
materials (Olivares-Robles et al., 2020). Synthetic materials 
provide several benefits over conventional materials in 
thermoelectric applications such as the ability to optimize 
their transport properties for improved thermoelectric 
performance. Synthetic materials can also be tailored to 
provide better mechanical properties (strength, durability, 
flexibility, etc.) as well as to perform more efficiently 
across a broader range of  temperatures. These enable 
them to be suitable for a wider range of  TE applications 
and conditions. Furthermore, synthetic materials are more 
compatible and can be designed to integrate seamlessly 
with modern electronic technologies. 
Over time, researchers have synthesized TEPG materials 
through several methods like alloying, doping, vapor-
liquid-solid growth process, spark plasma sintering 
(SPS), physical vapor deposition (PVD), chemical vapor 
deposition (CVD), hydrothermal process, molecular beam 
epitaxy (MBE), electrodeposition, etc. While PVD and 
CVD are the most widely employed forms of  deposition 
to synthesize TEPG materials, many researchers have 
preferred to use the electrodeposition technique adopted 
in this study, as it is comparatively more effective for 
creating nanostructured materials and composites. 
Electrodeposition is a method of  choice to synthesize 
nanoengineered thermoelectric materials because of  its 
low operating and capital costs, high deposition rates, 
easy scalability, near room temperature operation thus 
reducing problems with thermal stress, and the ability to 
tailor the properties of  materials by adjusting deposition 

conditions (Xiao et al., 2008).
This paper presents a new approach to assess the 
compatibility of  HoSbxTex synthesized materials for 
thermal transport in TEPGs, considering the interplay 
between electrical conductivity, Seebeck coefficient, and 
thermal conductivity. Various pre-treatment processes 
such as ball milling and degassing, as well as careful 
consideration and choice of  synthesis parameters and 
deposition methods, were carried out to ensure high 
purity, uniformity, and optimal thermoelectric properties 
of  the synthesized materials. Also, post-annealing of  the 
synthesized materials was carried out to reduce defect 
density and further improve material properties. A major 
stride in the current understanding of  thermoelectric 
materials compatibility and performance was achieved, as 
the precise control over synthesis parameters and methods 
led to a significant reduction in the thermal conductivities 
of  the synthesized materials with no negative impact on 
their high electrical conductivities, thus enhancing the 
resultant peak ZT values up to a range of  1.5 – 1.6.
In this paper, the criteria for TE materials selection are 
first discussed, followed by an overview of  synthesized 
materials like Bismuth Telluride, skutterudites, and 
half-heuslers for thermoelectric applications. Next, the 
potential of  emerging synthesized materials to offer 
better performance compared to traditional materials 
was discussed. The study continues with the overview 
of  techniques such as scanning electron microscopy, and 
nanostructuring to enhance material compatibility and 
performance. Furthermore, it presents the simulation of  
some selected synthesized materials after the experimental 
synthesis and electrodeposition process to develop them. 
Finally, areas for further exploration are highlighted, 
including improving the compatibility and performance 
of  TEPG materials by optimizing material synthesis, leg 
geometry, and operational parameters. 

LITERATURE REVIEW
Over the years, there has been numerous and varying 
research on thermoelectric power generation, chiefly to 
continuously develop new materials with a significant 
increase in ZT values to enhance thermal transport and 
develop more efficient and scalable TEGs (Zhang et al., 
2018). The main problem in the TEG commercialization 
process is that the figure of  merit (ZT) value of  the 
material is still small (Maduabuchi & Gurevich, 2021). 
ZT~1 value is required in thermoelectric materials. The 
ZT value is highly dependent on temperature and varies 
with slight temperature changes. TEPG prototypes have 
been made with several materials with ZT values below 1, 
so the efficiencies of  the TEPG devices are still far below 
10%. Several types of  new materials have been studied 
extensively, showing progress in ZT values and creating 
great opportunities in the development of  STe3 bulk 
materials with an average ZT~1.4 between 300 and 450K 
(Shittu et al., 2020). Cu-doped BiTeSe materials maintained 
average ZT values slightly higher than unity (Wu et al., 
2018). The AgPbMSbTe2

+ material has a maximum ZT 
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value of  2.2 at 800K (Ferreira-Teixeira & Pereira, 2018). 
Skutterudities have a ZT value of  1.7 at 850K (Ma et 
al., 2019) and Silicon Germanium alloys (Si80Ge20) with 
ZT~1.84 at 1073K (Ferreira-Teixeira & Pereira, 2018). 
The increasingly diverse range of  thermoelectric materials 
has given rise to the idea of  combining two materials into 
one, so it is necessary to know the compatibility factors 
so that the materials can interact well and not harm each 
other (Harsito et al., 2022a; Qui & Shi, 2020). When 
selecting materials and studying their compatibility for 
thermoelectric generation, several other factors need to 
be considered during operation as the thermoelectric 
generator experiences a large temperature gradient across 
it (Zhu et al., 2020).
Twaha et al. reviewed the significance of  reduced lattice 
thermal conductivity in improving the TE efficiency 
and ZT values of  TE materials, in addition to allowing 
re-optimization of  the carrier concentration, leading 
to more ZT improvement. They highlighted Zn4Sb3 
as one of  the most efficient TE materials owing to its 
extraordinarily low thermal conductivity and electronic 
structure of  a heavily doped semiconductor, with a high 
ZT value between 450 and 670 K (ZT =1.3 at 670 K). 
He et al. discussed the role of  design optimization in 
developing high-performance TE devices. They stated 
that the design of  TE devices requires a holistic approach 
of  not just considering the ZT of  thermoelectric 
materials, but also satisfactory contacts, thermal interfaces, 
mechanical properties, interconnects, and packaging 
techniques. In addition, they opined that half-Heusler 
compounds and nanocrystalline silicon could provide 
a combination of  sought-after materials properties and 
that addressing the issues of  reliability and lifetime of  
TE devices is equally as important as the design of  TE 
devices. For example, long-term operation and thermal 
cycling of  TEGs induce strong thermomechanical stress 
at the interface between the semiconductor and metal. 
Therefore, efforts should be aimed at greatly limiting 
these stresses to avoid critical failure of  TE devices. 
Maduabuchi & Mgbemene presented the introduction of  
nanostructures into films as an effective choice to obtain 
more efficient and compatible micro-TE devices as more 
cooling and electric output power could be obtained, 
compared to that of  common films. However, in the 
drive to develop more efficient and compatible synthetic 
materials for thermal transport in TEPGs, researchers 
have utilized a host of  techniques to achieve the desired 
results. 
Wu et al. reviewed the latest development of  various 
synthesized thermoelectric materials (i.e., Te, PbTe, Bi2Te3 
and their derivatives, BiSe, BiS, Sb2Te3) in different forms 
including thin films, nanowires, and nanocomposites. 
They highlighted the indirect correlation between 
synthesized parameters and TE properties, as the material 
properties (e.g., morphology, composition, crystallinity, 
crystal structure) had direct effects on the TE properties. 
Hence, synthesized materials are utilized in fabricating 
TE devices, attributed to their ability to facilitate more 

efficient thermal transport of  holes and electrons under 
controlled morphology, chemical composition, and 
crystal structure of  the selected materials. 
Morgan et al. investigated the suitability and potential 
of  using physical vapor deposition (PVD) techniques 
with the roll-to-roll (R2R) process for high-throughput 
manufacturing of  flexible TEGs. They demonstrated 
sputtering as a viable, scalable, and R2R-compatible 
technique for producing a flexible TEG. To verify PVD/
R2R compatibility for thermoelectric applications, 
they investigated the thermoelectric properties of  R2R 
sputtered Bi2Te3, and highlighted that higher power 
factors (PFs) and low electrical resistivities could be tuned 
by reducing deposition times, demonstrating PVD/R2R’s 
potential as a high-speed, low-cost commercial system 
for flexible electronics. They also verified the novel high-
deposition rate of  the virtual cathode deposition (VCD), a 
special type of  PVD technique. Results showed that VCD 
offers deposition speeds of  more than 1 µm/min whilst 
maintaining substrate temperatures below 60 °C, making 
it fully compatible with a large array of  low-temperature 
flexible substrates, and has the potential to be the future 
of  high-throughput flexible electronic manufacturing for 
the wearable market via the R2R process. 
Yoo et al. electrochemically deposited BixTey thin films 
grown from nitric acid baths on sputtered Au/Ni/Si 
substrates at room temperature with a fixed magnetic 
agitation rate of  300 rpm and a scan rate of  1 mV/s. Prior 
to potentiostatic deposition, linear sweep voltammograms 
(LSVs) were utilized to investigate the effect of  Bi 
ion concentration. The study revealed that the film 
compositions and morphology were strongly dependent 
on the deposition conditions. Surface morphologies 
varied from granular to needle-like structures depending 
on the Te content of  the films, while the power factor 
improved with the increase of  Bi ions in the electrolytes. 
Pallavi et al. also electrodeposited nanocrystalline Bismuth 
Telluride (Bi2Te3) thin films potentiostatically from an 
acidic bath at room temperature and an applied potential 
-0.4V versus saturated calomel electrode (SCE). The 
study indicated an increase in electrical conductivity 
of  Bi2Te3 with an increase in temperature, as well as a 
negative value of  Seebeck coefficient to show that Bi2Te3 
is a n-type semiconductor.
Overall, research on synthesized TE materials has proved 
crucial in spurring advancement in various applications 
including TE devices, microelectronics, and thermal 
management systems, as novel materials with tailored 
properties, have been continually developed to meet the 
demands of  the evolving modern technology.

Objective of  Study
To fill the research gaps in the literature review, the 
current work dwells on the relative importance of  
the compatibility study of  synthesized materials, in 
identifying optimal material combinations to enhance 
electrical conductivity and the Seebeck coefficient against 
the reduction in thermal conductivity, hence improving 
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the thermoelectric figure of  merit (ZT) while maintaining 
other essential thermal transport properties within 
TEPGs. 

MATERIALS AND METHODS
Experimental Synthesis of  TEPG Materials for 
Thermal Transport
In studying the compatibility of  synthetic materials for heat 
transport, thermoelectric materials (usually compounds) 
made up of  two or more chemically combined elements 
are employed. For this study, HoSbxTex (x = 1.5 or x = 
1.6) has been selected to verify its compatibility with other 
selected materials for heat transport from the hot side to 
the cold side in TEPG. The selected chemical compound 
is a member of  the semiconductor thermoelectric power-
generating materials. The semiconductor materials 
selected, have complex crystalline and electronic shapes 
for temperature distribution from the hot side to the 
cold side. Selecting the chemical compound composition 
may alter the structure and increase the properties of  
thermoelectric materials.
The following pre-treatment steps were carried out on 
the Ho, Sb, and Te powders [with 99.999% purity and 
supplied by Sigma-Aldrich (Merck)] before the actual 
synthesis. The individual components were precisely 
weighed according to the desired stoichiometry and 
then mixed thoroughly to achieve a uniform distribution 
of  elements. The mixed powder was subjected to ball 
milling (in a controlled atmosphere to prevent oxidation) 
to break down agglomerates, reduce particle size, and 
ensure a homogeneous mixture. The mixture was then 
degassed under a vacuum to remove absorbed gases and 
moisture, thereby preventing unwanted reactions during 
the subsequent heating process. The mixture was finally 
cold-pressed into pellets to improve its density and 
uniformity and to facilitate better sintering during the 
heating process. 
The following steps were employed in the actual synthesis 
of  each specimen. Distilled water was added to the 
mixture of  Ho, Sb, and Te powders to some ratios and 
heated for 168 hours (The prolonged heating duration 
was to ensure complete reaction and homogenization 
of  the constituent elements. This helps to achieve a 
uniform composition and phase purity that is critical for 
the thermoelectric properties of  Ho, Sb, and Te. The 
prolonged heating also allows sufficient time for atomic 
diffusion necessary for forming a well-ordered crystalline 
structure and eliminating defects), at a temperature of  
750°C (This temperature was chosen based on the phase 
diagram and previous studies that indicate it as optimal 
for forming the Ho, Sb, Te phase. It is high enough to 
promote the reaction between Ho, Sb, and Te but below 
the melting point of  the compound, ensuring a solid-
state reaction without melting. This temperature also 
supports the growth of  large, well-formed crystals that 
are beneficial in improving the materials‘ thermoelectric 
properties). The heated mixture was then evacuated in a 
crucible nitride covered with sealed fused silica ampoule, 
introduced into cold water, and quenched rapidly with 

chemical reactions in an argon atmosphere (The rapid 
quenching cools the material, preventing the formation 
of  unwanted secondary phase and preserving the high-
temperature phase structure. This helps in locking 
in the desired crystalline structure and preventing 
decomposition or phase transformation during cooling. 
Using argon helps to prevent oxidation and contamination 
during the cooling process. This is crucial as the presence 
of  oxygen could lead to the formation of  oxides which 
can deteriorate the thermoelectric properties of  the 
compound). The crucible was then opened to enable the 
powdered mixture to react together, before being ground 
into agate mortar. The agate mixture was annealed 
through heating, cooled, and allowed to form a high-
density specimen under a cylindrical press for some time 
with an accurate pressure of  76kpa and an atmospheric 
temperature of  873°C.
HoSbxTex was deposited on the selected materials 
(Bi2SbTe3, Bi2Te3, Zn2Sb3, CeFe4Sb12, Te/Ag/Ge/Sb, 
Ce0.5Fe3.5Co0.5Sb12, Mo3Sb4Te1.6, and SiGe) one after the 
other through electrodeposition, using AAo as template 
in the electrolyte composed of  2mm TeO2, 2.5mm 
Bi(No3)3, 0.33mm SeO2, and 0.2m HNO3. The post-
annealing process was carried out at 300°C under an 
argon atmosphere. The electrodeposition of  the synthetic 
materials combined potential controlled deposition 
pulses with galvanostatic controlled resting pulses. The 
synthetic materials deposited had uniform stoichiometric 
compositions along the entire thickness of  750µm at 
deposition rates of  50µm/h. The chemical composition 
of  HoSbxTex can be controlled by varying Ho ion 
concentration in the electrolyte with 6mm HTeO2+ and 
2m HNO3. The pulsed electrodeposition method was 
used to reduce the electrical resistivity of  the films.
Linseis system (Model: LSR-3; Manufacturer: Linseis 
Messgeräte GmbH; Contact Material: Platinum) was used 
to measure the Seebeck coefficient, electrical conductivity, 
thermal conductivity, and electrical resistivity of  the 
synthesized materials (Sample size: 5mm in diameter and 
20mm in height) within maximum operating temperature 
range of  1500°C to -100°C. The measured values were 
then set as input engineering data for simulation using 
ANSYS Workbench. 

Detecting Morphologies and Chemical Composition 
of  the Synthesized Materials
Zeiss Sigma 300vp Field-Emission scanning electron 
microscope (SEM) was employed for this process, due 
to its ability to resolve objects in the micro or nano-
metre range. It was operated at an accelerating voltage 
of  20KV, and the energy dispersive spectroscopy (EDS) 
equipped in SEM, was used to investigate the surface 
morphologies, chemical composition, and compatibility 
of  the electrodeposited HoSbxTex with the synthesized 
materials.
X-ray diffraction (XRD) was used to confirm the crystal 
structure and reveal important information on the 
chemical composition of  the synthesized materials, with 
patterns measured at 30KV and 30MA.
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Principles for Measuring Material Parameters
Rectangular samples of  the synthetic materials were 
vertically positioned between the Linseis (LSR-3) block 
lower electrode (which contains the heating coil or 
secondary heater) and the block upper electrode (for 
inverting the temperature gradient). Then, the entire 
arrangement was placed in a location furnace, which 
heats the sample to a certain temperature difference 
for measurement. When this temperature is reached, 
the heating coil in the lower electrode generates a pre-
defined temperature difference along the sample. The 
temperatures of  the two contacting thermocouples, T1 
and T2 are used to measure the temperature difference 
(ΔT = T2 - T1) of  the cold and hot temperature contacts 
of  the rectangular sample. 
The Seebeck coefficient,  S is thus calculated by:
S=  (-Vth)/(Thot- Tcold )			                  (1)
(Linseis Messgeräte GmbH, 2023)
S=  (-Vth)/(T2- T1 )			                (2)
(Linseis Messgeräte GmbH, 2023)
Where, 
Vth is the Seebeck voltage generated by the temperature 
difference across the material.
To determine the specific electric resistance (or the 
electrical conductivity) of  the sample, the four-terminal 
DC measurement technique was employed. The 
influences in contact or wire resistance were suppressed 
to significantly enhance the measurement accuracy. 
Under thermal equilibrium conditions for measurement 
(ΔT = 0), a one-dimensional constant current flow was 
impressed into the sample. The resulting voltage drop, 
V over a portion of  length L of  the sample is again 
measured using one of  the thermocouple wires.
The electrical conductivity, ρ can be calculated by:
ρ=  V/I  .  A/L				                (3)   
(Linseis Messgeräte GmbH, 2023)
Where,
I is the magnitude of  current flow, and 
A is the cross-sectional area of  the sample.
The Harman method allows the calculation of  the 
thermoelectric figure of  merit, ZT of  a material from 
the measurement of  the temporal voltage curve of  

the sample with applied direct current. The impressed 
current into the thermoelectric sample was measured via 
two needle contacts based on the Peltier effect. One of  
the two transitions was locally heated or cooled as a result 
of  the temperature difference established over the sample 
due to the adiabatic boundary conditions.
The dimensionless figure of  merit, ZT can be calculated 
from:
ZT=  Vth/VΩ				                         (4)  
(Linseis Messgeräte GmbH, 2023)
Where, 
VΩ is the voltage due to the impressed current, I. 
The thermal conductivity, k is given as:
k= (L/A) ((Vth-IR)/(T2- T1 ))		               (5)   
(Linseis Messgeräte GmbH, 2023)
Where, 
R is the electrical resistance of  the sample.

Simulation of  Synthesized TEPG Material
The simulation of  the synthesized TEPG material 
was done using ANSYS Workbench Thermal-Electric 
modules. The simulation involved several detailed steps, 
from model preparation to result analysis. First, a 3D 
geometry of  the thermoelectric module was created with 
the help of  the DesignModeler in ANSYS. Then, input 
engineering data parameters from experimental results 
as shown in Table 1, were created as material properties. 
Afterwards meshing was done to smoothen small areas 
such as the electrodes. The electrodes used were Copper 
(Cu) and Al2O3 (Ceramics) for the hot side and cold side 
respectively (Pramudi et al., 2024; Harsito et al., 2022b). 
For meshing, the element type used was Heaedral with 
mesh sizes of  0.1mm, 0.05mm, and 0.01mm used on the 
sides of  the thermoelectric, ceramics, and copper legs 
respectively. The convergence criterion was set to when 
the residuals fall below 10e-5. For solver settings, Steady-
State Thermal-Electric Conduction, relative tolerance: 
10e-5, and maximum iterations: 1000, were used. The 
boundary conditions of  the simulation such as heat 
sources, cold areas, material properties from all dimensions, 
as well as connection barriers (RL) or external barriers, are 
shown in Figure 1 below. Finally, the simulations were run 

Figure 1: Boundary conditions of  simulated TEPG material model
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under a computational time of  12:03:54, followed by post-
processing and analysis of  results.
The best p-type TE materials were chosen for the 
compatibility study, from Bi2Te3 alloy for room 
temperature, to CeFe4Sb12 for mid-temperature, and to 
PbTeS and Zn2Sb3 application. On the other hand, three 

distinctive n-type material combinations are used for 
comparison and conclusion without loss of  generality.

RESULTS AND DISCUSSION
Experimental/Simulation Result

Table 1: Simulated TEPG material properties versus figures of  merit
Synthesized TE Material Compatibility 

Materials
Material 
Type

Temperature 
Distribution 
[K]

Electrical 
Resistivity 
[Ω.m]

Thermal 
Conductivity 
[Wm-1K-1]

Figure 
of  Merit 
[ZT]

BixSbyTez (Vikhor & 
Anatychuk, 2009)

Bi2SbTe3 Leg+ 300 – 400 2.8 ×10-8 6.30×10-7 1.40

BixTez (Sudharshan et al., 
2016)

Bi2Te3 Leg+ 350 – 500 3.9 ×10-7 5.96×10-7 1.43

ZnxSby (Moreno et al., 2018) Zn2Sb3 Leg+ 450 – 550 1.3 ×10-6 5.80×10-7 1.44
CeFeⱳSb12 (Zaman et al., 2017) CeFe4Sb12 Leg- 3 600 – 650 6×10-8 4.10×10-7 1.45
Te/Ag/Ge/Sb Alloys (Fraisse 
et al., 2013)

Te/Ag/Ge/Sb Leg- 3 600 – 800 5.6 ×10-8 3.50×10-7 1.50

CexFeyCozSb12 (Muthu et al., 
2019)

Ce0.5Fe3.5Co0.5Sb12 Leg- 1 800 – 1000 1.7 ×10-8 2.98×10-7 1.56

ScxCoySbz (Du & Wen, 2011) ScCoSb Leg- 2 850 – 1000 1.3 ×10-7 2.43×10-7 1.61
MoxSbyTez (He et al., 2019) Mo3Sb4Te1.6 Leg- 2 1000 – 1150 4.6 ×10-1 1.7×10-7 1.58
SiGe (Maduabuchi et al., 2021) SiGe Leg- 1 1100 – 1250 6.4×10-2 1.69×10-7 1.60

Results from SEM

Figure 2: Morphology under constant deposition
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Figures 2 and 3 show the deposition-synthesized materials 
under constant and pulsed deposition conditions 
respectively. The constant deposited film (Figure 2) 
exhibits an initial 6U-thick compact layer as the main 
layer, while the top includes pillar structure layers. Though 
a thicker film of  the synthesized thermoelectric material 
can be achieved by further deposition, its mechanical 
strength will be very weak due to its porous layer structure. 
The thick electrodeposited film by the constant condition 
is easily peeled off  for the substrate layer. To overcome 
this problem, pulsed deposition has been conducted. 
Compared with the constant electrochemical deposition, 
the pulsed electrodeposition with a pulse delay time for 
the recovery of  the ion concentration always leads to 
a crystalline structure with high orientation and good 

uniformity. This is proven in Figure 3. The deposited 
surface under pulsed conditions is more uniform and 
smoother than that under constant conditions. Figure 
4 shows a representative cross-sectional SEM image of  
the 300 μm-thick HoSbxTex deposition film, which is 
comparable to the bulk HoSbxTex material. 

Profile Temperature
Figures 5 - 12 below show the temperature distribution 
of  different leg materials of  Leg- 1, Leg- 2, and Leg- 
3 from 300K up to 1000K. This result stems from 
combining the current selected synthesized Leg+ 
materials Bi2SbTe3, Zn2AgSb3, PbTeS, SnSe with the 
strongest synthesized Leg- materials, Cu-Doped BiTeSe, 
AgPbSb, and SiGe.

Figure 3: Morphology under controlled pulsed deposition

Figure 4: Cross-sectional SEM image
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Figure 5: Temperature distribution on 4 Leg -1 material

Figure 6: Temperature distribution on 6 Leg -1 material

Figure 7: Temperature distribution on 8 Leg -1 material
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Figure 8: Temperature distribution on 4 Leg -2 material

Figure 9: Temperature distribution on 6 Leg -2 material

Figure 10: Temperature distribution on 4 Leg -3 material
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Figure 11: Temperature distribution on 6 Leg -3 material

Figure 12: Temperature distribution on 8 Leg -3 material

A careful consideration of  the thickness and uniformity 
of  the colored patches in Figures 5 - 12, shows that Leg-1 
materials are more compatible for thermal transport in 
thermoelectric power generation based on temperature 
distribution across the selected material.

Thermoelectric Generation Efficiency Based on 
Total Number of  Legs
Figure 13 shows the plot of  TEPG efficiency against the 
number of  legs of  the thermoelectric material.

Figure 13: Plot of  TEG efficiency versus number of  legs
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From the plots above, the increase in the number of  legs 
as well as in the operating temperature, leads to a relative 
increase in TEG efficiency. The Leg-1 type materials 
show a sharper response to changes in this regard, hence 
they are considered superior based on efficiency as a 
result of  the number of  material legs. 

Thermoelectric Generation Configuration
Figure 14 shows the TE generation configuration. This 
was determined by plotting output voltage (V) versus 
number of  Legs, heat absorbed power (W) versus 
temperature differences (K), and heat flux (W/mm2) 
versus temperature differences (K).

Figure 14: TEPG configuration

The plot of  output voltage versus temperature difference 
shows that the output voltage of  TEPGs can significantly 
be increased by the number of  legs. Also, since both 
the heat absorbed power and heat flux are directly 
proportional to thermal conductivity, the plots of  the 
heat absorbed power and heat flux against temperature 

difference therefore show that an increase in the number 
of  legs leads to a decrease in thermal conductivity, and by 
extension an increase in the efficiency of  TEPGs.

Heat Absorbed on 2, 3 and 4 Leg Pairs
Figure 15 shows the plots of  heat absorbed (W) versus 
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temperature difference for 2, 3, and 4 leg pairs of  
thermoelectric generators from different Leg- materials.
From the figure, and in conjunction with the observation 
from Figures 13 and 14, N-Type 1 materials are more 
suitable for thermoelectric power generation, since they 
have lower heat absorption power, leading to lower thermal 

conductivity which is desirable for thermal transport. 

TEG Efficiency Based on High Temperatures
Figure 16 shows TEPG efficiency based on high 
temperatures, (a) 2 pairs (4-Leg), (b) 3 pairs (6-Leg), and 
(c) 4 pairs (8-Leg).

Figure 15: Heat Absorbed on 2, 3, and 4 Leg pairs

Figure 16: TEPG efficiency based on hot temperature, (a) 2 pairs (4-Leg), (b) 3 pairs (6-Leg), (c) 4 pairs (8-Leg)



Pa
ge

 
61

https://journals.e-palli.com/home/index.php/ajise

Am. J. Innov. Sci. Eng. 4(1) 49-63, 2025

From the figure, n-type 1 materials have superior TEG 
efficiency over a broad range of  temperatures, thus 
making them ideal for high-temperature thermoelectric 
applications. The figure also shows that an increase in the 
number of  legs causes a relative increase in overall TEPG 
efficiency.

Quantitative Comparison of  Results with Prior Studies 
Zheng et al. optimized the thermoelectric properties of  
SiGe based on function-matching nanoparticles. TaC 
was incorporated as a composite into SiGe alloys via 
mechanical alloying and spark plasma sintering. A peak 
ZT value of  the bulk composite was attained at 873K 
to be 1.06. However, in this study, the deposition of  
HoSbxTex on SiGe gave rise to a ZT value of  1.6 at an 
operating temperature range of  1100K – 1250K.  
Similarly, Morozkin & Nikiforov studied the 
thermoelectric properties of  ScCoSb and obtained a 
peak ZT value of  0.009 at 380K. However, in this study, 
a ZT value of  1.61 was obtained at a temperature range 
of  850K – 1000K.
These studies in relation, show that the thermoelectric 
figure of  merit and overall efficiency of  TE materials 
can be significantly enhanced through an increase in 
temperature, material compositions, synthesis routes, and 
device architectures. 

Influence of  Microstructure, Composition & 
Interfaces on Transport Properties
The microstructure of  synthesized materials can 
significantly influence the thermal and electrical transport 
properties of  synthesized materials. Smaller grain sizes (at 
grain boundaries), nanostructures (e.g., nanowires), as well 
as defects and dislocations (that act as phonon scattering 
centers) can enhance phonon scattering, thus lowering 
thermal conductivity. However, optimal grain boundary 
engineering, proper nanostructure designs, and controlled 
introduction of  defects must be taken into consideration 
to ensure that the decrease in thermal conductivity does 
not severely impact, but rather improves overall electrical 
performance.
Also, the elemental composition of  synthesized materials 
as well as alloying and doping can influence transport 
properties. Phonon dynamics is impacted by the choice 
of  elements and their respective masses, as heavy atoms 
typically have lower phonon frequencies, thereby lowering 
thermal conductivity. Incorporating elements that provide 
additional charge carriers can also enhance electrical 
conductivity. Alloying and doping help to introduce 
mass fluctuations and strain field scattering, hence 
reducing thermal conductivity. Doping can also be used 
to control charge carrier concentration and significantly 
impact electrical conductivity, as n-type doping increases 
electron concentration while p-type doping increases hole 
concentration.
Similarly, interfaces of  synthesized materials such as 
grain boundaries with respect to boundary density and 
structure, contribute to phonon scattering, thus lowering 

thermal conductivity. However, since grain boundaries 
can impede carrier mobility thus reducing electrical 
conductivity, it is pertinent to design smooth, low-
resistance boundaries to mitigate this effect.

Analysis of  Discrepancies or Unexpected Results
The compatibility factor of  a material may deviate 
from the ideal range owing to several reasons including 
inhomogeneous doping, poor grain boundary quality, 
thermal instability, and defect density among others. 
Advanced doping techniques like ion implantation or 
co-precipitation can be used to mitigate inhomogeneous 
doping and achieve a more uniform dopant distribution. 
Techniques like spark plasma sintering and hot pressing 
can be employed to reduce resistance and improve grain 
boundary quality. To counter thermal instability, materials 
with stable phases over the operating temperature range 
should be selected. Protective coatings can also be 
introduced to prevent oxidation. On the other hand, 
post-synthesis annealing under controlled atmospheres 
as used in this study, can help reduce defect density and 
improve material properties. 

Areas for Further Exploration
Some key areas for further exploration to improve the 
performance and compatibility of  TEPG materials 
include; developing composite materials that combine 
desired properties of  constituent materials, optimizing 
leg geometry through advanced investigation of  the 
impact of  aspect ratio (length to cross-sectional area), and 
different leg shapes, exploring high-temperature materials 
whilst improving thermal management techniques, 
assessing the performance and lifecycle of  materials 
under varying economic (cost, abundance, non-toxicity, 
etc.) and environmental (pressure variations, moisture, 
mechanical vibrations, UV exposure, chemical exposure 
etc.) conditions, to mention but a few. 
Specifically, future research directions aimed at 
potentially overcoming the current limitations in the 
transport properties of  synthesized materials and 
achieving high performance should include improving 
material compositions through the use of  high-entropy 
alloys that consist of  five or more elements in near-
equiatomic ratios (e.g., CoCrFeMnNi, AlCoCrFeNi, 
AlCoCrFeMoNi, FeCoNiCuCr, etc.), as they show 
significant lattice distortion, phonon scattering, and offer 
adequate compositional space for tailoring their transport 
properties. Nanocomposites like Bi2Te3 with nano-
inclusions of  carbon or silicon can also be incorporated 
to effectively scatter phonons and improve transport 
properties. Furthermore, complex chalcogenides such 
as tetrahedrites and skutterudites can be introduced to 
create intrinsic phonon scattering sites to effectively 
reduce thermal conductivity.
Synthesis routes like mechanical alloying via ball milling and 
hot pressing should be employed to design materials with 
refined grain sizes and uniform distribution of  dopants. 
Chemical vapor deposition can also be incorporated 



Pa
ge

 
62

https://journals.e-palli.com/home/index.php/ajise

Am. J. Innov. Sci. Eng. 4(1) 49-63, 2025

to synthesize layered heterostructured materials with 
tailored properties. Similarly, spark plasma sintering can 
be used to produce high-density materials with minimal 
grain growth, thereby preserving nanostructures capable 
of  scattering phonons.
Device architectures like nanostructured thin films (thin 
films with embedded nanostructures like SiGe thin films 
with embedded Ge nanodots, Bi2Te3 thin films with 
embedded Sb2Te3 quantum dots, PbTe thin films with 
PbSe nano-inclusions, TiO2 thin films with Au particles, 
etc.) can be employed to achieve high performance, as the 
embedded nanostructures help to scatter phonons and 
reduce thermal conductivity with the thin film structure 
facilitating efficient electron transport. Superlattice 
structures consisting of  alternating layers of  different 
materials at the nanoscale (e.g., Bi2Te3/ Sb2Te3 superlattices) 
can also significantly enhance phonon scattering, allow 
electron transport, reduce thermal conductivity, leading 
to improved thermoelectric efficiency.  

CONCLUSION
The findings of  this research paper are summarized 
below. 

• Tailored material design is crucial to achieving 
synergistic enhancements in both thermal and electrical 
conductivity, thereby advancing the efficiency and viability 
of  thermoelectric energy conversion technologies.

• An increase in the number of  legs as well as in the 
operating temperature, leads to a relative increase in 
output voltage and TEG efficiency.

• N-type 1 materials have superior TEG efficiency over 
a broad range of  temperatures, thus making them ideal 
for high-temperature thermoelectric applications.

• ZT values in the range of  1.5 – 1.6 can be achieved for 
synthesized materials under high-temperature conditions.
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