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As a thermoelectric material, Bi0.3Sb1.7Te3.0+x (x = 0‒0.05) was fabricated by mechanical 

alloying using yttria-stabilized zirconia (YSZ) ceramic balls and vessels, followed by hot 

pressing. The effects of the added tellurium on the thermoelectric properties of 

Bi0.3Sb1.7Te3.0 fabricated with YSZ milling media were investigated. All sintered samples 

were isotropic and showed p-type conduction. The tellurium solid-solubility limit for 

Bi0.3Sb1.7Te3.0 was determined to be x = 0.01 by differential thermal analysis (DTA). The 

solid-solubility limit of the sample fabricated using YSZ was narrower than that of the 

congener prepared with Si3N4 balls and stainless-steel metal vessels. Among the evaluated 

compositions, the Bi0.3Sb1.7Te3.01 sintered disk had the highest dimensionless figure of 

merit, ZT = 1.30, at room temperature. This value was superior to that of Bi0.3Sb1.7Te3.0+x 

fabricated using metal vessels. Thus, selection of the milling media affected the optimum 

doping amount and maximum ZT. 
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1. Introduction 

Thermoelectric materials and systems enable the direct conversion of heat into electricity 

and vice versa by the Seebeck and Peltier effects. Thermoelectric materials have great 

potential for application in waste-heat recovery and solid-state refrigeration of small areas 

because of their many advantages, such as the lack of moving parts, lightness, 

environmental friendliness, and high reliability [1‒3]. However, thermoelectric materials 

are not widely used owing to their low energy conversion efficiency. In recent years, 

methods of improving the thermoelectric performance of materials such as metal 

chalcogenides [4‒9], skutterudites [10‒12], and silicides [13,14] have been studied. 

The performance of thermoelectric materials is estimated by the dimensionless figure of 

merit, ZT: 

 ZT = α2σκ–1T   (1) 

where α is the Seebeck coefficient (V K‒1), σ is the electrical conductivity (S m‒1), κ is 

the thermal conductivity (W m‒1 K‒1), and T is the absolute temperature (K). The thermal 

conductivity κ is generally expressed by the following simple formula: 

 κ = κphonon + κcarrier = κphonon + LσT   (2) 

The carrier thermal conductivity, κcarrier, is given by the Wiedemann-Franz law, where 

κphonon is the phonon thermal conductivity, and L is the Lorenz number [15,16]. 

Bi2Te3-based materials are regarded as having the best thermoelectric properties near 

room temperature. These materials adopt a rhombohedral crystal structure, with space 

group R3m. They have remarkable anisotropic thermoelectric and physical properties [17]. 

The powders-solid state milling reaction (sometimes called mechanical alloying (MA) ) 

followed by hot pressing (HP) is a widely investigated method of preparing these 

materials [18‒20]. MA is a high-energy powder processing method that provides fine-
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grained powders and uniform elemental dispersion. The sintered samples obtained via the 

MA-HP process show low phonon thermal conductivity, and HP exerts refining effect via 

grain boundary scattering [21]. The resulting compacts fabricated by the MA-HP process 

have random crystal orientations and refined structures, which strongly contribute to 

reducing the phonon thermal conductivity.  

A previous study [22] showed that the Bi0.3Sb1.7Te3.0 composition was optimal for 

undoped p-type Bi2Te3-Sb2Te3 materials prepared by MA-HP. This composition is 

different from that prepared by melt growth, namely Bi0.5Sb1.5Te3.0 [23]. It was also 

confirmed that single-phase and isotropically oriented Bi2Te3-Sb2Te3 could be obtained 

by the MA-HP process [22]. In recent years, the effect of milling media composed of balls 

and vessels on Bi0.3Sb1.7Te3.0 has been investigated. The disks fabricated by milling with 

yttria-stabilized zirconia (YSZ) ceramic balls and vessels showed better thermoelectric 

performance than the disks fabricated by using Si3N4 balls and stainless-steel vessels 

because the YSZ milling media suppressed contamination from the milling media, where 

the contaminants act as a carrier dopant [24]. 

Various strategies have been investigated to improve the ZT, such as dopant addition [25‒

29], nanoparticle dispersion [30‒34], and adjusting the fabrication process [35‒37]. 

Dopant addition is a notably effective way to control thermoelectric properties. Deviation 

from stoichiometry due to constituent elemental doping has impacts on the structural 

properties, transport properties and the type of defects inside materials [38‒40]. In p-type 

Bi0.3Sb1.7Te3.0, non-stoichiometry by tellurium doping improved ZT. A previous study 

showed that the ZT of Bi0.3Sb1.7Te3.0+x reached a maximum value of 1.11 with a tellurium 

content of x = 0.1, and excess Te acted as a carrier dopant, thereby improving ZT [27]. 

However, Si3N4 balls and stainless-steel vessels were used in that study, and 
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contamination from the milling media affected the thermoelectric properties and optimum 

tellurium composition. If the milling media material is appropriate, it is expected that the 

variations in the thermoelectric properties due to dopant addition could be adjusted and 

the optimum dopant amount would differ. 

The effect of adding tellurium on the thermoelectric properties of Bi0.3Sb1.7Te3.0 fabricated 

with YSZ milling media has not been reported previously. In this study, tellurium-doped 

p-type Bi0.3Sb1.7Te3.0 is fabricated by the MA-HP process using YSZ milling media. The 

effect of tellurium as an additive on the thermoelectric properties of isotropic 

Bi0.3Sb1.7Te3.0 fabricated with YSZ milling media is investigated. 
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2. Materials and methods 

High-purity Bi (5N), Sb (6N), and Te (6N) were purchased from Kojundo Chemical 

Laboratory Co., Ltd., Saitama, Japan, and weighed according to the stoichiometric ratio 

of Bi0.3Sb1.7Te3.0+x (x = 0, 0.006, 0.01, 0.015, 0.02, 0.035, and 0.05). Only millimeter-scale 

grains were used as raw materials in order to suppress contamination from the surface 

oxide layers. The raw materials were loaded into the YSZ vessels with YSZ milling balls 

with a diameter of 25 mm. The YSZ milling vessels and balls were used to suppress the 

introduction of contaminants from the milling media, where the contaminants act as 

carrier dopants and deteriorate the thermoelectric properties. The weight ratio of the 

milling balls to the starting grains was 20:1. The vessel was sealed in a glove box under 

Ar atmosphere. MA was performed in a Fritsch P-5 planetary ball-mill at a rotational 

speed of 150 rpm for 30 h. The resulting powder was passed through a 150 μm diameter 

sieve, and it was confirmed that no elemental grains remained on the sieve. The as-milled 

powders were subsequently loaded into an HP mold and placed in an HP chamber. The 

HP chamber was evacuated to below 0.4 Pa and then filled with Ar gas. The milled 

powder was hot-pressed at 623 K under a uniaxial pressure of 147 MPa. The sintered 

sample was a cylinder with a height of 9 mm and diameter of 10 mm. The sample was 

cut into disks with a thickness of 1.0 mm and a diameter of 10 mm. The disks obtained 

from both ends of the cylinder were not used in the measurements because they promote 

the formation of the (0 0 l) texture by plastic deformation and exhibit anisotropic 

thermoelectric properties [41]. 

The phases of the sintered disks with x = 0, 0.01, and 0.05 were characterized by X-ray 

diffraction using Cu-Kα radiation in the Bragg angle range of 2θ = 10‒110° with a step 

size of 0.1° and a step speed of 5.0 s per step (Rigaku SmartLab). In addition, by taking 
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the disk with x = 0.01 for an example, the XRD patterns of the disk sections parallel (in-

plane) and perpendicular (out-of-plane) to the pressing direction were investigated. The 

orientation factor F was estimated by using the Lotgering method to evaluate the isotropy 

[34]. F is expressed by the following equations: 

F = (P – P0) / (1 – P0)   (3) 

P = ΣI(00l) / ΣI(hkl)   (4) 

P0 = ΣI0(00l) / ΣI0(hkl)   (5) 

where P is the ratio of the intensity summation of the diffraction peaks standing for (00l) 

planes to the counterpart for the (hkl) planes. P0 is the ratio for the composites with 

random orientation. F = 0 for a random orientation and F =1 for a complete (00l) 

orientation [22]. P0 = 0.0486 was calculated by using standard peaks of Bi0.3Sb1.7Te3.0 

(Inorganic Crystal Structure Database (ICSD) #184248) [42]. 

Disks with x = 0, 0.01, and 0.05 were ground with a pestle and subjected to differential 

thermal analysis (DTA; Hitachi TG/DTA6300) to confirm the existence of elemental Te. 

DTA was performed in the temperature range of 300‒1000 K at a constant heating rate of 

10 K min‒1 under Ar gas flow. 

The microstructures in the out-of-plane directions and the in-plane fracture surfaces of 

the disk with x = 0.01 were investigated using a scanning electron microscope (SEM; 

JEOL, JSM-6510A). The elemental distribution profiles of the disk with x = 0.05 were 

analyzed by energy-dispersive X-ray spectroscopy (EDS). 

The electrical conductivity, Seebeck coefficient, and thermal conductivity of all the 

sintered disks were measured at room temperature, and the dimensionless figure of merit, 

ZT, at room temperature was estimated using Eq. (1). The electrical conductivity was 

measured by a four-point probe (tungsten carbide, 1.00 mm diameter) test using a delta-
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mode electrical resistance system (2182A/6220 instrument; Keithley Instruments, Inc.). 

Ohmic contact was used to confirm that all measurements had an accuracy better than 

±1% [43]. The Seebeck coefficients were measured using the thermal contact method [44]. 

SRM3451 was used to confirm that the measurement system accuracy was within ±2% 

[45]. The thermal conductivities were determined using a static comparison method under 

1 Pa vacuum [23,46,47]. The standard material for this system was a quartz (κ = 1.411 W 

m‒1 K‒1) disk with a thickness of 1.0 mm and a diameter of 10 mm. The accuracy of the 

thermal conductivity measurement system was within ±1%. The phonon and carrier 

thermal conductivities were estimated using Eq. (2), where the Lorenz number (L) was 

estimated from the Seebeck coefficient using the effective mass model [48]. 

The temperature-dependence of the electrical conductivity and Seebeck coefficient for 

the compacts with x = 0 and 0.01 was examined using a ZEM-3 (Advance-Riko) 

instrument in the temperature range of 300‒580 K. To eliminate the influence of 

anisotropy, rectangular samples with dimensions of 3.0 × 3.0 × 8.5 mm3 were cut from 

the center of the sintered bulks by using a diamond saw blade. The accuracy of the 

Seebeck coefficient and electrical conductivity from the ZEM-3 measurements was less 

than ±7%. The relationship between the figure of merit, ZT, and temperature was 

determined from the temperature-dependence of the electrical conductivity and Seebeck 

coefficient measured using ZEM-3, and the fixed thermal conductivity at room 

temperature. 
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3. Results and Discussion 

All the resulting samples were dense and showed p-type conduction. Figure 1(a) shows 

the XRD patterns of the sintered disks with x = 0, 0.01, and 0.05. All the main diffraction 

peaks were consistent with the standard peaks of Bi0.3Sb1.7Te3.0 (Inorganic Crystal 

Structure Database (ICSD) #184248), indicating that the bulk comprised single-phase 

Bi2Te3-Sb2Te3 solid-solutions [42]. No additional diffraction peaks associated with pure 

tellurium were detected. The F values for each sample were estimated by using Eq. (3) – 

(5), to be 0.044, 0.046, and 0.039 respectively, which means that no preferential 

orientation formed in the obtained sample [34]. Figure 1(b) shows the XRD patterns of 

the Bi0.3Sb1.7Te3.01 sintered disk sections parallel and perpendicular to the pressing 

direction. The F values for the sections parallel and perpendicular to the pressing direction 

were 0.060 and 0.046 respectively. The result suggests that the disk is regarded as 

isotropic. 

Fig. 1 (a) XRD patterns (2θ = 10‒110°) of Bi0.3Sb1.7Te3.0+x sintered disks section 

perpendicular to the pressing direction prepared by MA-HP, (b) XRD patterns (2θ = 10‒
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110°) of the Bi0.3Sb1.7Te3.01 sintered disk sections parallel and perpendicular to the 

pressing direction, and Bi2Te3-Sb2Te3 main indexes [42]. The standard peaks correspond 

to Bi0.3Sb1.7Te3.0 (ICSD #184248). 

 

Figure 2(a) shows the DTA data in the range of 300‒1000 K for the samples with x = 0, 

0.01, and 0.05. An endothermic peak at approximately 873 K was observed for each 

sample, which corresponds to the melting point of Bi0.3Sb1.7Te3.0. Figure 2(b) shows the 

magnified DTA curves in the temperature range of 640‒720 K. Only the sample with x = 

0.05 showed an endothermic peak at approximately 680 K, corresponding to the eutectic 

point of Te and Bi2Te3 [23,49]. This observation indicates that Bi0.3Sb1.7Te3.0+x bulk with 

x ≤ 0.01 comprised a single-phase Bi2Te3-Sb2Te3 solid-solution because the excess Te was 

dissolved in the Bi0.3Sb1.7Te3.0 matrix. On the other hand, excess Te precipitated and 

formed a Bi2Te3-Te solid-solution in the range of x > 0.01. Further, the tellurium solid-

solubility limit of the Bi0.3Sb1.7Te3.0 bulk fabricated by using the YSZ milling vessels and 

balls was determined as approximately x = 0.01. This is completely different from that of 

the Bi0.3Sb1.7Te3.0 bulk fabricated by using Si3N4 milling balls and stainless-steel vessels 

(x = 0.1) [27]. 
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Fig. 2 DTA curves for pestle-ground, sintered samples of Bi0.3Sb1.7Te3.0+x prepared by 

MA-HP. (a) 300‒1000 K, (b) 640‒720 K. 

 

Figure 3(a) shows a SEM micrograph of the cross-section of the sintered Bi0.3Sb1.7Te3.01 

bulk. The bulk was dense and homogeneous throughout the sample. Figure 3(b) shows a 

SEM micrograph of the fracture surface of the sintered Bi0.3Sb1.7Te3.01 bulk. The grain 

size was approximately 1 μm at the in-plane fracture surface, similar to that of the 

Bi0.3Sb1.7Te3.0 disk [24]. These results show that the amount of Te additive did not affect 

the grain growth of the matrix. In the sintered Bi0.3Sb1.7Te3.05 disk, no apparent 

precipitated tellurium was confirmed by EDS (Supplementary figure 1). It might be 
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because the additive tellurium content was less than 1 at %, and it was too small to observe 

the precipitation by EDS. No reaction between bismuth antimony telluride matrix and 

contaminants from YSZ milling media was confirmed by EDS in a previous study [24]. 

Fig. 3 SEM micrographs of (a) cross-section and (b) fracture surface of Bi0.3Sb1.7Te3.01 

sintered sample. 

 

Figure 4(a) shows the measured Seebeck coefficients for all sintered disks at room 

temperature. All Seebeck coefficients were positive, indicating p-type semiconductors. 

The Seebeck coefficient decreased with increasing addition of tellurium, x, and reached 

the lowest value at x = 0.01. In contrast, the Seebeck coefficients were constant in the 

range of x > 0.01. Figure 4(b) shows the measured electrical conductivities of all sintered 
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disks at room temperature. The electrical conductivity followed a trend opposite to that 

of the Seebeck coefficient. The electrical conductivity increased with increasing tellurium 

content, x, and reached a maximum value at x = 0.01. For x ≥ 0.01, the electrical 

conductivity became constant. These results and the DTA data presented in Fig. 2(b) 

indicate that the additional tellurium was dissolved in the matrix and acted as a carrier 

dopant in the range of x ≤ 0.01. Within this range, additive tellurium formed acceptor 

levels in the Bi2Te3-Sb2Te3 system, which caused the variation of band structure and 

thermoelectric properties [23]. On the other hand, at x > 0.01, Te was precipitated and a 

Bi2Te3-Te solid-solution was formed, neither of which affected the thermoelectric 

properties of Bi0.3Sb1.7Te3.0. Additive tellurium was not dissolved in the matrix within this 

range, which means no variation of acceptor levels and band structures in the Bi2Te3-

Sb2Te3 system. Furthermore, additive tellurium content is quite low as shown in XRD and 

SEM-EDS results. Due to the above reasons, the thermoelectric properties became 

constant at x > 0.01. This trend was the same as that observed for the bulk fabricated using 

Si3N4 milling balls and stainless-steel vessels. However, the tellurium solid solubility 

limit for the Bi0.3Sb1.7Te3.0 matrix was completely different. The tellurium solid-solubility 

limit for the Bi0.3Sb1.7Te3.0 bulk shifted from x = 0.1 to x = 0.01 upon changing the milling 

media from Si3N4 balls and stainless-steel vessels to YSZ milling balls and vessels [27]. 

The shift in the solid solubility limit might be because the contaminants from the YSZ 

milling media did not react with tellurium. Furthermore, contaminants from the YSZ 

milling media did not act as carrier dopants. In the case of the Si3N4 balls and stainless-

steel vessels, the contaminants (such as iron) reacted with tellurium (Supplementary 

figure 2), and the reactant affected the Seebeck coefficient and electrical conductivity [27]. 

On the other hand, in the case of YSZ milling media, the ZrO2 contaminant suppressed 
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the reaction and did not affect the dopant [24]. The selection of the milling media affected 

the optimum doping. 

 

Figure 4(c) presents the total, phonon, and carrier thermal conductivities of the sintered 

Bi0.3Sb1.7Te3.0+x bulk samples at room temperature. The phonon and carrier thermal 

conductivities were calculated using Equation (2): L was calculated from the Seebeck 

coefficient by using an effective mass model and was estimated to be approximately 1.6 

× 10‒8 W Ω K‒2 for each sample [48]. The phonon thermal conductivity was almost 

constant for all samples. This suggests that the amount of tellurium added and tellurium 

precipitation did not contribute to the phonon thermal conductivity due to the quite small 

content of additive tellurium as with the Seebeck coefficient and electrical conductivity. 

 

Figure 4(d) presents the dimensionless figure of merit, ZT, at room temperature (T = 300 

K) for all sintered disks. The ZT value increased upon doping with tellurium, and the 

Bi0.3Sb1.7Te3.01 sample had the highest ZT value of 1.30 (α = 227 μV K‒1, σ = 9.81 × 104 

S m‒1, κ = 1.17 W m‒1 K‒1). This value is superior to that of Bi0.3Sb1.7Te3.1 fabricated using 

Si3N4 balls and stainless-steel vessels [27]. Herein, suppression of contamination from 

the milling media resulted in the high thermoelectric performance of Bi0.3Sb1.7Te3.01. The 

selection of the milling media affected the maximum ZT. 
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Fig. 4 Dependence of room-temperature thermoelectric properties on amount of tellurium 

added (x) for Bi0.3Sb1.7Te3.0+x sintered disks. (a) Seebeck coefficient, (b) electrical 

conductivity, (c) thermal conductivity, and (d) dimensionless figures of merit (ZT). 

 

The temperature-dependence of the Seebeck coefficient and electrical conductivity of the 

sintered Bi0.3Sb1.7Te3.01 disks was examined, where this sample was selected because it 

had the highest ZT value. The temperature-dependence of the thermoelectric properties 

of the undoped Bi0.3Sb1.7Te3.0 sintered disk were also examined to clarify the effect of Te 

doping on the thermoelectric properties of Bi0.3Sb1.7Te3.0. Figure 5 shows the temperature-

dependence of the Seebeck coefficient for Bi0.3Sb1.7Te3.01 and Bi0.3Sb1.7Te3.0. All samples 
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showed positive α values over the entire measured temperature range, indicating that 

these samples had p-type characteristics. The Seebeck coefficient for the Bi0.3Sb1.7Te3.0 

bulk decreased linearly with increasing temperature. On the other hand, the Seebeck 

coefficient of Bi0.3Sb1.7Te3.01 increased slightly with temperature up to 420 K, and 

subsequently decreased. These results suggest that the tellurium additive acts as a carrier 

dopant and suppresses excitation of the minority charge carriers (electrons) and shifts the 

thermal excitation temperature of the electrons toward the higher temperature range 

[50,51]. 

Fig. 5 Temperature-dependence of Seebeck coefficient for Bi0.3Sb1.7Te3.01 and 

Bi0.3Sb1.7Te3.0 sintered disks. 

 

Figure 6 shows the temperature-dependence of the electrical conductivity for 

Bi0.3Sb1.7Te3.01 and Bi0.3Sb1.7Te3.0. The electrical conductivity of both samples decreased 

monotonically with increasing temperature, which indicates that the sintered bulk 

exhibited the behavior of a degenerate semiconductor. The decreasing rate in electrical 

conductivity for Bi0.3Sb1.7Te3.0 was lower than that for Bi0.3Sb1.7Te3.01. This result suggests 

that the intrinsic excitation occurs at a lower temperature in Bi0.3Sb1.7Te3.0 bulk, which 
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hinders the decrease in electrical conductivity [52]. In other words, additive tellurium 

shifts the thermal excitation temperature toward a higher temperature range in 

Bi0.3Sb1.7Te3.01 bulk, which is in good agreement with Seebeck coefficient measurement 

results. 

Fig. 6 Temperature-dependence of electrical conductivity for Bi0.3Sb1.7Te3.01 and 

Bi0.3Sb1.7Te3.0 sintered disks. 

 

As a consequence, the highest ZT value (1.30) was obtained at room temperature with a 

composition of Bi0.3Sb1.7Te3.01. Zhao et al. used a stainless-steel jar for ball-milling and 

achieved a maximum ZT of 1.3 at 400 K (ZT = 1.1 at room temperature) by dispersing 

nanoparticles into Bi0.3Sb1.7Te3 [34]. However, the same value was obtained herein 

without nanoparticles owing to the suppression of contamination from the milling media. 

The high thermoelectric performance indicates that the inherent thermoelectric properties 

of bismuth antimony telluride were accessed by adjusting the milling media materials and 

Te doping, and the thermoelectric performance was improved.  
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4. Conclusion 

The present study was carried out to investigate the thermoelectric properties of 

Bi0.3Sb1.7Te3.0+x (x: 0‒0.05) fabricated by MA with YSZ milling media followed by HP. 

The results are summarized as follows. 

(1) All the sintered disks were p-type semiconductors. All disks were dense, 

homogeneous, and finely grained with isotropy. The grain size of the Bi0.3Sb1.7Te3.01 

sintered disk was approximately 1 μm. 

(2) DTA analysis of Bi0.3Sb1.7Te3.05 showed tellurium precipitation and the formation of 

a Bi2Te3-Te solid-solution. The solid solubility limit of tellurium was determined to 

be x = 0.01. The solid-solubility of tellurium shifted within a narrow range upon 

changing the milling media from Si3N4 balls and stainless-steel vessels to YSZ balls 

and vessels. 

(3) The dimensionless figure of merit, ZT, reached a maximum value of 1.30 (α = 227 

μV K‒1, σ = 9.81 × 104 S m‒1, κ = 1.17 W m‒1 K‒1) at room temperature for the 

Bi0.3Sb1.7Te3.01 sintered bulk. The addition of tellurium required to achieve the 

maximum ZT also shifted upon changing the milling media. 

The suppression of contamination from the milling media resulted in the high 

thermoelectric performance of bismuth antimony telluride. Thus, selection of the milling 

media affected the optimum doping amount and maximum ZT. 
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