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Abstract

Thermoelectric (TE) for very high temperatures (> 800 K) have numerous poten-

tial applications in the heavy industry and the space exploration. This article focus

on the compound Yb4Sb3 which is a promising p-type counterpart to the structurally

related and high-performance n-type RE3Te4 (RE = Nb, La, Pr) for the fabrication of

high temperature TE modules. A quick and e�cient method for synthesizing pure and

fully-dense Yb4Sb3 samples was developed and optimized using high-energy ball milling

followed by reactive spark plasma sintering. The technique was utilized to produce a

new series of doubly doped CexYb4−xBi0.2Sb2.8 compounds. X-ray di�raction and scan-

ning electron microscopy (SEM) were employed to establish the solubility limit of Ce,

which was determined to be x = 0.4. TE properties for Yb4Sb3 and Ce0.4Yb3.6Bi0.2Sb2.8

were measured up to 1273 K, revealing that the doping strategy was e�ective in reduc-

ing the charge carrier concentration and thermal conductivity. This led to a signi�cant

increase in the TE �gure-of-merit ZT from 0.2 to 0.4 at 1273 K. This study eventually

conducted a preliminary examination of the realization of metallic contacts on Yb4Sb3

through SPS. The results showed that two robust TE legs with Ni and Cu contacts were

successfully produced, and SEM analyses was used to study the di�usion that occurred

at the interfaces. The measured electric contact resistances were very promising, with

average values of 2 and 1 µΩ cm2 for Ni and Cu contacts, respectively.

Keywords

Thermoelectrics, Intermetallics, Electric contacts, Ball-milling, High-temperature

1 Introduction

Thermoelectric (TE) generators are reliable solid-state devices that take advantage of the

Seebeck e�ect to produce electrical energy from a temperature gradient. Typically, TE
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generators consist of two TE materials with opposite electrical conduction types, one is n-

type and the other p-type, which are connected electrically in series but thermally in parallel.

The conversion e�ciency of the device is directly related to the �gures-of-merit ZT of the

individual materials which are given by:

ZT =
α2T

ρκ
(1)

with α the Seebeck coe�cient, ρ the electrical resistivity, κ the thermal conductivity and T

the absolute temperature. These intrinsic properties of materials vary with temperature and

are optimized di�erently for each materials. Thus, the choice of TE materials for a generator

primarily depends on the operational temperature of the target application. Previous re-

searches have primarily focused on materials suitable for near room-temperature applications

(300 K - 400 K), such as Bi2Te3 1 or Mg3Bi2,2 or for mid-temperature applications (600 K

- 800 K), such as PbTe,3,4 skutterudite CoSb3 5,6 and transition metal silicides.7,8 Nonethe-

less, fewer studies have been devoted to high-temperature applications (1000 K - 1200 K)

despite their signi�cant potential in heavy industry and space exploration. Si-Ge alloys have

historically been the most investigated material for high-temperature applications,9 but new

materials exhibiting promising properties have emerged, such as the Zintl phase Yb14MSb11

(M = Mg, Mn)10,11 or borides.12 However, to improve the industrial potential of TE gen-

erators in this temperature range, new materials demonstrating superior performance and

stability need to be discovered.

Refractory rare earth tellurides crystallizing in the cubic Th3P4 structure-type are an-

other class of promising high temperature TE materials. La3−xTe4, a material that can

accommodate large vacancies concentration on the La site, has long been known to show

ZT ≈ 1.1 at 1273 K for an optimized vacancy concentration of x = 0.23.13 Recently, the

isostructural compounds Nd2.78Te4 14 and Pr2.74Te4 15 have been reported to have even higher

ZT values of 1.2 and 1.7 at 1273 K, respectively. These materials exhibit good TE properties
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due to (i) the relatively low κ caused by the presence of vacancies, (ii) the rare-earth 4f or-

bitals forming a heavy band near the Fermi level in the electronic density of state (DOS) and

resulting in relatively high α and (iii) the strong correlation between the vacancy concen-

tration x and the charge carrier concentration n allowing for easy optimization of the power

factor PF = α2/ρ. The relationship between vacancy concentration and electronic properties

of these materials can be intuitively understood by considering the charge balanced formu-

lation RE3+
3−xTe

2−
4 e−1−3x where excess of electrons (e

−) are necessary to compensate vacancies

formation on the rare earth (RE) network, which results in n-type electronic conduction. In-

terestingly, no p-type counterpart with similar properties has been discovered, which limits

their integration in thermoelectric generators.

Yb4Sb3 crystallizes in the anti-Th3P4 structure type, in which the anionic and cationic

sub-lattices are reversed compared to the Th3P4 structure type, is good candidate showing p-

type electrical conduction. Unlike rare earth tellurides, Yb4Sb3 is stochiometric and cannot

accommodate large vacancy concentration on any of its sub-lattices. Yb valence �uctuation

is known to occur in this material, with most studies indicating that the great majority of

Yb are in a valence state of 2+ as determined by magnetic measurements and X-ray absorp-

tion spectroscopy.16,17 The charge balanced formula can therefore be written as Yb2+4 Sb3−3 h+

which correctly predict an excess of positive charge carrier (h+) and therefore the p-type

conduction of this materials. Yb4Sb3 was reported to exhibit low resistivity in the order of

10 µΩ m at 1273 K due to its elevated hole concentration in the order of 1021 cm−3 and a

positive Seebeck coe�cient from 500 K that reaches about 80 µV K−1.18 However, despite

its potential, the thermal conductivity and ZT of pristine Yb4Sb3 has not been reported in

the literature to date. Nevertheless, studies have investigated the e�ect of doping on Yb4Sb3,

where Yb was substituted with La,19 Sm,20 Ce or Eu,21 and Sb with Bi18 or I.21 However,

it should be noted that the thermoelectric properties of most of these doped compounds

were only partially reported, and Hall measurements were rarely performed. Based on these
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partial results, doping with these elements seems to decrease the charge carrier concentra-

tion, as a simultaneous increase of α and ρ were observed, resulting in an enhanced PF .18,20

The substitution also signi�cantly reduces thermal conductivity due to the induced atomic

disorder on the crystallographic sites.19 As a direct consequence, a �gure-of-merit ZT as

high as 0.75 at 1273 K was reported, for example, for the composition La0.5Yb3.5Sb3.19 The

promising thermoelectric performance of singly doped Yb4Sb3 compounds could potentially

be improved further by double doping, which involves simultaneous substitutions on both

Yb and Sb sublattices. This approach aims to increase the concentration of electron donor

elements in the material while simultaneously increasing the atomic disorder to reduce ther-

mal conductivity. However, the synthesis of Yb4Sb3 reported in literature was conducted

using a conventional high-temperature process in expensive Nb sealed tubes, which required

several annealing steps at temperatures as high as 1323 K over a total of two weeks. To

enable industrial applications for this compound, more cost-e�cient and scalable synthesis

processes need to be developed.

This article presents the synthesis of undoped Yb4Sb3 and doubly doped CexYb4−xBi0.2Sb2.8

(x = 0.4, 0.5) compounds through a ball-milling step followed by a reactive SPS. The solu-

bility limit of Ce in the series CexYb4−xSb3 has been previously reported as x = 0.4, with

the Ce oxidation state determined to be +3 based on magnetic measurements.21 Therefore,

Ce shows promises as a dopant for decreasing the charge carrier concentration according to

the Ce+3
x Yb2+4−xSb

3−
3 h+1−x formalism. The Bi concentration of y = 0.2 was selected because it

yields the highest properties in the Yb4BiySb3−y series.20 Thermoelectric properties of the

synthesized single-phased and fully-densi�ed materials were measured up to 1273 K and are

presented and discussed. Additionally, the high-temperature thermal expansion and oxida-

tion behavior of pristine Yb4Sb3 are discussed, as these properties are crucial for industrial

applications. Eventually, preliminary results for the fabrication of a TE leg are presented,

involving the deposition of Ni and Cu metallic contacts on Yb4Sb3 using a direct SPS process.
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2 Experimental part

2.1 Synthesis

Pristine Yb4Sb3 and substituted CexYb4−xBi0.2Sb2.8 (x = 0.4, 0.5) samples were synthesized

from pure elements, Yb (ingot, 99.9 %, Alfa Aesar), Ce (ribbon, 99.9 %, Alfa Aesar), Sb

(shot, 99.999 %, Sigma-Aldrich) and Bi (shot, 99.999 %, Sigma-Aldrich), using a two-step

process combining high-energy ball-milling and reactive Spark Plasma Sintering (SPS). The

rare earth ingots were �rst cleaned with a �le inside a glove box (O2 < 1 ppm, H2O < 1 ppm)

to removed the oxide layer at the surface. Stoichiometric amounts of metal precursors were

weighed, except for Yb which was added with a 2 % excess due to its tendency to adhere to

the milling jar's walls. About 3.5 g of metal precursor mixtures were loaded inside a 65 mL

hardened steel grinding jar with two Ø = 12.6 mm hardened steel grinding balls (weighing

7 g in total) under Ar atmosphere. The mixtures were ball-milled for 8 h using a SPEX

8000M Mixer apparatus. The resulting powders, black in color and highly sensitive to air,

were recovered within the glove box. The powders underwent reactive sintering using a Dr.

Sinter Lab. SPS-322Lx apparatus in a Ø = 10 mm graphite die. The sintering process

was carried out at 1573 K for 10 min with a uniaxial pressure of 50 MPa under dynamic

vacuum. Finally, the densi�ed pellets were wrapped in 0.05 mm thick Ta foil and annealed

in evacuated silica tubes (10−3 mbar) for 24 h at 1273 K.

Ni and Cu powders were utilized for the electrical contact fabrication on pristine Yb4Sb3.

The Ni powder (particle size below 45 µm, 99.5 %, Sigma-Aldrich) and Cu powder (particle

size of 150 µm, 99.9 %, Sigma-Aldrich) were arranged in a layered succession with the ball-

milled Yb-Sb powder mixture inside a Ø = 10 mm graphite die. The metal powder (250

mg for Ni, 200 mg for Cu) was placed at the bottom and on top of the Yb-Sb mixture layer

(1.5 g) before being cold-pressed at 50 MPa inside a glove-box. The whole set-up was then

sintered under an uniaxial pressure of 50 MPa and under dynamic vacuum at 1373 K for
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20 min for Ni and 1173 K for 20 min for Cu. The sintering temperature was lowered in

the case of Cu to avoid melting the metal contact. Finally, the obtained Ni/Yb4Sb3/Ni and

Cu/Yb4Sb3/Cu pellets with thickness of about 2 mm were polished to remove the covering

graphite foil and cut into 5×5 mm2 square-shaped pellets using a wire saw.

2.2 Material characterizations

X-ray di�raction (XRD) analyses were conducted on powders obtained by grinding parts of

the annealed SPS-sintered pellets using a mortar and pestle inside the glove-box. Room-

temperature XRD patterns were carried out using a Rigaku SmartLab di�ractometer (Cu

radiation, λKα1 = 1.54056 Å and λKα2 = 1.5444 Å with an intensity ratio λKα2/λKα1 of 0.5)

with scanning step size of 0.02◦. The high-temperature XRD measurement was performed

with a Rigaku SmartLab di�ractometer (Cu rotating target, monochromatized incident beam

λKα1 = 1.54056 Å) equipped with a D/teX Ultra 250 detector. The patterns were measured

from 300 K to 900 K every 50 K under Ar �ow (1 L min−1, 5N purity) with a scanning step

size of 0.02◦ and using variable slits. The powder was only exposed a brief time to air (<

1 min) during the positioning of the Al2O3 sample holder inside the di�ractometer furnace

chamber, which was then purged three times with Ar before the measurement. The X-ray

powder patterns were �tted using the FullProf software.22 The peak shapes were modeled

using Thompson-Cox-Hastings pseudo-Voigt functions.23 Berar's factors were applied to the

estimated standard deviation to obtain more realistic values.24 The scanning electron micro-

scope (SEM) back-scattered electron images of the polished pellet surfaces were taken using

a Hitachi Tabletop Microscope TM3000. The SEM analyses of the TE leg cross-sections were

performed using a Jeol 7200LV apparatus equipped with a Bruker X-Flash60 EDS detector.

2.3 Thermoelectric properties measurements

Thermal di�usivity (D) measurements were performed under N2 atmosphere (99.999 %)

on Ø = 10 mm and 2 mm thick pellets coated with graphite using the laser �ash analysis
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(LFA) apparatus Netzsch 467 HyperFlash. The thermal conductivity (κtot) was calculated

using the expression κ = D Cp d with d the density and Cp the speci�c heat. The thermal

dependence of Cp was estimated using a Netzsch Pyroceram reference during the thermal

di�usivity measurements. It was found to increase approximately linearly from 0.17 to

0.20 J g−1 K−1 from 298 to 1270 K, respectively. d was determined by the Archimede method

in absolute ethanol. The lattice thermal conductivity κL was estimated by subtracting

the electronic contribution κE, calculated using the Wiedemann-Franz relationship κE =

L T/ρ with L = 2.44 10−8 W Ω K−2, to κtot. The electrical resistivity (ρ) and the Hall

coe�cient (RH) were measured using the Van der Pauw method on a custom-built system

under dynamic vacuum (10−5 mbar).25 The measurements were carried out on a Ø = 10 mm

pellet shaped sample with thickness of about 1 mm. The charge carrier concentration (n)

and mobility (µ) were calculated from the RH measurements realized under a magnetic �eld

of 0.75 T using the relations (2) and (3), respectively.

n =
1

RHe
(2) µ =

RH

ρ
(3)

with e the elemental charge of the electron. The Seebeck coe�cient (α) was measured with a

custom-built instrument using the light pulse method under dynamic vacuum (10−5 mbar).26

Scanning resistance measurement across the Yb4Sb3 leg with Cu and Ni metal contacts were

performed at room temperature in air using a home-made apparatus described elsewhere.27

3 Results and discussion

The compound Yb4Sb3 was reported to melt congruently at 1813 K.28 Its synthesis using

conventional fusion-solidi�cation techniques is impractical due to the high vapor pressure of

Sb at such elevated temperatures. In this study, an alternative approach using high-energy

ball milling was employed, o�ering the advantages of signi�cantly reducing the thermal treat-

ment duration and being more scalable. The �nely divided powder mixture obtained after
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the ball milling step exhibited high reactivity, allowing for simultaneous reaction and sinter-

ing at a relative density exceeding 99 % in only 10 min at 1573 K. It should be noted that

after sintering, the pellets displayed weak mechanical stability and are prone to breakage

during cutting or high-temperature measurements. To enhance their mechanical integrity,

an additional annealing step at 1273 K for 24 h was implemented. The precise e�ect of this

annealing step is not yet fully understood, as the density, grain size, and chemical composi-

tion of the samples were found to be similar before and after annealing. Another observation

is the slow oxidation of the sintered samples when stored in air, indicated by the progressive

darkening of their initially shiny metallic surface within a few hours. To minimize oxidation,

the samples discussed in this study were stored in a glove box, with exposure to air mini-

mized as much as possible.

Figure 1: SEM back-scattered electrons images of the polished surface of (a) Yb4Sb3, (b)
Ce0.4Yb3.6Bi0.2Sb2.8 and (c) Ce0.5Yb3.5Bi0.2Sb2.8, (d) picture of a sintered pellet of Yb4Sb3
after the annealing step showing a shiny metallic aspect
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Table 1: Nominal compositions, experimental compositions determined by SEM-EDS,
absolute and relative densities of the sintered samples Yb4Sb3, Ce0.4Yb3.6Bi0.2Sb2.8 and
Ce0.5Yb3.5Bi0.2Sb2.8

Nominal composition SEM-EDS analyses Density (g cm−3) Relative density (%)

Yb4Sb3 Yb4.10Sb2.90 8.64 99.6
Ce0.4Yb3.6Bi0.2Sb2.8 Ce0.41Yb3.68Bi0.20Sb2.71 8.43 99.0
Ce0.5Yb3.5Bi0.2Sb2.8 Ce0.46Yb3.64Bi0.18Sb2.72 8.28 98.2

Figures 1 and Table 1 present SEM back-scattered electron images and SEM-EDS analy-

ses conducted on the polished surface of the annealed sintered pellets, respectively. The ab-

sence of chemical contrast on the surface of Yb4Sb3 and Ce0.4Yb3.6Bi0.2Sb2.8 indicates a good

chemical homogeneity. Only a low amount of porosity is visible on the surface which aligns

with the high relative densities of the samples reported in Table 1. Most importantly, the

chemical compositions determined by EDS analyses are in good agreement with the targeted

nominal compositions. However, the back-scattered electron image of Ce0.5Yb3.5Bi0.2Sb2.8

reveals the presence of an impurity (dark gray area) that was identi�ed as CeSb by EDS

analysis. The formation of less dense CeSb (6.37 g cm−3) compared to Yb4Sb3 (8.67 g cm−3)

can explain the lower relative density of this sample.

Yb4Sb3 adopts the anti-Th3P4 structure type (I 4̄3d, space group no. 220) as illustrated

in Figure 2(a). The unit cell is composed of 28 atoms, with Yb occupying the 16c Wycko�

site and Sb occupying the 12a Wycko� site. Figures 2(b,c,d) shows the Rietveld re�ned

XRD powder patterns measured on crushed sintered pellet after annealing and Table 2

presents the obtained re�ned structural parameters. Consistent with the SEM analyses, the

di�raction patterns of Yb4Sb3 and Ce0.4Yb3.6Bi0.2Sb2.8 are single-phased with all di�raction

peaks successfully indexed with the Th3P4 structure type. However, the di�raction pattern

of Ce0.5Yb3.5Bi0.2Sb2.8 shows additional small peaks corresponding to the CeSb impurity

(Fm3̄m, space group no. 225), corroborating the �ndings from the SEM analyses. The re-

�ned lattice parameter of a = 9.3228(2) Å for Yb4Sb3 agrees relatively well with a previous
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Figure 2: (a) crystal structure of Yb4Sb3 and Rietveld re�ned XRD patterns of (b) Yb4Sb3,
(c) Ce0.4Yb3.6Bi0.2Sb2.8 and (d) Ce0.5Yb3.5Bi0.2Sb2.8. The experimental data are plotted in
red symbols, the calculated pattern with a black line and the di�erence with a blue line. The
vertical ticks indicate the theoretical Bragg positions of Yb4Sb3 (black) and CeSb impurity
(green).

study reporting a = 9.321(5) Å.18 Upon doping, the re�ned lattice parameter increased to

a = 9.3997(2) Å and 9.4106(1) Å for Ce0.4Yb3.6Bi0.2Sb2.8 and Ce0.5Yb3.5Bi0.2Sb2.8, respec-

tively. This increase is consistent with the larger atomic radii of the substituting elements,

Ce (185 pm) and Bi (160 pm), compared to Yb (175 pm) and Sb (145 pm), respectively.29

The presence of CeSb impurity in Ce0.5Yb3.5Bi0.2Sb2.8, as con�rmed by both XRD and

SEM, and the limited increase in lattice parameter upon further Ce addition in Ce0.4Yb3.6Bi0.2Sb2.8

suggests that the solubility limit of Ce in this system is slightly above x = 0.4. This �nding
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Table 2: Structural parameters and R-factors obtained by Rietveld re�nement of Yb4Sb3,
Ce0.4Yb3.6Bi0.2Sb2.8 and Ce0.5Yb3.5Bi0.2Sb2.8 XRD patterns. Single (*) and double stars (**)
indicate �xed (non-re�ned) and constrained occupancy parameters (Occ. Yb = 1 - Occ. Ce,
Occ. Sb = 1 - Occ. Bi), respectively.

Yb4Sb3 Ce0.4Yb3.6Bi0.2Sb2.8 Ce0.5Yb3.5Bi0.2Sb2.8

a (Å) 9.3228(2) 9.3997(2) 9.4106(1)

Wycko� site 16c (x,x,x )

x 0.0732(3) 0.0728(5) 0.0728(3)
Occ. Ce - 0.1(1) 0.12(9)
Occ. Yb 1* 0.9** 0.88**
Biso (Å2) 0.5(1) 1.0(1) 0.6(1)

Wycko� site 12a (3/8, 0, 1/4)

Occ. Bi - 0.10(5) 0.11(3)
Occ. Sb 1* 0.90** 0.89**
Biso (Å2) 0.5(1) 0.9(1) 0.6(1)

R-factors

χ2 4.45 5.67 4.62
RBragg 2.02 2.85 2.15

is consistent with previously reported values for the CexYb4−xSb3 series synthesized through

conventional high-temperature synthesis methods. It suggests that the substitution with Bi

on the Sb site has minimal e�ect on the solubility limit of Ce.21 It is important to note

that the anti-Th3P4 crystal structure features large cavities located at the 12b Wycko� site

(7/8,0,1/4), which can accommodate interstitial atoms like Au in Au3Y3Sb4.30 However, in

this study, the structural model used, where all Ce and Bi atoms substitute Yb and Sb

on their respective sites, shows good agreement with experimental data. The main source

of discrepancy between the measured and calculated data (blue line on Figure 2(b,c,d)) is

primarily attributed to the asymmetric shape of the more intense peaks, which could not be

fully captured in the re�nements. The free atomic parameters of the Yb atoms on the 16c

site, regardless of the chemical composition, were found to be similar and consistent with a

previously reported value of x = 0.074(1).28 The re�ned chemical compositions for the doped
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compounds, Ce0.40(4)Yb3.60Bi0.3(1)Sb2.7 and Ce0.5(3)Yb3.50Bi0.3(1)Sb2.7, which were obtained by

constraining the 16c and 12a sites to full occupancy, are in good agreement with both the

nominal compositions and the compositions determined by SEM-EDS analyses

Figure 3: (a) High temperature XRD patterns of Yb3Sb4 measured up to 900 K and (b) the
thermal evolution of the re�ned lattice parameter up to 600 K

Yb3Sb4 is aimed to be used for ultra high-temperature TE applications, making the char-

acterization of its structure and stability under operating condition of great interest. Figure

3(a) shows the high temperature XRD patterns of Yb3Sb4 collected at intervals of 50 K from

300 to 900 K. The initial pattern at 300 K mostly show of Yb3Sb4 phase with contribution of
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the Al2O3 sample support. Additional peaks in the 31-33◦ 2θ region appeared from 550 K,

which are attributed to the low temperature phase of Yb5Sb3 (P63/mcm, space group no.

193). From 650 K onwards, the decomposition of Yb4Sb3 accelerates with a signi�cant de-

crease in peak intensities and the appearance of broad peaks associated with elemental Sb

(R3̄m, space group no. 166) and Yb2O3 (Ia3̄, space group no. 206). From 800 K, the Yb4Sb3

and Yb5Sb3 intermetallic phases completely disappeared and only Sb and Yb2O3 remain.

The progressive decomposition of the Yb4Sb3 phase is attributed to oxidation caused by

residual oxygen absorbed at the surface of the sample particles or in experimental set-up.

It demonstrates that this phase is extremely sensible to oxidation above 500 K even in an

environment where air was thoroughly purged. While this extreme oxidation behavior poses

challenges for many terrestrial applications, it is not a primary concern for space applications

where oxygen is absent and high operating temperatures are required. Le Bail re�nements

were performed on the XRD patterns from 300 to 600 K, and the re�ned lattice param-

eters are presented in Figure 3(b). The thermal evolution follows a linear trend allowing

the calculation of the linear thermal expansion parameter of 12.7(6)×10−6 K−1 at 300 K.

The determination of this parameter holds great signi�cance for the realization of metallic

contacts, which will be discussed further below.

The TE properties of the single-phased samples with nominal compositions Yb4Sb3 and

Ce0.4Yb3.6Bi0.2Sb2.8 were investigated from 298 to 1273 K. Figures 4(a) and 4(b) shows the

electrical resistivity and Seebeck coe�cient measurements, respectively. The pristine sample

exhibits a metallic behavior, with the electrical resistivity increasing from 2 to 12 µΩ m as

the temperature rises from 298 K to 1273 K. The Seebeck coe�cient displays a consistent

upward trend, starting from a negative value of -20 µV K−1 at 298 K, indicating an n-type

electrical behavior. It transitions to p-type behavior at around 500 K, eventually reaching a

maximum of 85 µV K−1 at 1273 K. Such change of the electrical behavior from n to p-type

was already reported multiple times in the literature at similar temperatures.19,31 From Hall
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Figure 4: High-temperature thermoelectric properties of Yb4Sb3 (black) and
Ce0.4Yb3.6Bi0.2Sb2.8 (red): (a) electrical resistivity, (b) Seebeck coe�cient, (c) power
factor, (d) total (symbols) and lattice (solid lines) thermal conductivities, and (e) �gure-of-
merit ZT.

measurements conducted at 298 K, a charge carrier concentration of 3.0×1021 cm−3 and a

mobility of 9.5 cm2 V−1 cm−1 were determined. These values are in good agreement with a

previous study and are consistent with the observed metallic behavior of this material.16 The

Seebeck coe�cient of the present sample is signi�cantly higher at high temperatures than the

previously reported value of 65 µV K−1 at 1273 K for pristine Yb4Sb3 synthesized through

conventional high-temperature synthesis.20 However, the electrical resistivity remains in ex-
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cellent agreement across the entire temperature range. The exact reason for this discrepancy

is not yet fully understood, but it could potentially be attributed to di�erences in microstruc-

ture or undetectable contamination resulting from the utilization of di�erent synthesis meth-

ods. Doping with Ce and Bi leads to an increase in both the electrical resistivity and the

Seebeck coe�cient, resulting in maximum values of 15 mΩ m (+ 30 %) and 100 µV K−1 (+

18 %) at 1273 K, respectively. This increase can be directly attributed to the decrease in

charge carrier concentration to 1.8×1021 cm−3 as a result of Yb2+ substitution with Ce3+.

The doping also has a slight e�ect on the charge carrier mobility, which decreases to 6.4 cm2

V−1 cm−1. Despite the successful doping, the resulting power factors (PF ) shown in Figure

4(c) remain comparable for the two samples with maximum value of 0.65 mW m−1 K−2 at

1273 K. In comparison, the stoichiometric n-type counterparts materials La3Te4, Pr3Te4 and

Nb3Te4 only show slightly superior PF in the range 0.7 to 1.0 mW m−1 K−2 at the same

temperature.13�15 However, in these cases, the decrease in charge carrier concentration can

be successfully achieved by creating vacancies on the rare earth site, resulting in strongly

enhanced PF values greater than 1.5 mW m−1 K−2.15 For instance, a comparable reduction

in charge carrier concentration from 4.0 to 2.0×1021 cm−3 by going from the compositions

Nb2.9Te4 to Nb2.86Te4 leads to a signi�cant 40 % increase of the PF .14 The optimization of

charge carrier concentration is essential to achieve substantial boost of the TE properties of

the n-type rare-earth tellurides but it does not appear to hold for the present p-type Yb4Sb3.

Figure 4(b) presents the measured total (κtot) and the estimated lattice (κL) thermal con-

ductivities for the two compositions. The undoped sample Yb4Sb3, which was measured for

the �rst time to the best of our knowledge, exhibits κtot values going from 4.2 W m−1 K−1 at

298 K to 3.8 W m−1 K−1 and 1273 K. Similar weak temperature dependence is observed for

stoichiometric n-type compounds Pr3Te4 and Nb3Te4, with slightly lower κtot values around

3.5 W m−1 K−1.14,15 The estimated charge carrier contribution (κE) was found to represent

about 70 % of κtot which is consistent with the high charge carrier concentration of this com-
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pound. The estimated κL remains constant at approximately 1.2 W m−1 K−1 throughout the

temperature range. This relatively low κL values can be attributed to the complex crystal

structure and the presence of heavy constituting elements in Yb4Sb3. Upon doping, κtot is

signi�cantly reduced by more than 40 %, reaching values of about 2.2 W m−1 K−1 across

the entire temperature range. The decrease in κtot is partially attributed to the reduction of

κE consecutive to the reduce charge carrier concentration in the doped compound. Further-

more, κL is signi�cantly reduced by about 50 % to reach approximately 0.6 W m−1 K−1 over

the entire temperature range. This reduction of κL is directly linked to the introduction of

atomic disorder in the structure due to partial substitution on both crystallographic sites.

Such a signi�cant reduction in κL is generally advantageous for improving the thermoelectric

performance of materials since it is the only parameter in the �gure of merit ZT that is not

correlated with the charge carrier concentration.

Finally, Figure 4(e) displays the �gure-of-merit ZT values for both the pristine and doped

samples. At temperatures below 800 K, ZT is small for both samples due to the low absolute

Seebeck coe�cients. However, ZT increases rapidly at higher temperatures. For the �rst

time to our knowledge, a maximum ZT of 0.21 is achieved for the pristine sample at 1273 K.

As a direct consequence of the induced structural disorder, Ce0.4Yb3.6Bi0.2Sb2.8 exhibits a

signi�cantly improved ZT of 0.39 (+85 %), primarily due to the substantial reduction in

thermal conductivity. The measured ZT values obtained for the investigated compositions,

although signi�cant, remained lower than the reported values of approximately 0.75 for

La0.5Yb3.5Sb3 and 0.65 for Sm0.4Yb3.6Sb3.19 This di�erence in properties are attributed to

the higher Seebeck coe�cient observed in these compositions, which reached 120 µV K−1 at

1273 K. Further investigations are required to gain a better understanding of the in�uence

of the various doping elements and synthesis processes on the Seebeck coe�cient of these

materials. It is worth noting that during the TE properties measurements at the highest

temperatures, the surface of the samples undergoes signi�cant oxidation. This oxidation is
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evident in Figure 4(f), which shows the initial shiny metallic surface turning black after the

measurement. The oxidation process poses challenges in accurately measuring the transport

properties due to the deterioration of electrical contact quality. This is believed to be the

cause of the slight deviations observed in the electrical resistivity data of the doped sample

above 1100 K in Figure 4(a). However, it should be emphasized that the oxidized layer is

con�ned to the surface of the pellet and can be e�ectively removed by polishing after the

measurement, restoring the sample to its original condition.

Figure 5: SEM back-scattered electron images of the contact interface and corresponding
EDS mappings. The images (a,b) and (c,d) correspond to the legs with Ni and Cu contacts,
respectively. EDS compositions of the phases indicated with numbers in (a) and (c) are
given in Table 3

The deposition of metallic contacts on TE materials is crucial for their successful inte-

gration into functional devices. This task presents several challenges as the contacts need

to possess strong adhesion, low electrical and thermal interface resistances, and compatible

thermal expansion properties with the TE material to prevent crack formation during synthe-
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Table 3: SEM-EDS analyses of the di�erent phases found at the contact interface of the Ni
and Cu legs. The analyses numbers correspond to the areas indicated in Figure 5(a,c)

Analysis number Ni (at.%) Cu (at.%) Yb (at.%) Sb (at.%) Attributed phase

(1) 98 - 1 1 Ni
(2) 69 - 21 10 Ni2Yb1−xSbx
(3) 39 - 33 28 NiYbSb
(4) 22 - 45 33 Ni1−xYbSb
(5) < 1 - 60 40 Yb4Sb3

(6) - 94 3 3 Cu
(7) - < 1 60 40 Yb4Sb3

sis and operation at high temperatures. To address these requirements, Ni (13.4×10−6 K−1)

and Cu (16.5×10−6 K−1) were chosen due to their relatively close match with the thermal

expansion parameter of Yb4Sb3 (12.7×10−6 K−1) determined earlier by XRD. Figures 5(a,b)

and 5(c,d) display representative SEM back-scattered electron images and corresponding

EDS mappings of the contact interfaces for Ni and Cu, respectively.

The elemental composition of the interface phases were determined by EDS analyses, and

the results are presented in Table 3. In both cases, the contact interfaces exhibited no cracks

or excessive porosity which is consistent with the good mechanical properties of the legs. For

the Ni contacts shown in Figure 5(a), two distinct phases (2) and (3) were observed at the

interface between Ni and Yb4Sb3, which correspond to the phases (1) and (5), respectively.

The EDS mapping revealed that both phases are composed of the three elements, with a

decrease in Ni concentration from the metal contact to the TE phase. Composition of the

phase (2) suggests that it may be the Laves phase Ni2Yb (MgCu2 structure-type, Fd3̄m,

space group no. 227), potentially with some Sb substitution on the Yb site. However, to

the best of our knowledge, such substitution has not been reported in the literature, and no

Ni2Sb phase is reported in the Ni-Sb phase diagram. The phase (3) is identi�ed as the half-

Heusler NiYbSb (F 4̄3m, space group no. 216), which is the only known ternary compound

in this system. Additionally, the presence of darker spots with sizes below approximately
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5 µm, visible within the Yb4Sb3 matrix, corresponds to phase (5). This phase, composed of

the three elements, exhibits a relatively lower Ni content compared to phase (4). It may be

attributed to Ni-de�cient Ni1−xYbSb as already reported by R. Mishra et al.32 However, it

should be noted that the EDS measurement accuracy for this phase may be compromised

due to the relatively small size of the analyzed area, which can include some part of the

Yb4Sb3 matrix owing to the interaction volume of the electron beam (a few µm). In the case

of Cu contacts shown in 5(c,d), no formation of new phases was observed at the interface

between Cu and Yb4Sb3, which corresponds to phases (6) and (7), respectively. The EDS

mapping clearly indicates a sharp separation of the elements at the interphase, indicating

the absence of signi�cant interdi�usion. The formation of several new phases at the interface

with Ni, which are absent for Cu, are expected to contribute to increase the electrical and

thermal contact resistances of the TE legs.

Figure 6: Room temperature scanning electrical resistance measurements of the (a) Ni and
(b) Cu legs. The pictures in inset shows the samples used for the measurements.

The electrical contact resistivities measured at room temperature for the Ni and Cu legs

are shown in Figures 6(a) and 6(b), respectively. The contact resistivity was estimated from

the jump of the electrical resistance occurring between the metal contact and TE materials.

For the Ni leg, contact resistivities of 2.8 and 1.4 µΩ cm2 were measured, while for the

Cu leg, contact resistivities of 1.1 and 0.5 µΩ cm2 were obtained. These values, ranging
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in the order of a few µΩ cm2, indicate good electrical contact quality. The higher contact

resistivities observed for the Ni leg compared to the Cu leg are consistent with the formation

of secondary phases observed in the SEM analyses. The electrical resistivity of Yb4Sb3 in

the legs was estimated to be 2.2 and 2.5 µΩ m based on the slope of the linear section.

These values are of the same order of magnitude as the room temperature value of 2.4 µΩ

shown in Figure 4(a). The slight deviation is attributed to the density change resulting from

di�erent sintering temperatures used for the leg synthesis. This con�rms that there is no

signi�cant di�usion of the metal contact into the TE material, which would otherwise a�ect

its electronic properties.33

4 Conclusion

Single phased and fully densi�ed Yb4Sb3 materials were successfully synthesized par ball

milling followed by reactive SPS. However, the obtained samples encountered two chal-

lenges. Firstly, they exhibited mechanical fragility, necessitating annealing at 1273 K for

24 hours. Secondly, they demonstrated high sensitivity to oxidation above 550 K, even in

a purged protective atmosphere, which posed di�culties in measuring the high-temperature

TE properties. A new series of doubly substituted CexYb4−xBi0.2Sb2.8 samples were syn-

thesized. Despite the substitution with Bi on the Sb site, XRD and SEM analyses revealed

an unchanged Ce solubility limit of x = 0.4, consistent with the previously reported singly

doped CexYb4−xSb3 series. The substitution of Yb2+ with Ce3+ e�ectively reduced the

charge carrier concentration of Ce0.4Yb3.6Bi0.2Sb2.8 resulting in an slightly increased Seebeck

coe�cient compared to pristine Yb4Sb3. However, this improvement was accompanied by

an increase in electrical resistivity, leading to comparable maximum PF of approximately

0.4 W m−1 K−2 at 1273 K for both samples. Nonetheless, the introduction of atomic disor-

der through the double substitution signi�cantly decreased the lattice thermal conductivity,

resulting in an improved ZT of 0.4 (+ 50 %) at 1273 K. Based on the determined linear
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thermal expansion coe�cient of 12.7×10−6 K−1 from high-temperature XRD measurements,

Cu and Ni were selected as contact metals for fabricating TE legs using SPS. Low averaged

electric contact resistances of 2 and 1 µΩ cm2 were measured for Ni and Cu, respectively.

These promising results highlight the potential of these materials for fabricating TE devices

intended for high-temperature applications.
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