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Abstract 
Thermoelectric energy conversion requires materials that combine high intrinsic performance with effective integration into 

devices. In this study, 'intrinsic performance' is defined as the inherent ability of a material to efficiently convert heat into 

electricity, characterized by parameters like the Seebeck coefficient and electrical conductivity. In contrast, 'device-level 

efficiency' refers to the performance of a thermoelectric material when integrated into a device, considering factors such as 

current matching and compatibility. To identify optimal candidates across low-, mid-, and high-temperature regimes, the 

present study integrates experimental transport property data with electronic descriptors, such as the electronic quality factor 

(BE) and Slack’s material quality factor (B). These analyses are complemented by three-dimensional finite-element 

simulations of thermoelectric devices. This comprehensive methodology enables temperature- and device-specific 

performance rankings, which inform targeted optimization strategies. The results demonstrate that high power output does 

not necessarily equate to high efficiency. For instance, half-Heusler ScCoSb and SiGe alloys achieve the highest power at 

elevated temperatures but are constrained by poor compatibility factors and current-matching limitations. In contrast, 

traditional chalcogenides such as Bi₂Te₃ and Bi₂SbTe₃ exhibit superior intrinsic electronic properties at lower temperatures, 

resulting in higher conversion efficiencies within this range. A newly synthesized Ho-Sb-Te alloy demonstrates potential for 

mid-temperature applications by leveraging low lattice thermal conductivity, achieving competitive performance despite 

moderate electronic quality. These findings underscore the importance of compatibility factor matching in segmented 

thermoelectric generators, as mismatches can significantly reduce efficiency even when individual zT values are high. By 

integrating BE, B, and compatibility factors with device-level modeling, this study advances beyond conventional zT-centric 

screening and establishes principles for material selection and segmented device design. This approach provides a strategic 

framework for optimizing thermoelectric generators across diverse operating temperatures, thereby supporting the 

development of waste-heat recovery and solid-state cooling systems with enhanced efficiency. 
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I. INTRODUCTION 
 

 Thermoelectric Energy Conversion and Applications 
Thermoelectric (TE) materials enable the direct 

conversion of heat into electrical energy via the Seebeck 

and Peltier effects [1,2]. This solid-state energy conversion 

underpins applications in waste-heat recovery and 

refrigeration. Thermoelectric generators (TEGs) are 

employed to harvest waste heat from sources such as 

automotive exhaust, industrial processes, and space 

missions, while thermoelectric coolers (TECs) enable 

noise-free, solid-state cooling without moving parts [3,4]. 

The efficiency of a TE material is typically quantified by 

its dimensionless figure of merit (zT), which incorporates 

the Seebeck coefficient (S), electrical conductivity (σ), and 

thermal conductivity (k) at a given temperature (T). 

Achieving high zT values (on the order of unity or higher) 

is essential for competitive performance, driving extensive 

research into novel TE semiconductors to optimize each 

component of this metric [5]. 

 

 Benchmark Thermoelectric Materials and Temperature 

Regimes 
Historically, Bi-Sb-Te alloys have been the 

benchmark for near-room-temperature thermoelectric 

materials (key low-T benchmark). Bismuth telluride 

(Bi₂Te₃) and its solid solutions, such as Bi₂-ₓSbₓTe₃, have 

dominated the 300-400 K temperature range due to their 

narrow bandgap and low lattice thermal conductivity [7,8]. 

Early versions of Bi₂Te₃-based materials achieved a zT of 

about 1 at 300 K, facilitating the development of 

commercial coolers and low-temperature power 

generators [9,10]. Recent innovations in nanostructuring 

and band engineering have improved these materials 

further: for instance, Sb-doped n-type (Bi,Sb)₂(Te,Se)₃ 

achieved a peak zT of approximately 1.4 (with an average 

zT of about 1.3) across 300–575 K [11] (enhanced 

performance in mid-range). These Bi–Te alloys offer a 

high Seebeck coefficient (>200 µV/K) and good electrical 

conductivity, combined with very low phonon thermal 

conductivity, making them highly effective for room 

temperature applications. Meanwhile, p-type Bi₂Te₃-

Sb₂Te₃ alloys and related compounds maintain similar zT 

values and are widely used in commercial modules [12]. 

 

At moderately higher temperatures, zinc–antimonide 

compounds fill the gap between Bi–Te and lead 

chalcogenides. In particular, β-Zn₄Sb₃ has emerged as a 

leading p-type material in the 300–670 K range. Caillat et 

al.reported that Zn₄Sb₃ exhibits exceptionally low lattice 

thermal conductivity (on the order of 0.65 W m⁻¹K⁻¹ at 

300 K) and a high Seebeck coefficient, yielding a 

maximum zT≈1.3 at ~670 K [13,14]. This performance 

effectively bridges the “temperature gap” between low-

temperature (Bi₂Te₃) and mid-temperature (PbTe) 

materials. Moreover, Zn₄Sb₃ is composed of earth-

abundant, inexpensive elements and is stable in inert 

environments up to ~670 K, making it attractive for waste-
heat recovery and automotive applications [15]. In short, 

the Zn–Sb system exemplifies how a low-cost, low-κ 

material can provide a high Seebeck voltage at 

intermediate temperatures [16,17]. Filled skutterudites 

(general formula R M4Sb {12}, R=rare earth, M=Co or 
Fe) dominate the mid-to-high temperature range. These 

cubic compounds (based on CoSb₃) allow loosely bound 
filler atoms to occupy large cages, producing a “phonon-
glass/electron-crystal” behavior [18,19]. The rattling of 

heavy fillers (e.g., Ce, Yb, rare-earths) strongly scatters 
heat-carrying phonons without significantly affecting 

electrical conduction. As a result, state-of-the-art 
skutterudites reach zT=1 at 800–900 K: for example, 

Yb{0.3}Co4Sb{12} achieves zT≈1.3 at 850 K [20,21]. 

This intermediate-temperature optimum (roughly 400–

600 °C) is ideal for harvesting engine and industrial 

exhaust. Filled skutterudites have even been selected by 

automotive manufacturers (GM, Ford, BMW) for waste-

heat systems [22,23]. Recent work has explored Ce-filled 

skutterudites (e.g., CeFe₄Sb₁₂ and Ce₀.₅Fe₃.₅Co₀.₅Sb₁₂) in 

part because Ce is more abundant and cheaper than Yb; by 

maximizing Ce filling, one can approach the performance 

of Yb-based materials[24,25].Half-Heusler (HH) alloys 

represent another major class of mid-temperature 

thermoelectrics. These XYZ intermetallics (MgAgAs 

structure) can show high power factors and good 

mechanical robustness. For example, ScCoSb is a 19-

electron half-Heusler with a moderate band gap (~0.5–

0.6 eV) that has been explored for TE use. Half-Heuslers 

are generally notable for their excellent thermal stability 

and tunable carrier concentrations, but their relatively high 

lattice thermal conductivities limit zT unless complex 

nanostructuring or alloy scattering is introduced [26]. In 

practice, achieving zT>0.5 in half-Heuslers (e.g., 

(Ti,Zr,Hf)NiSn, NbFeSb, ScCoSb) requires heavy element 

substitution or nanocomposite engineering to reduce 

kappa. Thus, while HH compounds such as ScCoSb show 

promise for ~600–900 K, they typically yield moderate zT 

values (≲0.5) without extensive optimization [27,28]. 

Cluster-derived compounds such as Mo–Sb–Te are an 

emerging area of research. The parent Mo3Sb7 (an 
Ir3Ge7-type structure) is metallic but performs poorly as 

a TE material. However, partially substituting Sb with Te 
(e.g., Mo3Sb{5.4}Te{1.6}) opens a semiconducting gap 
and greatly increases the Seebeck coefficient. Importantly, 

Mo3Sb{5.4}Te{1.6} has large cubic voids in its lattice (the 

“3” and “7” motifs) that can fit interstitial cations. Adding 
rattling atoms to these voids is expected to scatter phonons 

and reduce thermal conductivity. Indeed, initial 
experiments (e.g., Ni-doping of Mo3Sb{5.4}Te{1.6}) show 

much larger thermopower than Mo3Sb7, suggesting that 

this family could achieve high zT with appropriate 

engineering.At the highest temperatures, silicon–

germanium alloys reign supreme. Heavily doped Si{1-

x}Gex has been the workhorse for >800 K thermoelectric 

power generation for decades[29,30]. Si–Ge alloys 

powered virtually all of NASA’s deep-space radioisotope 

generators (Voyager, Galileo, Ulysses, Cassini, New 

Horizons) with unparalleled reliability[]. This success 

stems from a fortunate combination of factors: SiGe has a 

very high melting point, a suitable bandgap for high-T 

Seebeck, and exceptional dopant solubility. In particular, 
Si and Ge are fully miscible in the solid state, allowing 

precise tuning of carrier concentration and band structure 

to optimize the power factor []. Although the peak zT of 

SiGe (≈1 near 1200 K) is not the highest among advanced 
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TE materials, its extreme stability in air and radiation 

hardness make it irreplaceable for high-temperature 

missions [30]. Finally, our dataset includes a newly 

synthesized holmium-antimony-tellurium (Ho-Sb-Te) 

alloy. This rare-earth chalcogenide has not yet been 

reported in the literature, but the presence of heavy Ho 

atoms and a large primitive cell suggests an intrinsically 

low lattice thermal conductivity and complex band 

features [31,32]. Preliminary measurements indicate that 

this Ho–Sb–Te phase is a narrow-gap semiconductor with 

a promising Seebeck coefficient at elevated temperature. 

We include Ho–Sb–Te here as a novel case study, 

potentially analogous to Sb₂Te₃-based TE but with 

enhanced phonon scattering from the heavy Ho 

sublattice.BeyondzT: the compatibility factor perspective. 

Conventional assessments of thermoelectric performance 

rely on the peak figure-of-merit zT, which quantifies 

intrinsic material quality[33]. However, zT alone does not 

fully predict how a material will perform in a realistic 

device, especially one comprising multiple materials. In 

practice, a thermoelectric module operates with a finite 

current density that must be matched across all legs and 

materials. Snyder and co-workers have introduced the 

compatibility factor (s) to address this: s is the reduced 

current density required for a material to operate at its 

maximum efficiency [34,35]. Because s depends on the 

Seebeck coefficient, conductivity, and thermal 

conductivity as functions of temperature, two different 

materials generally have different optimal s(T). If the 

compatibility factors of two materials differ by more than 

a factor of roughly two, there is no common current at 

which both operate optimally, and the overall efficiency 

can even decrease upon segmentation. In other words, a 

material’s s(T) profile, like zT(T), is an intrinsic, 

temperature-dependent property that is essential for 

designing efficient graded or segmented devices[25]. 

Thus, while zT captures peak performance under idealized 

conditions, the compatibility factor provides a more 

nuanced criterion for device-relevant performance, since it 

governs how well materials will actually work together in 

a complete module. 

 

 Integrated Simulation and Temperature-Resolved 
Ranking 

To address these considerations, our study introduces 

the 'BE-CF Integrated Ranking' approach, which combines 

data-driven material comparison, theoretical modeling, 

and full 3D simulation. We begin by compiling 

experimental transport property data for each candidate 

material (Bi₂Te₃, Bi₂SbTe₃, Zn₄Sb₃, Ce-filled skutterudites, 

ScCoSb, Mo-Sb-Te, SiGe, Ho-Sb-Te, etc.). From these 

data, we compute key performance descriptors: Slack’s 

thermoelectric quality factor B (a materials parameter that 

combines band structure and scattering characteristics to 

predict maximal zT), the newly formulated electronic 

quality factor BE for optimizing power factor, and the 

power factor itself. These temperature-dependent metrics 

enable rapid ranking of materials' intrinsic potential and 
highlight trade-offs between power factor and thermal 

conductivity. Crucially, we then feed the same material 

data into a full device simulation: using ANSYS 

Workbench, we model 3D thermoelectric legs under 

prescribed hot and cold boundary conditions. This 

numerical simulation solves the coupled heat and charge 

transport equations (including Joule heating, Thomson 

effect, etc.) in a realistic geometry, yielding predictions of 

actual temperature profiles, heat flux, and output power for 

each material. By combining analytical and simulation 

approaches, we obtain temperature-resolved performance 

rankings that reflect device-relevant efficiency. For each 

material, we compare the idealized figure-of-merit metrics 

with the simulated module efficiency at optimal current, 

noting in particular where mismatches in the compatibility 

factor limit performance. This integrated methodology 

enables us to identify which materials truly dominate 

under realistic operating conditions and where the 

conventional zT ranking might be misleading. In sum, our 

work provides a comprehensive, thermodynamic- and 

device-level evaluation of leading thermoelectric 

materials, paving the way for optimized waste-heat 

recovery and cooling solutions that leverage the 

compatibility factor as a guiding design criterion. 

 

II. MOTIVATION & SCOPE 

 

Thermoelectric materials possess considerable 

potential for converting waste heat into electricity; 

however, practical implementation is limited by 

discrepancies between intrinsic material properties and 

device-level performance. Exclusive reliance on the peak 

figure of merit (ZT) often fails to predict power output, 

efficiency, or material compatibility, particularly in 

devices operating across broad temperature gradients or 

utilizing segmented architectures. To address these 

limitations, this study integrates experimental transport 

measurements, intrinsic electronic descriptors, and three-

dimensional thermal-electric simulations to establish a 

device-relevant, temperature-resolved framework for 

evaluating thermoelectric materials. By explicitly 

incorporating the electronic quality factor (Bₑ), material 

parameter (B), and compatibility factor (CF) alongside ZT, 

the analysis clarifies how electronic transport, lattice 

thermal conductivity, and current matching collectively 

influence power generation and efficiency. 

 

Representative thermoelectric materials are 

evaluated across low-, intermediate-, and high-

temperature regimes, including chalcogenides, 

skutterudites, half-Heuslers, SiGe alloys, and a newly 

synthesized Ho–Sb–Te system. This integrated 

methodology establishes a predictive framework for 

temperature-matched material selection and segmented 

thermoelectric generator design, advancing thermoelectric 

energy conversion beyond single-parameter optimization 

toward practical, high-efficiency applications. 

 

 Aim 
Can integrated BE-CF analysis predict device 

efficiency across 300 to 1200 K more accurately than 

relying solely on zT? This study sets out to develop a 
temperature-resolved, device-relevant framework that 

evaluates thermoelectric materials by explicitly linking 

intrinsic electronic transport quality and compatibility-
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factor constraints to practical power generation and 

efficiency outcomes. 

 

 Objectives 
To achieve this aim, the following objectives are 

addressed: 

 

 Unify intrinsic and device-level perspectives by 

combining experimentally measured transport 

properties with electronic quality (BE), material 

parameter (B), and compatibility-factor analyses. 

 Map the temperature dependence of thermoelectric 

performance across representative material classes, 

identifying how electronic transport, lattice thermal 

conductivity, and current matching jointly govern 

power output and efficiency. 

 Bridge the gap between power generation and 

efficiency, explaining why materials that deliver high 

power at elevated temperatures may remain 

intrinsically limited in device performance. 

 Establish temperature-matched material rankings that 

identify optimal candidates for low-, intermediate-, and 

high-temperature operation, including implications for 

segmented thermoelectric generator architectures. 

 Provide a predictive design framework for next-

generation thermoelectric devices that enables rational 

material selection based on compatibility, intrinsic 

transport properties, and operating conditions, rather 

than relying solely on peak ZT. 

 

III. MATERIALS AND METHODS 
 

 Synthesis Materials for Thermal Transport 
Evaluation and optimization of the synthesized 

thermoelectric materials for power generation were 

conducted using multi-element compounds. In particular, 

HoSbxTex (with x = 1.5 or 1.6) was selected to investigate 

its capacity to facilitate heat transfer between the hot and 

cold sides of a thermoelectric generator. HoSbxTex is a 

semiconductor thermoelectric material characterized by a 

complex crystal and electronic structure. Modifying the 

elemental ratios in these compounds can alter their crystal 

structure and enhance thermoelectric performance. 

 

 Pre-treatment of Raw Materials: High-purity 

(99.999%) powders of holmium (Ho), antimony (Sb), 

and tellurium (Te) (Sigma-Aldrich) were prepared. 

Each element was weighed in precise stoichiometric 

ratios and thoroughly mixed to ensure homogeneous 

distribution. The powder mixture was ball-milled 

under a controlled atmosphere to break agglomerates 

and reduce particle size, resulting in a uniform 

microstructure. The milled powder was vacuum-

degassed to remove adsorbed gases and moisture. 

Subsequently, the dry powder was cold-pressed into 

pellets to increase density and uniformity prior to 

synthesis. 

 Hydrothermal Synthesis: The pre-mixed powders were 

combined with distilled water and heated in a 

hydrothermal autoclave at 750 °C for 168 hours. This 

prolonged heating ensured complete reaction of the 

elements and uniform atomic diffusion, yielding a 

well-ordered, high-purity crystalline phase. 

 Encapsulation and Quenching: After hydrothermal 

treatment, the hot mixture was sealed in a nitride-

coated crucible inside a fused silica ampoule. It was 

then rapidly quenched in cold water under an argon 

atmosphere. This quenching step prevented the 

formation of unwanted secondary phases, preserved 

the high-temperature crystalline phase, and avoided 

oxidation or contamination. 

 Annealing and Densification: The quenched material 

was ground to powder in an agate mortar and annealed 

at 873 °C under 76 kPa. This annealing increased the 

material density and improved structural stability, 

producing a solid pellet suitable for measurement. 

 Electrodeposition for Compatibility Studies: To assess 

thermal transport compatibility with other materials, 

HoSbxTex was electrodeposited onto several common 

thermoelectric substrates, including bismuth antimony 

telluride (Bi₂SbTe₃), bismuth telluride (Bi₂Te₃), zinc 

antimonide (Zn₂Sb₃), cerium iron antimonide 

(CeFe₄Sb₁₂), a tellurium–silver–germanium–antimony 

compound (Te/Ag/Ge/Sb), a cerium-iron-cobalt 

antimonide alloy (Ce₀.₅Fe₃.₅Co₀.₅Sb₁₂), molybdenum-

antimony-telluride (Mo₃Sb₄Te₁.₆), and silicon–

germanium alloys. Anodic aluminum oxide (AAO) 

templates facilitated the deposition process. The 

electrolyte solution comprised 2 mM TeO₂, 2.5 mM 

Bi(NO₃)₃, 0.33 mM SeO₂, and 0.20 M HNO₃, with 

6 mM HTeO₂⁺ and 2 M HNO₃ added to control the Ho 

concentration. Pulsed electrodeposition, alternating 

between potential-controlled and current-controlled 

pulses, produced a uniform HoSb_xTe_x film 

approximately 750 µm thick at a deposition rate of 

about 50 µm per hour. Post-deposition annealing at 

300 °C in argon enhanced the film’s crystallinity and 

thermoelectric properties. 

 Characterization of Properties: The thermoelectric 

properties of the synthesized samples were measured 

using a Linseis LSR-3 system equipped with platinum 

contacts. Rectangular pellets (5 mm diameter × 20 mm 

height) were evaluated across a temperature range of –

100 °C to 1500 °C. The measured transport parameters 

included the Seebeck coefficient (S), electrical 

conductivity (σ), thermal conductivity (κ), and 

electrical resistivity (ρ). These values served as input 

data for numerical simulations in ANSYS Workbench 

to optimize thermal transport efficiency in 

thermoelectric generator (TEG) applications. 
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 Experimental Details of Synthesized Samples 
 

Table 1 Summarizes the Key Composition and Processing Parameters of the HoSbxTex Samples. Each Entry Includes the 

Sample Composition, Synthesis Conditions, and Sample Geometry. in Particular: 

 
 

 Composition: Two samples were prepared, 

corresponding to HoSb₁.₅Te and HoSb₁.₆Te. 

 Hydrothermal Treatment: Both samples were heated to 

750 °C and held at 750 °C for 168 hours in distilled 

water. 

 Quenching: After heating, each sample was quenched 

in cold water under an argon atmosphere to preserve 

the high-temperature phase. 

 Annealing: The samples were annealed at 873 °C under 

760 kPa pressure to increase density. 

 Pellet Dimensions: Final pellets were cut or pressed to 

5 mm in diameter and 20 mm in height for 

measurements. 

 

These experimental details (sample composition, 

heat treatment temperatures and durations, and final 

sample geometry) are listed in Table 1. The measured 

thermoelectric parameters (from the Linseis system) for 

each sample are also provided as input for the simulations. 

 

 Principles of Parameter Measurement and Calculation 
Each synthesized pellet was tested in the Linseis 

LSR-3 setup to measure its transport properties. In this 

apparatus, a rectangular sample is mounted vertically 

between two electrodes: the lower electrode contains a 

heating coil, and the upper electrode serves as a cooler. 

This assembly is placed inside a furnace to stabilize the 
temperature. By running a controlled current through the 

sample and using thermocouples at the hot and cold ends, 

we obtain the necessary measurements. The key measured 

quantities and derived parameters are as follows (all 

symbols defined below): 

 

 Seebeck Coefficient (S): A known DC current is 

applied to establish a temperature gradient across the 

sample. The resulting voltage difference ΔV 

(thermoelectric voltage Vs) between the hot and cold 

ends is measured. The Seebeck coefficient is then 

calculated by 

 

ΔT = Thot – Tcold                                                                                                (1) 

 

𝑆 =  
−𝑉𝑡ℎ

𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑
                                                                 (2) 

 

𝑆 =  
−𝑉𝑡ℎ

𝑇2 − 𝑇1
                                                                          (3) 

 

Where was the Seebeck voltage generated by the ΔT 

across the material? Taking the negative ratio of voltage to 

temperature difference. 

 

 Electrical Resistivity (ρ): Under isothermal conditions 

(no temperature gradient, ΔT = 0), a constant current I 

is passed through the sample using a four-terminal 

(Kelvin) method, which suppresses contact resistance 

for accuracy. The voltage drop V over a known sample 

length L is measured. The Resistivity is  calculated as 

[28] 

 

𝜌 =  
𝑉

𝐼
 .

𝐴

𝐿
                                                                               (4) 
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Where A is the cross-sectional area of the sample. 

 

 Electrical Conductivity (σ): The electrical conductivity 

is the reciprocal of resistivity, 

 

𝜎 =  
1

𝜌
                                                                                      (5) 

 

 Figure of Merit (ZT): Using the Harman method, we 

impose a DC current and record two voltages: the 

Seebeck-induced voltage due to the temperature 

gradient, and the resistive (ohmic) voltage due to the 

current. The dimensionless figure of merit is obtained 

from the ratio[29] 

 

𝑍𝑇 =  
𝑉𝑡ℎ

𝑉Ω
                                                                               (6) 

 

Where was the voltage due to the impressed current ()? 

The k was given as [30] 

 

 Thermal Conductivity (k): From the same 

measurements, the thermal conductivity is calculated 

by 

 

𝑘 =  
𝐿

𝐴
 (

𝑉𝑡ℎ − 𝐼𝑅

𝑇2 −  𝑇1
)                                                               (7) 

 

Where is the sample’s electrical resistance, and is the 

imposed temperature difference. 

 

To determine the material parameter, the electronic 

quality factor was first evaluated as described in Ref. [41]: 

 

 Electronic Quality Factor (BE): The intrinsic electronic 

quality factor of the material is given by 

 

𝐵𝐸 =
𝜎𝑆2

𝐵𝑠
                                                            (8) 

 

Where 𝐵𝑆 is a chosen normalization constant 

(dimensionless reference). captures the material’s inherent 

electronic transport efficiency independent of its lattice 

thermal conductivity. 

 

(9) 

 

Here, 𝑆𝑟 is the reduced (dimensionless) Seebeck 

coefficient, given by 

 

𝑆𝑟 =
𝑞𝑒 ∣ 𝑆 ∣

𝑘𝐵
≈ 1.1605 × 104 ∣ 𝑆 ∣             (10) 

 

Where 𝑞𝑒 is the elementary charge, 𝑘𝐵 is the 
Boltzmann constant, and must be expressed in. The 
temperature dependence of the electronic quality factor 

provides insight into additional carrier scattering 
mechanisms, band convergence, and bipolar transport 
effects [41] 

 Thermoelectric Figure of Merit and Power Factor 
The dimensionless figure of merit, ZT, is defined by 

the relation: and is given by where is the electrical 

conductivity, is the Seebeck coefficient, is the absolute 

temperature, and is the total thermal conductivity of the 

material. This expression shows that it improves with 

higher conductivity and the Seebeck effect at a given 

temperature, and with lower thermal conductivity. To help 

understand the concept better, think of BE as the power 

factor-only cousin of ZT. While ZT encompasses a broader 

range of parameters for total material evaluation, BE 

focuses specifically on optimizing the electronic transport 

efficiency independent of lattice thermal conductivity. 

This differentiation primes an intuitive grasp before 

delving into the formal equations. 

 

𝑍𝑇 =
𝜎𝑆2𝑇

𝑘
                                                        (11) 

 

Where 𝜎where is the electrical conductivity, is the 
Seebeck coefficient, is the absolute temperature, and is the 

total thermal conductivity of the material. This expression 
shows that it improves with higher conductivity and the 
Seebeck effect at a given temperature, and with lower 

thermal conductivity. 

 
The power factor (PF), representing the purely 

electronic contribution to performance, is defined as: 

 

PF = 𝜎𝑆2                                                           (12) 
 

Thus, the figure of merit can be rewritten as 

 

𝑍𝑇 =
PF ⋅ 𝑇

𝑘
                                                      (13) 

 

 Electronic Quality Factor 
Based on the power factor, the material’s electronic 

quality factor is expressed as: 

 

𝐵𝐸 =
PF

𝐵𝑠
                                                             (14) 

 

Where 𝐵𝑆 is a reference scaling constant 

(dimensionless). The quality factor 𝐵𝐸 reflects the intrinsic 

electronic performance of the material, decoupled from its 

lattice thermal conductivity. 

 

 Compatibility Factor 

For optimal current matching in segmented 

thermoelectric devices, the compatibility factor 𝐶𝐹 is 

 

𝐶𝐹 =
√1 + 𝑍𝑇 − 1

𝑆𝑇
                                         (15) 

 

 Temperature-Dependent Formulation 
To account for temperature-dependent transport 

properties, the following relations were used [76]. 

 

𝑍𝑇(𝑇) =
𝜎(𝑇)𝑆(𝑇)2𝑇

𝑘(𝑇)
                                   (16) 
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Where 𝑍𝑇, 𝑆, and 𝑇 are as defined above. The 

compatibility factor guides the selection and pairing of 

materials in a multi-stage thermoelectric module to 

maximize efficiency. 

 

When transport properties vary with temperature, the 

above definitions are extended to functions of 𝑇: 

 

𝐶𝐹(𝑇) =
√1 + 𝑍𝑇(𝑇) − 1

𝑆(𝑇)𝑇
                          (17) 

 

These formulations incorporate the temperature 

dependence of electrical conductivity 𝜎(𝑇), Seebeck 

coefficient 𝑆(𝑇), and thermal conductivity 𝑘(𝑇) into the 

calculation of 𝑍𝑇 and 𝐶𝐹. 

 

At optimal carrier concentration (where 𝑆2𝜎/𝐵𝐸 =
1), the dimensionless figure of merit simplifies to 𝑍𝑇 =
𝐵𝐸 𝑇

𝜅𝐿
. In general, we can factorize 𝑍𝑇 as: 

𝑍𝑇 =
𝑆2𝜎𝑇

k
=

𝑆2𝜎

𝐵𝐸
                                                           (18) 

 

In this expression, represents the fraction of the 

maximum possible power factor achieved (equal to 1 at 

optimal doping), while highlights the benefit of a high 

electronic quality factor and a low lattice thermal 

conductivity for boosting performance. The Ho–Sb–Te 

sample follows the p-type trend on the universal curve, 

implying a performance comparable to that of state-of-the-

art thermoelectrics; accordingly, further gains for this 

compound would require either increasing or decreasing. 

 

 Simulation of Synthesized TEPG Material 

The performance of the synthesized thermoelectric 

materials was further analyzed using finite element 

simulations in ANSYS Workbench (Thermal-Electric 

module). A structured workflow was followed, including 

model construction, meshing, solver setup, boundary 

conditions, and result extraction. Key steps were: 

 

 
Fig 1 Boundary Condition 

 

 In the 3D model development and material assignment, 

a three-dimensional geometry of the thermoelectric 

device was created in ANSYS SpaceClaim to represent 

the actual module configuration. The experimentally 

obtained material properties, such as the Seebeck 

coefficient and electrical and thermal conductivities, as 

listed in Table 1, were assigned to the respective 

regions of the model. The hot-side electrodes were 

modeled as copper (Cu) to reflect good electrical and 

thermal conduction properties. On the cold side, the 
electrodes were modeled as alumina (Al₂O₃) ceramic. 

Alumina was selected due to its excellent electrical 

insulation and high thermal stability, which are crucial 

for maintaining performance and structural integrity in 

thermoelectric applications. This choice of alumina not 

only ensures dielectric properties, preventing electrical 

short circuits but also provides thermal matching to 

effectively manage heat distribution and minimize 

thermal stress. 

 Meshing: A fine, structured mesh was generated to 

capture the thermal and electrical gradients accurately. 

Hexahedral elements were used throughout. The 

element sizes were set to 0.5mm for the thermoelectric 

legs, 0.1mm for the ceramic insulator, and 0.05mm for 
the copper electrodes. Figure 1 illustrates the mesh 

details. A convergence criterion was applied to ensure 

solution accuracy. 
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 Solver Setup: The thermal-electric conduction analysis 

was performed under steady-state conditions. The 

solver parameters were configured with a relative 

tolerance of and a maximum of 1000 iterations per 

solution step. This ensured stable and precise 

convergence of the coupled thermal and electrical 

fields. 

 Boundary Conditions: Appropriate thermal and 

electrical boundary conditions were defined. A 

constant heat source was applied on the hot side of the 

module, while the cold side was held at a fixed 

reference temperature. An external load resistance () 

was connected across the device to simulate the 

electrical load. Any contact resistances or interfaces 

between materials were included as needed. Figure 2 

shows the boundary condition setup. 

 Simulation Execution and Post-Processing: The 

simulation was run on a high-performance workstation 

(total runtime ~12 hours). After completion, post-

processing was performed to extract the temperature 

distribution, electrical current flow, and voltage 

profiles. Based on these results, thermoelectric 

performance metrics, including output power, 

efficiency, and heat flux, were evaluated. 

 Material Performance Selection: The simulation results 

were used to compare the performance of various 

synthesized materials over different temperature 

ranges. The materials showing the highest 

thermoelectric efficiency were selected for each 

regime: bismuth telluride (Bi₂Te₃) for near-room-

temperature applications, cerium iron antimonide 

(CeFe₄Sb₁₂) for mid-temperature, and lead telluride–

sulfur (PbTeS) together with zinc antimonide (Zn₂Sb₃) 

for high-temperature applications. These selections 

were based on the computed figure of merit and power 

output in the respective temperature ranges. 

 

IV. RESULTS AND DISCUSSION 
 

Following model construction, meshing was 

performed using the hexahedral method. Finer mesh 

arrangements were applied to regions with small 

dimensions to ensure accurate temperature and power 

distribution results [21,32]. The mesh sizes for the 

thermoelectric legs, ceramic insulator, and copper 

electrodes were set to 0.5 mm, 0.1 mm, and 0.02 mm, 

respectively. The simulation utilized a total of 55,413 

elements.

 

 
Fig 2a Power Generation 
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Fig 2b Power Generation 

 

Figure 2a presents the power generation capabilities 

of various thermoelectric materials across hot-side 

temperatures ranging from 500 K to 1200 K. Power output 

serves as a critical metric for thermoelectric performance, 

determined by parameters including electrical 

conductivity (σ), thermal conductivity (κ), Seebeck 

coefficient (S), and the figure of merit (ZT). Among the 

materials evaluated, ScCoSb demonstrates the highest 

power output throughout the temperature range, achieving 

120.21 W at 1200 K. At lower temperatures, ScCoSb also 

outperforms most other materials, with outputs of 19.77 W 

at 500 K and 45.62 W at 700 K. This superior performance 

is attributed to its favorable combination of electrical 

conductivity and moderate thermal conductivity, enabling 

efficient conversion of heat to electrical power. These 

characteristics position ScCoSb as a strong candidate for 

high-temperature thermoelectric power generation, 

particularly in waste-heat recovery and aerospace 

applications. SiGe, recognized for its thermal stability, 

also exhibits high power output, reaching 102.46 W at 

1200 K. At 500 K, both SiGe and ScCoSb yield identical 

power outputs (19.77 W), highlighting their effectiveness 

at lower operating temperatures. Beyond 900 K, SiGe 

surpasses most materials except ScCoSb, making it well-

suited for high-temperature thermoelectric generators for 

space and industrial applications. Mo₃Sb₄Te₁.₆ achieves 

73.51 W at 1200 K, indicating moderate efficiency. 

CeFe₄Sb₁₂ and Ce₀.₅Fe₃.₅Co₀.₅Sb₁₂ display balanced 

performance, with outputs of 93.17 W and 80.40 W at 

1200 K, respectively; CeFe₄Sb₁₂ is preferable at higher 

temperatures. These skutterudites are efficient over 700–

1000 K, making them suitable for automotive and 

industrial energy-harvesting systems. Bi₂Te₃ and Bi₂SbTe₃, 

widely used for room-temperature to mid-range 

applications, exhibit consistent but lower power outputs: 

75.32 W for Bi₂Te₃ and 70.08 W for Bi₂SbTe₃ at 1200 K. 

Despite these lower values, they remain the most efficient 

for applications below 500 K, such as cooling and small-

scale power generation. Zn₂Sb₃ provides competitive 

output in the mid-temperature range, reaching 75.50 W at 

1200 K, and serves as a cost-effective alternative to Bi₂Te₃. 

All materials display increased power output with rising 

temperature, consistent with thermoelectric theory. 

 

Figure 2b displays the scaled power factor as a 

function of the reduced Seebeck coefficient, providing a 

benchmark for how closely different thermoelectric 

materials approach their theoretical performance limits. 

The solid curves represent the ideal trend for a single-band 

semiconductor under optimal doping, with a peak at 

moderate reduced Seebeck values (approximately unity in 

dimensionless units). Most high-performance materials, 

including both p-type and n-type, cluster near this 

maximum. Classical p-type tellurides and Zintl phases, 

such as Bi₂Te₃-based alloys and Zn₂Sb₃, achieve reduced 

Seebeck values around 1–2 and are positioned near the 

apex of the model curve, indicating power factors close to 

the single-band optimum. The Ho–Sb–Te compound 

developed in this study also occupies this high-

performance region, suggesting that incorporating Ho into 

the Sb–Te matrix preserves a large Seebeck coefficient and 

high conductivity, consistent with the ideal behavior of 

heavily doped bulk semiconductors. In contrast, ScCoSb 

is an outlier, exhibiting a moderate Seebeck value but a 

significantly lower scaled power factor than predicted by 

theory. This reduced  indicates suboptimal charge 

transport, likely due to an unfavorable band structure that 

limits thermopower and mobility. Overall, materials such 

as Ho–Sb–Te and established tellurides or skutterudites 

align closely with model predictions, while ScCoSb's 

deviation highlights intrinsic electronic limitations. 
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Fig 3 Voltage Distribution Graph 

 

The voltage output of a thermoelectric module is 

determined by the Seebeck coefficient of the material. 

SiGe and ScCoSb achieve the highest voltage outputs at 

elevated temperatures, supporting their suitability for 

high-power applications. Although Bi₂SbTe₃ and Bi₂Te₃ 

possess lower Seebeck coefficients, they still produce 

efficient voltages at room temperature, making them 

appropriate for cooling and small-scale power generation. 

 

 
Fig 4 Scaled Power Factor VS Reduced Seebeck Coefficient 
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A study published in 2019 demonstrates that Figure 

10 illustrates the scaled thermoelectric power factor, 

normalized by the electronic quality factor, exhibiting 

similar behavior for Ho–Sb–Te and several benchmark 

materials, as their data points align along a single curve. 

Understanding why an optimal, temperature-independent 

carrier concentration is pivotal to achieving the maximum 

power factor is crucial; this stability enables balancing 

electronic transport differences across various compounds, 

enhancing efficiency and reliability. Research by Pang and 

colleagues indicates that maintaining such an optimal 

concentration is essential, as this allows differences in 

electronic transport to be balanced across various 

compounds. This finding has practical implications in 

areas such as waste heat recovery, where efficient 

thermoelectric materials can help convert excess heat into 

usable energy, making it a promising solution for 

enhancing energy efficiency in industrial processes. The 

first term represents the fraction of the maximum possible 

power factor, which equals 1 at optimal doping, while the 

second term highlights the advantage of a high electronic 

quality factor and a low lattice thermal conductivity in 

enhancing performance (roughly twice that of Bi₂Te₃). 

Research summarized by Nguyen T. Hung and colleagues 

indicates that the Ho–Sb–Te sample exhibits p-type 

behavior consistent with trends observed for 

semiconductors on the universal curve relating optimum 

thermoelectric figures of merit and power factors, 

suggesting that its performance is comparable to leading 

thermoelectric materials. One specific next experiment to 

further verify the predicted gains involves adjusting the Ho 

content by 2%, which could potentially refine the carrier 

concentration and enhance the material's performance. 

Further improvements in this compound may be achieved 

by optimizing parameters such as carrier concentration or 

chemical potential. 

 

 
Fig 5 Labeled Electronic Quality Factor (B E) VS Temperature 

 

Figure 5 illustrates the temperature dependence of the 

electronic quality factor for a range of thermoelectric 

materials, including Bi₂Te₃, Bi₂SbTe₃, Zn₂Sb₃, CeFe₄Sb₁₂, 

ScCoSb, and Mo₃Sb₄Te₁.₆, Ce₀.₅Fe₃.₅C₀.₅Sb₁₂, SiGe, and 

HoSbTe. This parameter, derived from the power factor 

and the reduced Seebeck factor, represents the intrinsic 

electronic transport quality independent of the lattice 

thermal conductivity. The data reveal a wide variation in 

values, spanning over two orders of magnitude. Classical 

chalcogenide thermoelectrics such as Bi₂Te₃ and Bi₂SbTe₃ 

display the highest values at low temperatures (300–350 
K), reflecting optimized carrier transport near room 

temperature. This is consistent with their established use 

in low-temperature applications, where band-structure 

optimization and high carrier mobility yield strong power 

factors. Intermediate-temperature materials like Zn₂Sb₃ 

and CeFe₄Sb₁₂ show moderate values around 500 K, 

indicative of increased carrier scattering and less favorable 

band degeneracy, though enhanced phonon scattering 

supports reasonable ZT values. Half-Heusler and 

intermetallic systems, including ScCoSb and 

Ce₀.₅Fe₃.₅C₀.₅Sb₁₂, exhibit lower values despite operation 

at higher temperatures, highlighting limitations due to 

reduced Seebeck coefficients and larger reduced Seebeck 

factors. Mo₃Sb₄Te₁.₆ occupies an intermediate position, 

with moderate values near 600 K, consistent with partial 
electronic optimization and complex crystal chemistry. 

SiGe, plotted on a secondary axis due to its anomalously 

large calculated value, is an outlier; this inflation results 

from a very small reduced Seebeck factor, demonstrating 
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that large values do not necessarily correspond to high 

thermoelectric efficiency when lattice thermal 

conductivity and compatibility factor are considered. The 

Ho–Sb–Te system shows a relatively low value near 500 

K, indicating that its performance is governed by a balance 

between moderate power factor and reduced lattice 

thermal conductivity, characteristic of materials optimized 

for device compatibility. Overall, these results 

demonstrate that high electronic quality is both material- 

and temperature-dependent, and maximizing this 

parameter alone does not ensure high thermoelectric 

efficiency. When considered alongside compatibility 

factor and ZT trends, the findings confirm that optimal 

thermoelectric materials must balance electronic quality, 

entropy transport, and thermal conductivity across the 

intended temperature range. 

 

 
Fig 6 (A) ZT VS Temperature 

 

Figure6. show (ZT vs T) reveals a clear material-

dependent evolution of thermoelectric performance with 

temperature. Chalcogenide-based compounds such as 

Bi₂SbTe₃ and Mo₃Sb₄Te₁.₆ exhibit the most pronounced 

increase in ZT, reaching higher peak values over broad 

temperature windows. This behavior reflects their 

intrinsically low lattice thermal conductivity and favorable 

electronic band structures, which promote efficient 

entropy transport. SiGe, operating at much higher 

temperatures, shows a more gradual increase in ZT, 

consistent with its relatively high lattice thermal 

conductivity. The Ho–Sb–Te system (this work) exhibits a 

stable, monotonic rise in ZT, indicating balanced transport 

properties suitable for mid-temperature applications. 

 

 
Fig 7 (B) Power Factor VS Temperature 
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Figure 7 shows (PF vs T) highlights substantial 

differences in electronic transport. Bi₂Te₃ exhibits the 

highest power factor across the investigated range, 

primarily due to its high electrical conductivity. In 

contrast, materials such as SiGe and Ho–Sb–Te show 

moderate PF values with weaker temperature dependence. 

Importantly, several materials with large PF do not 

correspondingly achieve high ZT, demonstrating that 

electronic optimization alone is insufficient without 

simultaneous suppression of lattice thermal conductivity 

 

 
Fig 8 (C) Estimated Efficiency VS Temperature 

 

Figure 8 (ηₘₐₓ vs T) shows that the estimated 

maximum efficiency closely follows ZT trends rather than 

PF. Materials such as Mo₃Sb₄Te₁.₆ and Bi₂SbTe₃ reach their 

highest efficiencies within their respective optimal 

temperature windows, whereas SiGe achieves only 

moderate efficiency at very high temperatures. The Ho–

Sb–Te system attains efficiencies of ~1%, consistent with 

its intermediate ZT and compatibility factor, supporting its 

potential as a segment material. The combined analysis 

confirms that the maximum thermoelectric efficiency is 

governed by the coupled optimization of ZT, the material 

parameter B, and the compatibility factor CF, rather than 

power factor alone, thereby validating the central 

framework of this study. 

 

 
Fig 9 Power Generation Capability of Thermoelectric Materials 
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Figure 9. illustrates the variation of power generation 

capability with hot-side temperature for representative 

thermoelectric materials. A clear increase in power output 

is observed with increasing operating temperature for all 

materials, reflecting the combined enhancement of 

thermoelectric driving force and carrier transport at 

elevated temperatures. SiGe exhibits the highest power 

generation at the largest hot-side temperature (~1050 K), 

confirming its suitability for high-temperature power 

generation applications. Intermediate-temperature 

materials such as ScCoSb, Mo₃Sb₄Te₁.₆, and 

Ce₀.₅Fe₃.₅Co₀.₅Sb₁₂ cluster around 600–700 K with 

comparable power outputs, indicating balanced electronic 

performance within this temperature window. In contrast, 

Zn₂Sb₃ and CeFe₄Sb₁₂ show lower power generation at 

similar temperatures, which can be attributed to reduced 

electrical conductivity and weaker carrier mobility. 

Overall, the figure highlights the strong dependence of 

power generation capability on operating temperature and 

material class, emphasizing the importance of 

temperature-matched material selection in thermoelectric 

device design. 

 

 
Fig 10 Compatibility Factor VS Temperature (Including ScCoSb) 

 

Figure 10. presents the temperature dependence of 

the compatibility factor (CF), a key parameter governing 

optimal current matching and segmented device operation. 

A pronounced spread in CF values is observed across 

materials and temperature ranges. Bi₂Te₃ and Bi₂SbTe₃ 

exhibit large CF values at low temperatures (300–400 K), 

consistent with their established dominance in near-room-

temperature thermoelectric applications. Cu- and Sb-based 

compounds such as Mo₃Sb₄Te₁.₆ and CeFe₄Sb₁₂ display 

moderate CF values at intermediate temperatures, 

suggesting favorable compatibility for mid-temperature 

segmented modules. In contrast, ScCoSb and Zn₂Sb₃ show 

comparatively low CF values, indicating limited current-

matching flexibility despite reasonable electronic quality. 

SiGe exhibits a very small CF at high temperature, 

reflecting the intrinsic constraint of wide-bandgap, high-

temperature alloys. These results demonstrate that high ZT 

alone does not guarantee device compatibility and 

underscore the need for CF-guided material pairing in 

practical thermoelectric generators. 

 

 
Fig 11 (ZT)max VS B (Including ScCoSb) 
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Figure 11. shows the correlation between the 

maximum thermoelectric figure of merit and a material 

parameter that encapsulates intrinsic electronic quality. A 

positive correlation is evident: materials with larger 

generally achieve higher, in agreement with theoretical 

expectations. Bi₂Te₃ and Bi₂SbTe₃ lie near the upper region 

of the trend, combining favorable electronic quality with 

suppressed lattice thermal conductivity. Mo₃Sb₄Te₁.₆ 

stands out as high at moderate, indicating effective entropy 

transport despite its intermediate electronic quality. In 

contrast, ScCoSb and the Ho–Sb–Te system from this 

work occupy the lower-left region of the plot, reflecting 

intrinsic limitations in electronic optimization. SiGe 

deviates from the main trend by exhibiting moderate 

performance despite its relatively small size, highlighting 

the dominant role of high operating temperature rather 

than intrinsic transport quality. Overall, the figure 

confirms that it serves as a useful descriptor for screening 

thermoelectric materials, while deviations from the trend 

provide insight into material-specific transport constraints. 

 

Taken together, Figures 1-11 demonstrate that 

efficient thermoelectric performance arises from the 

combined optimization of power generation capability, 

compatibility factor, and intrinsic electronic quality, rather 

than from any single transport parameter. This integrated 

analysis provides a physically grounded framework for 

evaluating and selecting thermoelectric materials for 

temperature-specific and segmented device applications. 

 

V. CONCLUSION 

 

This work establishes a device-relevant framework 

for thermoelectric material evaluation by integrating 

experimental transport data (Table 1), intrinsic electronic 

descriptors, and three-dimensional thermal electric 

simulations. Before delving into the detailed analysis, it is 

essential to highlight a pivotal insight: the most surprising 

discovery is that the materials' compatibility factor, rather 

than their individual power factor or peak ZT, significantly 

influences thermoelectric efficiency, particularly in multi-

material device designs. The combined interpretation of 

Figures 1–11 demonstrates that high thermoelectric 

efficiency arises from the coupled optimization of 

electronic quality, lattice thermal transport, and current-

matching via the compatibility factor, rather than from any 

single metric such as the power factor or peak ZT. 

 

The transport parameters summarized in Table 1 

define the intrinsic material contrasts that govern device 

response. Bi₂Te₃ and Bi₂SbTe₃ exhibit intrinsically low 

lattice thermal conductivity at low temperature, enabling 

strong temperature gradients and high ZT near room 

temperature. Zn₂Sb₃ and Ce-filled skutterudites occupy an 

intermediate regime with balanced thermal and electronic 

transport, whereas ScCoSb and SiGe possess higher 

thermal conductivity and therefore require elevated 

operating temperatures to achieve competitive 
performance. 

 

 

 

The numerical model, validated through mesh 

convergence and boundary-condition implementation 

(Figures 1 ), accurately captures coupled heat and charge 

transport. Power generation increases monotonically with 

hot-side temperature for all materials (Figures 2 and 9), 

with ScCoSb and SiGe delivering the highest absolute 

power at high temperature. However, the voltage 

distributions and temperature fields (Figures 3 and 4) 

reveal that this high power output arises primarily from 

high electrical conductivity and strong thermal driving 

forces rather than from intrinsically optimized electronic 

transport. 

 

Intrinsic electronic transport quality is quantified by 

the electronic quality factor Bₑ (Figure 5). Classical 

chalcogenides exhibit the highest Bₑ at low temperature, 

reflecting optimized band degeneracy and efficient 

entropy transport per carrier. Zn₂Sb₃ and CeFe₄Sb₁₂ show 

moderate Bₑ at intermediate temperatures, while half-

Heusler and intermetallic systems display systematically 

lower values, highlighting limitations imposed by rigid 

band structures and high carrier concentrations. SiGe 

appears as a strong outlier, emphasizing that metallic 

transport can inflate power output without conferring 

superior intrinsic electronic quality. The Ho–Sb–Te system 

introduced here operates in a balanced regime, where 

moderate electronic quality, combined with reduced lattice 

thermal conductivity, yields stable, device-compatible 

performance. 

 

The ZT–T trends (Figure 6) confirm that materials 

with suppressed lattice thermal conductivity and favorable 

electronic structure achieve the highest thermodynamic 

performance, whereas power-factor trends (Figure 7) 

demonstrate that large PF values alone are insufficient. 

This distinction is reflected in the maximum efficiency 

analysis (Figure 8), which closely follows ZT rather than 

PF. Crucially, the compatibility-factor analysis (Figure 10) 

explains the divergence between high power output and 

achievable efficiency, identifying current matching as a 

decisive constraint in practical devices. The correlation 

between material parameter B and ZT (Figure 11) further 

confirms that intrinsic electronic quality is necessary but 

not sufficient for high efficiency. Which industrial heat 

streams align best with the highlighted CF-optimized 

pairs? This question invites further exploration into the 

practical applications of our findings, encouraging 

collaboration and consideration beyond the scope of this 

study. 

 

Therefore, Table 1 and Figures 1–11 demonstrate that 

efficient thermoelectric performance is governed by the 

coordinated optimization of electronic quality, lattice 

thermal transport, and alignment of the compatibility 

factor across temperature regimes. This integrated 

framework provides a predictive basis for material 

selection and segmented device design, advancing 

thermoelectric energy conversion toward realistic, high-
efficiency applications. 
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