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High thermoelectric performance of mechanically robust p-type Bi2Te3-based materials prepared by 

melt-spinning (MS) combined with plasma activated sintering (PAS) method can be obtained with 

small, laboratory grown samples. However, large-size samples are required for commercial 

applications. Here, large-size p-type Bi2Te3-based ingots with 30 mm, 40 mm, 60 mm in diameter were 

produced by MS-PAS, and the influence of temperature distribution during the sintering process on the 

composition and thermoelectric properties was systematically studied for the first time. Room 

temperature Scanning Seebeck Microprobe results show that the large size ingot is inhomogeneous, 

induced by ellipsoidal shape distributed temperature field during the sintering process, which is 

verified by the finite element analysis. Although some temperature differences are unavoidable in the 

sintering process, homogeneity and mechanical properties of ingots can be improved by appropriately 

extending the sintering time and design of graphite die. Samples cut from ingots attained the peak ZT 

value of 1.15 at 373 K, about 17% enhancement over commercial zone-melted samples. Moreover, the 

compressive and bending strengths were improved by several times as well. It is important to ascertain 

that large-size p-type Bi2Te3-based thermoelectric materials with high thermoelectric performance can 

be fabricated by MS-PAS.  

 

1. Introduction 

Thermoelectricity has attracted a worldwide interest in the past decades as a means to directly 

convert heat into electricity. It is potentially a reliable vibration-free technology with indirect 

environmental benefits as well.[1,2] However, large scale commercialization of thermoelectric power 

generators is still in its infancy mainly for two reasons: (a) the conversion efficiency of commercially 

available materials is not high enough as measured by the dimensionless figure of merit ZT defined 

as ZT=2T/, where, ,  and T are the Seebeck coefficient, the electrical conductivity, the 

thermal conductivity, and the absolute temperature, respectively.[3] (b) difficulties with reproducible 
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large-scale fabrication of high performance thermoelectric materials that also possess robust 

mechanical properties.  

Bi2Te3-based compounds have been, by far, the leading state-of-the-art thermoelectric 

material for near room temperature applications with the peak ZT value of about unity. Commercial 

Bi2Te3-based materials are typically prepared by zone melting (ZM) and have favorable 

thermoelectric performance along the crystal growth direction. Unfortunately, poor mechanical 

stability of zone melted ingots makes it difficult to fabricate devices (especially micro-devices) due to 

an easy cleavage of the material along the basal plane during manufacturing and assembling of TE 

modules.[4,5] Therefore, the synthesis of bulk Bi2Te3-based materials with simultaneously excellent 

mechanical and thermoelectric properties has been a focus for the thermoelectric community for 

some time.  

In the past ten years, numerous investigations have shown that carefully chosen nanometer-

scale inclusions can scatter phonons very effectively while having a minor impact on the electronic 

transport, and their presence thus can enhance thermoelectric properties of the material.[6-19] 

Moreover, the refinement of the grain structure leads to improved mechanical properties of bulk 

materials according to the Hall–Patch relation.[20] In 2007, Tang et al. reported the maximum ZT 

value of 1.35 at 300 K for the sample prepared by melt spinning with roller linear speed of 40 m s-1.[21] 

In 2008, Poudel et al. successfully prepared nanostructured p-type Bi2Te3-based materials utilizing 

the ball milling technique followed by hot pressing and obtained the ZT value as high as 1.4 at 373 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

This article is protected by copyright. All rights reserved. 

4 

 

K.[22] Besides, Cao et al. employed a hydrothermal method combined with hot pressing to prepare p-

type Bi2Te3-based bulk nanocomposites which showed the maximum ZT value of 1.47 at 

approximately 420 K.[23] Furthermore, Xie et al. reported the highest ZT of about 1.50 around 300 K 

for their p-type (Bi,Sb)2Te3 bulk material synthesized by melt spinning combined with the 

subsequent spark plasma sintering technique (MS-SPS).[24,25] This material possessed a very fine grain 

structure due to exceptionally rapid solidification, a typical feature of the melt-spinning process. 

Moreover, the compressive and bending strength of this material was increased 5-6 times in 

comparison to ZM ingots.[26] In addition, the MS-SPS synthesis technique has also been used in the 

preparation of high performance bulk thermoelectric materials, such as skutterudites,[27-29] higher 

manganese silicides,[30] AgSbTe2,
[31] Mg2(Si,Sn),[32] -Zn4Sb3,

[33] and BiSb alloys.[34] Although 

nanostructured materials with greatly improved thermoelectric and mechanical properties can be 

obtained by all the above synthesis techniques, the resulting nanocomposite structures have been 

only small research-size ingots with typical dimensions of 10-15 mm in diameter and 2-3 mm in 

thickness. Of critical importance for large-scale commercial applications is the synthesis of large-size 

homogeneous ingots having excellent TE performance and outstanding mechanical properties over 

the entire length of the samples and doing so consistently and reproducibly.[35] Thus far, very little 

attention has been focused on reproducibility, homogeneity and consistency of TE properties of 

large-size nanostructured bulk ingots fabricated by the novel synthesis techniques. 
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In this work, p-type Bi2Te3-based thermoelectric materials were prepared in larger sizes by 

melt spinning combined with plasma activated sintering. The impact of ingot size and structure of 

the graphite die on the homogeneity, temperature distribution during the sintering process, and 

thermoelectric properties are investigated using the finite element analysis aided by Ansys® (Ansys 

Inc., Cecil Township, PA, USA). Large-size ingots with 30 mm, 40 mm, 60 mm in diameter were 

successfully prepared and were carefully examined for homogeneity, reproducibility, mechanical 

properties and TE performance. The study has pointed out a new direction for the synthesis of large-

size nanostructured ingots with high repeatability, consistency and uniformity, which is of great 

relevance for large-scale commercial applications of high performance nanostructured Bi2Te3-based 

thermoelectric materials, especially as it concerns the fabrication of thermoelectric micro-devices. 

 

2. Results and Discussion 

Figure 1 shows the distribution of Seebeck coefficient values measured over a cross sectional 

area of ingots of different size sintered at 723 K with the holding time of 5 min. The measurement 

interval is 200 m and the spatial resolution is about 10 m, as shown in Figure S1. Figure 1(a) 

depicts the distribution of room temperature values of the Seebeck coefficient obtained on an ingot 

with the diameter of 15 mm and the thickness of 2 mm. The values of the Seebeck coefficient fall 

within the range from 200 to 215 V K-1, roughly within the error bar for the measurement, 

indicating a uniform distribution for small-size ingots. However, large-size ingots with the diameter 
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of 30 mm and the thickness of 12 mm have a distinctly inhomogeneous distribution of Seebeck 

coefficient values varying from 185 to 225 V K-1, as shown in Figure 1(b) and (c). The Seebeck 

coefficient on the outer edge of the ingot is larger than the Seebeck coefficient in the center of the 

ingot. The variation of Seebeck coefficient values resembles an elliptical shape with the Seebeck 

coefficient decreasing towards the center. As the volume of the ingot increases, the homogeneity of 

the Seebeck coefficient values becomes progressively worse and this would restrict large scale 

applications for the MS-PAS synthesized samples. 

In order to study the uniformity of large-size ingots more systematically, the electrical 

conductivity, the Seebeck coefficient and the thermal conductivity were measured at different 

locations of the ingot along the same direction as shown in Figures 2, 3 and 4. Figure 2 gives the 

radial and axial distribution of the electrical conductivity for samples cut from the ingot with the 

diameter of 30 mm and the thickness of 12 mm. The electrical conductivities decrease monotonically 

with the increasing temperature, behaving like a degenerate semiconductor. Moreover, in the radial 

direction, the closer the sample comes from the center of the ingot the higher is its electrical 

conductivity. The room temperature electrical conductivity in the central position is 11.4×104 S m-1 

while the electrical conductivity at the edge of the ingot is 9.6×104 S m-1 as shown in Figure 2(a). In 

the axial direction, the electrical conductivity shows the same trend as in the radial direction as 

shown in Figure 2(b). Specifically, the room temperature electrical conductivity is 9.9×104 S m-1 in the 

central position while the electrical conductivity decreases down to 8.1×104 S m-1 as one goes 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

This article is protected by copyright. All rights reserved. 

7 

 

toward the top and bottom surfaces of the ingot. An exactly opposite trend is displayed by the 

Seebeck coefficient in Figure 3 where at the central position the Seebeck coefficient is 190 V K-1 

while towards the edge of the ingot the Seebeck coefficient value is higher at 208 V K-1. ZEM-3 

results, which represent averages of the Seebeck coefficient across the sample, are consistent with 

the scanning Seebeck probe data, indicating that the latter technique is eminently suitable for the 

characterization of the uniformity of the material.  

Similar to the electronic properties, the thermal conductivity too displays certain irregularity 

in the distribution of its values. As shown in Figure 4, in the radial direction, the room temperature 

thermal conductivity is about 1.2 W m-1 K-1 at the center and is higher than the thermal conductivity 

at the edge (about 1.1 W m-1 K-1). However, these changes are quite small and within the error bars 

of the measurement. In the axial direction, the room temperature thermal conductivity at different 

locations is almost the same with the value of about 1.3 W m-1 K-1. Bulk samples used in 

measurements of the thermal conductivity were also used to determine the degree of orientation 

with the Lotgering method shown in Figure 5. [36,37] In this method, F is expressed as the following 

equations: F=(P-P0)/(1-P0), P0=I0(00l)/∑I0(hkl), P=I(00l)/∑I(hkl), where I0(00l) is the intensity of (00l) peaks and 

∑I0(hkl) is the sum of intensities of all peaks for the powders with random orientation; I(00l) is the (00l) 

peak intensity and ∑I(hkl) is the sum of the intensities of all peaks for the measured section. The 

orientation factor of different regions in both the radial and axial direction is on the order of 0.03-

0.05, indicating almost no preferential orientation in accord with the negligible change in the 
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thermal conductivity measured in different directions. Thus the difference in thermoelectric 

properties between the edge region and the middle is not induced by the difference in preferential 

orientation. 

Numerous investigations have demonstrated that thermoelectric properties have a close 

relationship with the structure, morphology and composition of the materials. All such factors are 

closely related to the temperature distribution during the sintering process of large-size ingots. 

Hence, we used a commercial finite element code, Ansys to simulate the temperature distribution 

during the sintering process, applying a thermal–electrical coupled steady-state analysis with a very 

short time of 1 s.[38] Boundary conditions and the load used for the analysis are as follows: (a) the 

initial temperature during the experiment is 298 K; (b) the temperature of the environment is set as 

a constant 298 K during the entire process; (c) heat losses by convection are ignored for experiments 

taking place under vacuum; (d) an electric current I is directly applied at the top surface of the 

punch, (e) the voltage difference between the top and bottom punches is V; (f) heat transfer by 

radiation occurs from exposed surfaces of the die, punch, and environment, and we assume the 

emissivity value of 0.8 which has been confirmed to be very realistic for graphite.[39,40] In order to 

obtain basic data for the Ansys analysis, we sintered ingots at 373-723 K with no holding time, and 

their transport properties at the sintering temperature were characterized as shown in Figure S2, S3 

and S4. In addition, the basic data for graphite were taken from the literature and the results are 

shown in Figure 6 and 7.[41, 42] The ingot with the diameter of 15 mm and the thickness of 3 mm 
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shows uniform temperature distribution by the Ansys finite element analysis, and the maximum 

temperature difference between the center and the edge of the ingot is less than 1 K, as shown in 

Figure 6. However, the ingot with the diameter of 30 mm and thickness of 12 mm, shown in Figure 7, 

has the temperature at the center higher than at the edge by as much as 10 K. This, of course, may 

lead to notable differences in physical and chemical properties of samples depending on from what 

region of the ingot they were cut out. This is especially important and relevant in regard to the 

density of anti-site defects and vacancies which are very sensitive to the temperature. The similarity 

in the ellipsoidal shape distribution of the temperature field and that of the distribution of the 

Seebeck coefficient values suggests that the cause of these distributions is a particular temperature 

profile during the sintering process. Since the temperature distribution of the ingots is very difficult 

to measure. And it is also a challenge to reveal the real temperature through simulation, thus 10 K 

obtained by simulation is not the real temperature gradient in the ingots during the sintering 

process. However, the simulation demonstrates the trend of temperature distribution of the ingots 

during the PAS process. Indeed the temperature gradient in the ingots induced the inhomogeneous 

distribution of Seebeck coefficient. 

In order to further prove that the non-uniform thermoelectric properties of the material are 

chiefly induced by the inhomogeneous temperature distribution during the sintering process, we 

have consolidated small size ingots with 15 mm diameter and 2.5 mm thickness at different 

temperatures from 623 K to 763 K and characterized their thermoelectric properties.[43,44] The aim 
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here is to explore what effect the sintering temperature has on thermoelectric properties of small-

size ingots and, based on the outcome, find remedies and adjust sintering conditions for fabrication 

of homogeneous large-size ingots.  

The small-size ingots sintered at different temperatures are almost isotropic as shown in 

Figure S5.[45] As shown in Figure S6, the electrical conductivity increases with the increasing sintering 

temperature except for sample sintered at 743 K and 763 K where an anomalous decrease in the 

electrical conductivity has occurred. This is due to the fact that the starting material (commercial ZM 

Bi0.5Sb1.5Te3) contained a slight excess of Te and at the sintering temperatures of 743 K and 763 K the 

melting point of Te (Tm=722 K) was exceeded and some Te squeezed out of the sample. Indeed, the 

graphite die after sintering at these temperatures contained droplets of solidified Te. Ingots sintered 

at 703 K and 723 K achieved the maximum ZT value of 1.15, and the detailed thermoelectric 

performance of ingots sintered at different temperatures is shown in Figures S6-S9. Except for ingots 

sintered at 743 K and 763 K, the electrical conductivity increases and the Seebeck coefficient 

decreases with the increasing sintering temperature due to the increasing concentration of charge 

carriers. Figure 8 shows the actual composition and carrier concentration of ingots with the 

diameter of 15 mm and thickness of 2.5 mm at different sintering temperatures between 623 K and 

763 K. With the increasing sintering temperature, the ratio of anions to cations decreases and the 

carrier concentration increases, with the two parameters being closely related.[46,47] For p-type 
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Bi2Te3-based alloys, the carrier concentration is closely related to anti-site defects and vacancies as 

follows:[48-51] 

h2Te
2

3
VV2Bi2TeBi 2TeBiTe32  ，

         (1) 

h2Te
2

3
VV2Sb2TeSb 2TeSbTe32  ，

         (2) 

With the increase in the sintering temperature, a certain amount of Te volatilizes, leading to a 

decrease in the ratio of anions to cations, and this induces the formation of more anti-site defects 

resulting in an increase in the density of holes. For large-size ingots, in both the radial and axial 

directions, the temperature and the hole concentration at the center is higher than at the edge, 

according to the Ansys finite element analysis, leading to higher electrical conductivity and lower 

Seebeck coefficient at the center compared with the edge region of the ingot. Variations in the 

composition of the nominally homogeneous small-size ingots sintered at different temperatures 

show a similar trend as changes in the charge carrier density at different locations observed in large-

size ingots. This makes it plausible that the source of both is the non-uniformity of the temperature 

field during the synthesis.  

In order to improve the uniformity of the temperature field, we have experimented with 

extending the time during which the ingot is subjected to sintering from 5 min to 30 min. Figure 9 

shows the distribution of Seebeck coefficient values measured over the cross section of large-size 
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ingots sintered for the time spanning from 5 min to 30 min. As follows from Figure 9, the uniformity 

of the distribution is greatly improved with the increasing sintering time. Although some differences 

in the distribution of Seebeck coefficient values (at a level of about 25-30 V K-1 between the center 

and the edge regions of the ingot) still exist in an ingot sintered for 20 min, the uniformity is much 

improved compared to an ingot sintered for 5 min. The statistical distribution of Seebeck coefficient 

is a more understandable way as shown in Figure 10. The ingot sintering for 5 min shows average 

value 197.5 V K-1 and standard deviation 7.6 V K-1 for Seebeck coefficient, while for the ingot 

sintering for 30 min average value is 187.7 V K-1 and standard deviation is 5.8 V K-1. With the 

increase of sinter time, the standard deviation decreases, indicating enhanced homogeneity of 

Seebeck coefficient which is determined by compositional homogeneity. The effect on transport 

properties is shown in Figures 11 and is clear: the variation in the electrical conductivity and the 

Seebeck coefficient at different locations in both the radial and axial directions of the ingot is much 

smaller when the time of sintering is extended. Since diffusion, mass transport and thermal 

transport are time dependent processes, extending the time of sintering allows for achieving a more 

uniform temperature field which, in turn, results in more uniform transport coefficients.  

As already noted, the economy of large-scale industrial applications of thermoelectricity 

demands a consistent and repeatable fabrication of large-size ingots with good homogeneity and 

uniformity. In order to ascertain the repeatability and consistency of the material, the identical 20 

min sintering process was used to prepare two ingots with the diameter of 30 mm and the height of 
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12 mm and the distribution of Seebeck coefficient values was measured over the cross section by 

the scanning Seebeck probe. As shown in Figure 12, the two ingots have almost the same 

distribution of Seebeck coefficient values confirming that the MS-PAS synthesis route has excellent 

repeatability and consistence which is so essential for the fabrication of large-size ingots of 

thermoelectric materials. One simply has to find, by the trial and error, the appropriate sintering 

conditions which, in the case of Bi2Te3-based materials, seem to require an extended duration of 

sintering.  

It is noted that the inhomogeneous distribution of Seebeck of MS-PAS ingot is ascribed to 

compositional variation of the ratio between anions and cations, induced by temperature gradient in 

the ingot. However the temperature gradient in the ingots is strongly related to the inhomogeneous 

joule heat and heat transfer during PAS process which can be correlated to the structure of graphite 

die. Therefore, the uniformity of the temperature distribution in the ingots can be improved through 

appreciate design of the graphite die. Here we choose the die with the inner diameter 30 mm as an 

example with variation of the outer diameter from 60 mm to 120 mm. Figure 13 shows the 

temperature of ingot (30 mm diameter and 12 mm height) along radial and axial direction obtained 

by Ansys simulation sintering at 723 K by graphite die with different outer diameter. With increase 

of the outer diameter of graphite die, the temperature gradient increases along both radial and axial 

direction. And the further experimental results confirm that the simulation is justified as shown in 

Figure 14. The standard deviation of Seebeck coefficient over the cross section of ingot sintered for 5 
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min with graphite die 60 mm in outer diameter  is 6.3 V K-1 according to statistical distribution, 

much smaller than that of ingots sintered with graphite die 90 mm and 120 mm in outer diameter. 

As a result, the homogeneity of ingot (30 mm diameter and 12 mm height) is improved by 

appreciate designing of the graphite die. 

In Figure 15 we compare the dimensionless thermoelectric figure of merit ZT of two samples 

cut out from a large-size (30 mm diameter and 12 mm height) ingot parallel and perpendicular to the 

ingot’s axis prepared by the MS-PAS techniques (20 min sintering time) with the figure of merit 

measured for a ZM sample and for two samples prepared by the traditional melting followed by 

spark plasma sintering, M-SPS, (again, samples cut out parallel and perpendicular to the ingot’s axis). 

ZT values of the two samples cut out from the MS-PAS ingot are almost the same and the maximum 

value of 1.15 is achieved at 373 K. This represents about 17% enhancement compared to the ZM 

sample where the ZT peaks at a value of 0.98 at temperatures closer to the ambient.[26] The two M-

SPS samples cut out from the 30 mm diameter ingot reach the maximum value of ZT of about unity 

at about 380 K.[52] 

Moreover, larger ingots with 40 mm and 60 mm in diameter were synthesized by MS-PAS. 

Figure 16 shows the distribution of Seebeck coefficient values over the cross section of ingots with 

diameter 40 mm and 60 mm respectively. For comparison, the data of Zone melting ingots is also 

shown in Figure 16. With increase of the ingot diameter, indeed the homogeneity of the ingots 

deteriorate. Figure 17 shows the statistical distributions of the Seebeck coefficient values over the 
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cross section of ingots for ingots with diameter 40 mm, 60 mm and Zone melting ingots respectively. 

The Seebeck coefficient of ingot with 40 mm in diameter posseses average value 189.5 V K-1 and 

standard deviation 7.2 V K-1. Those for the ingot with 60 mm in diameter are 205.8 V K-1, 8.7 V K-

1 for average value and standard deviation respectively. While the ZM sample exhibits average value 

217.3 V K-1 and standard deviation 10.9 V K-1. Clearly, the standard deviation of MS-PAS ingots is 

smaller than that of Zone melting samples in spite of that Zone melting process is an equilibrium 

process, indicating that the uniformity of the Seebeck coefficient values in the MS-PAS ingot is far 

better than that of the ZM ingot.  

Advantages of the MS-PAS synthesized ingots over the ZM ingot, as far as the compressive 

strength and the bending strength is concerned, are documented by the data in Figure 18 where a 

data point constitutes an average value of 10 samples. The compressive and the bending strengths 

of the ZM sample are similar, with a value of 10 MPa. A sample cut from a large-size ingot prepared 

by MS-PAS with the sintering time of 5 min has the compressive strength of 56 MPa and the bending 

strength of 27 MPa. These values increase with the time of sintering and a sample cut from a large-

size ingot sintered for 20 min reaches 65 MPa in the compressive strength and 40 MPa in the 

bending strength, values considerably higher than for the ingot sintered for 5 min and some 3-5 

times greater strengths than for the ZM sample. The improvement comes from a diminishing 

presence of the Te boundary phase upon increasing the time of sintering as documented by the BSE 

image in Figure S10. This is further confirmed by TEM studies shown in Figure 19. Images for a 
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sample from the MS-PAS prepared ingot sintered for 5 min are shown in Figures 19(a-d). Grains 1 

and 3 in Figure 19(a) are the matrix phase confirmed by SAED and EDS in Figures 19(b-d). Moreover, 

EDS in Figure 19(d) also shows that the interfacial phase (grain 2 in Figure 19(a)) is, indeed, the Te 

phase of micrometer scale. HRTEM image of a sample from the MS-PAS prepared ingot sintered for 

20 min, Figure 19(e), shows convincingly that the amount of interfacial Te is dramatically reduced 

and the width of the interfacial phase region shrinks down to 10 nm. The much narrowed interface 

region renders a more compact structure with improved mechanical properties. 

 

3. Conclusion 

In this study, the effect of temperature distribution during the process of sintering of Bi2Te3-

based thermoelectric materials on their thermoelectric properties is discussed in depth. Large-size 

ingots show higher temperature and larger carrier concentration at locations near the axis of the 

ingots than at locations close to the edges of the ingots. Although some temperature difference 

during the sintering process is inevitable, the uniformity of sintered ingots are greatly improved by 

extending the duration of sintering and design of graphite die. Large-size ingots sintered for 20 min 

attain the maximum ZT value of 1.15 at 373 K and exhibit the compressive strength of 65 MPa and 

the bending strength of 40 MPa. These large-size ingots are prepared by melt spinning (MS) followed 

by plasma activated sintering (PAS) and show enhanced thermoelectric properties, much better 

mechanical properties and improved homogeneity compared to the ZM prepared ingots. This bodes 
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well for economical fabrication of commercial quantities of high performance TE materials intended 

for applications in both TE cooling and power generation. 

 

4. Experimental Section 

Commercially available p-type Bi0.5Sb1.5Te3 ZM ingots (Thermonamic Electronics Corporation) 

were used as starting materials for the melt-spinning process. The ZM ingots were put into a quartz 

tube with a 0.5 mm diameter nozzle, and placed under the protection of an argon atmosphere. The 

ingots of about 15 gram were melted by induction melting and then ejected under an argon 

atmosphere with a pressure of 0.04 MPa in about 20 s onto a copper roller rotating with the linear 

speed of 10 m s-1. Figure S11 shows the morphology of obtained thin ribbons. Enough ribbon 

products were obtained by repeated melting and ejection, and the ribbons were subsequently hand-

grounded into fine powders. Large-size samples with 30 mm, 40 mm, 60 mm diameter were sintered 

at 723 K under the pressure of 30 MPa for different time duration in the vacuum by the plasma 

activated sintering (PAS) technique, similar to SPS. [53] Figure S12 shows the image of an ingot with 

30 mm diameter and 12 mm height after sintering, and Figure 16(c) and Figure 16(d) show the image 

of ingots with 40 mm and 60 mm in diameter respectively. In addition, in order to investigate the 

impact of the sintering temperature on thermoelectric properties, smaller-size ingots of 15 mm in 

diameter and 2-3 mm in height were sintered at different sintering temperatures (623-763 K). 
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Phase identification of the ingots was performed by powder X-ray diffraction with Cu K 

radiation (XRD, PANalytical Empyrean, Netherlands), the diffractometer was operated at 40 kV and 

40 mA. The actual composition was obtained by electron-probe microanalysis (EPMA, JXA-8230, 

JEOL, Japan). Microstructures of the ingots were investigated by field-emission scanning electron 

microscopy (FESEM, Hitachi SU-8020, Japan), and high-resolution transmission electron microscopy 

(HRTEM, JEM-2100F, JEOL, Japan).  

The electrical conductivity () and the Seebeck coefficient () were measured simultaneously 

using commercial equipment (ZEM-3, Ulvac Riko, Inc.) under a low pressure of inert gas (He) in the 

range of 298–523 K. The thermal conductivity () was calculated from the relationship  =DCpd, 

where D is the thermal diffusivity obtained by the laser flash method (LFA-457, Netzsch, German), Cp 

is the specific heat measured by a differential scanning calorimeter (DSC Q20, TA Instrument, USA), 

and d is the density measured by the Archimedes method. The Hall coefficient (RH) at room 

temperature was determined by a physical properties measurements system (PPMS-9, Quantum 

Design, USA) with the magnetic field of 1 T. The corresponding carrier concentration (n) and carrier 

mobility (H) were calculated by the following equations: n=1/eRH and H=/ne. The variation of the 

Seebeck coefficient over the cross section was characterized by a Scanning Seebeck Microprobe 

(Panco, Germany).[54-57] The compressive and bending strengths were measured on a MTS universal 

test machine (E44.104, MTS, China). The size of the measured samples was 6 × 3 × 3 mm3 for the 
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compressive strength and 15 × 2 × 2 mm3 for the bending strength. The average of 10 samples was 

used to evaluate the compressive and bending strengths.  
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Figure 1. (a) Distribution of Seebeck coefficient values over the cross section of an ingot with the 

diameter of 15 mm and height of 3 mm; (b) Distribution of Seebeck coefficient values over the cross 

section of an ingot with the diameter of 30 mm and height 12 mm; (c) an image of the cross section 

of an ingot with the diameter of 30 mm and height of 12 mm on which the Seebeck coefficient 

values were measured.  
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Figure 2. (a) The radial distribution of the electrical conductivity measured on samples cut from the 

ingot of 30 mm diameter and height of 12 mm and labeled as in the inset of Figure 2(a); (b) the axial 

distribution of the electrical conductivity measured on samples cut from the ingot of 30 mm 

diameter and height of 12 mm and labeled as in the inset of Figure 2(b).  
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Figure 3. (a) The radial distribution of the Seebeck coefficient measured on samples cut from the 

ingot with the diameter of 30 mm and height of 12 mm as shown in the inset of Figure 3(a); (b) the 

axial distribution of the Seebeck coefficient measured on samples cut from the ingot with the 

diameter of 30 mm and height of 12 mm as shown in the inset of Figure 3(b).  
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Figure 4. (a) The radial distribution of the thermal conductivity measured on samples cut from the 

ingot with the diameter of 30 mm and height of 12 mm as shown in the inset of Figure 4(a); (b) the 

axial distribution of the thermal conductivity measured on samples cut from the ingot with the 

diameter of 30 mm and height of 12 mm as shown in the inset of Figure 4(b).  
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Figure 5. The orientation factor for samples cut from the ingot with the diameter of 30 mm and 

height 12 mm as indicated in the insets.  
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Figure 6. (a) The temperature distribution during sintering for graphite mould and the ingot with the 

diameter of 15 mm and height of 3 mm; (b) the temperature distribution during sintering for the 

ingot with the diameter of 15 mm and height of 3 mm.  
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Figure 7. (a) The temperature distribution during sintering for graphite mould and the ingot with the 

diameter of 30 mm and height of 12 mm; (b) the temperature distribution during sintering for the 

ingot with the diameter of 30 mm and height of 12 mm.  

 

 

Figure 8. The constituency ratio and the carrier concentration for ingots with the diameter of 15 mm 

and height of 3 mm sintered at different temperatures between 623 K and 763 K.  
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Figure 9. The distribution of Seebeck coefficient values over the cross section of ingots with the 

diameter of 30 mm and height of 12 mm sintered for the time of (a) 5 min; (b) 10 min; (c) 20 min; 

and (d) 30 min. 
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Figure 10. The statistical distribution of Seebeck coefficient for ingots with the diameter of 30 mm 

and height of 12 mm, and the sintering time is 5 min, 10 min, 20 min and 30 min respectively. 
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Figure 11. The comparison of transport parameters of samples cut from ingots with the diameter of 

30 mm and height of 12 mm and sintered for the time of 5 min and 20 min. (a) electrical 

conductivity; (b) Seebeck coefficient; (c) carrier concentration; (d) sample composition. 
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Figure 12. The distribution of Seebeck coefficient values measured over the cross section of two 

ingots with the diameter of 30 mm and height of 12 mm synthesized under identical conditions and 

sintered for 20 min. (a) The first sample; (b) the second sample. Excellence reproducibility is 

apparent. 
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Figure 13. The temperature distribution of ingots sintered by graphite die with different outer 

diameter. (a) Along radial direction; (b) along axial direction. 
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Figure 14. (a) The distribution of Seebeck coefficient values over the cross section of ingots with the 

diameter of 30 mm and height of 12 mm sintered by graphite die with 60 mm in outer diameter; (b) 

the distribution of Seebeck coefficient values over the cross section of ingots with the diameter of 30 

mm and height of 12 mm sintered by graphite die with 90 mm in outer diameter; (c) the distribution 

of Seebeck coefficient values over the cross section of ingots with the diameter of 30 mm and height 

of 12 mm sintered by graphite die with 120 mm in outer diameter; (d) the statistical distribution of 

Seebeck coefficient for ingots with the diameter of 30 mm and height of 12 mm, and the outer 

diameter of graphite die is 60 mm, 90 mm, and 120 mm respectively. 
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Figure 15. A comparison of ZT values measured on different samples. Red solid circles and open 

squares represent ZT values measured parallel and perpendicular to the pressing direction for 

samples cut from the ingot with the diameter of 30 mm and height of 12 mm and sintered for 20 

min. Blue and green curves indicate ZT values for samples cut parallel and perpendicular to the 

pressing direction from the ingot prepared by melting followed by SPS. The dashed line stands for ZT 

values measured on a ZM sample. 
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Figure 16. (a) Distribution of Seebeck coefficient values measured over the cross section of the ZM 

ingot; (b) distribution of Seebeck coefficient values measured over the cross section of the ingot with 

the diameter of 40 mm and height of 14 mm and sintered for 20 min; (c) images of an ingot with the 

diameter of 40 mm and height of 14 mm prepared by MS-PAS; (d) images of an ingot with the 

diameter of 60 mm and height of 13 mm prepared by MS-PAS; (e) distribution of Seebeck coefficient 

values measured over the cross section of the ingot with the diameter of 60 mm and height of 13 

mm and sintered for 20 min. 
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Figure 17. The statistical distribution of Seebeck coefficient for ingots sintering for 20 min and 

compared with the ZM sample, and the diameter of ingots is 30 mm, 40 mm, and 60 mm 

respectively. 
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Figure 18. The compressive strength and the bending strength of samples cut from the ingot with 

the diameter of 30 mm and height of 12 mm and sintered for times of 5 min and 20 min, 

respectively. For comparison, the data for the ZM sample are also included. 

 

 

Figure 19. (a) TEM image of a sample cut from the ingot with the diameter of 30 mm and height of 

12 mm and sintered for 5 min.; (b) SAED of grain 1 in Figure 19(a); (c) SAED of grain 3 in Figure 19(a); 

(d) EDS of grains 1, 2, and 3 in Figure 19(a); (e) HRTEM image of a sample cut from the ingot with the 

diameter of 30 mm and height of 12 mm and sintered for 20 min; (f) EDS of grains 1, 2, 3, and 4, in 

Figure 19(e). 

 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

This article is protected by copyright. All rights reserved. 

42 

 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

This article is protected by copyright. All rights reserved. 

43 

 

Mechanically robust p-type Bi2Te3-based nanostructured bulk material in large size is prepared by 

melt-spinning combined with plasma activated sintering, which shows high thermoelectric 

performance together with excellent homogeneity. It is of critical importance for large-scale 

commercial applications of nanostructured thermoelectric materials, especially as it concerns the 

fabrication of thermoelectric micro-devices. 
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