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Semiconducting (Bi2Te3)x(Sb2Te3)1 – x alloys are among the best thermoelectric materials available today 

near room temperature. This property is largely attributed to compositional variations, resulting in im-

proved figure of merit. Considering this, present study aimed at characterizing the optical and thermoelec-

tric properties of microstructured p-type (Bi2Te3)x(Sb2Te3)1 – x alloys for enhanced thermoelectric efficiency. 

High performance microstructured p-type (Bi2Te3)x(Sb2Te3)1 – x alloys were prepared by melting technique. 

The phase, optical band gap, microstructure, carrier type concentration and thermoelectric properties of 

the prepared alloys were systematically investigated by X-ray diffraction, Fourier transform infrared spec-

troscopy, scanning electron microscopy, hot probe p-n type tester, four-probe method, κ-probe method and 

Seebeck coefficient measurement system. The electrical conductivity and Seebeck coefficient were meas-

ured in the temperature range 298-473 K to elucidate the Sb content effect on the thermoelectric proper-

ties of the p-type (Bi2Te3)x(Sb2Te3)1 – x alloys. The optical band gap decreased with increasing Sb content. Al-

so, with the increase of Sb content, the electrical conductivity increased substantially, the thermal conduc-

tivity increased significantly and the Seebeck coefficient decreased marginally, which lead to a great im-

provement in the thermoelectric figure of merit. The maximum power factor of 3.2  10 – 3 Wm – 1K – 2 and 

figure of merit of 0.72 were obtained at 300 K for the composition of 15 %Bi2Te3-85 %Sb2Te3.  
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1. INTRODUCTION 
 

Thermoelectric (TE) materials have widely em-

ployed in power generator [1], Peltier cooler [2] and 

novel type sensors, including: TE hydrogen sensor [3], 

TE anemometer [4], TE wear sensor [5], TE humidity 

sensor [6], TE infrared sensor [7-8] and so on. The effi-

ciency of TE materials is generally represented by a 

figure of merit, Z  2/, or the dimensionless, ZT, 

where α is the Seebeck coefficient,  is the electrical 

conductivity,  is the thermal conductivity of the mate-

rial and T is the absolute temperature. These materials 

have potential to act as thermoelectric devices at room 

temperature since they have high Seebeck coefficient.  

A good TE material should have a high electrical con-

ductivity like a crystalline material and a low thermal 

conductivity like a glass, as suggested by Slack with 

the concept of “phonon-glass / electron-crystal”s PGEC 

model [9-14]. The basic crystal structures of these ma-

terials ensure the good electrical properties and the 

spacious voids or cages in the lattice structures reduce 

the thermal conductivity of the materials by the strong 

phonon scattering [15-16]. Many bismuth and antimo-

ny based thermoelectric materials including n-type 

Bi2(Te, Se)3 and p-type Sb2Te3 have been studied and  

Figure of merit of the thermoelectric materials can be 

improved by an increase of Seebeck coefficient and elec-

trical conductivity and decrease of thermal conductivi-

ty. The highest figure of merit even observed for TE 

materials has been reported by Venkatasubramanian 

and co-workers with ZT  2.4 at room temperature for 

p-type Bi2Te3 / Sb2Te3 super lattice thin film [17]. 

Though all new electric materials have ZT  1, theoret-

ical results of Hicks et al. predicted that the thermoe-

lectric devices fabricated as 2-D quantum well or 1-D 

quantum wires could have ZT  3 [18]. Significant pro-

gress has been made in recent years and it indicates 

that the low-dimensional materials have high thermoe-

lectric conversion efficiency [19-21]. 

Thermoelectric properties for Bi-Te based alloys 

were considerably affected by preparation methods. A 

ZT value of 1.56 at 300 K was obtained by melting spin-

ning p-type Bi0.52Sb1.48Te3 bulk material combined with 

a spark plasma sintering process [22]. Bi-Sb-Te materi-

als were prepared by zone melting technique and max-

imum ZT of 1.14 was obtained at about 350 K for com-

position of 24 %Bi2Te3-76 %Sb2Te3 with 3 wt % excess 

Te [23]. The ZT value could be modified by adjusting the 

ratio of Bi and Sb due to change of carrier concentration 

and thermal conductivity. Chan et al. [24] prepared 

(BixSb1 – x)2Te3 materials in the composition range of 

x  0.15-0.25 and found that the (Bi0.25Sb0.75)2Te3 has 

maximum ZT of 0.588. Li et al. [25] prepared 

(Bi2Te3)x(Sb2Te3)1 – x materials in composition range of 

x  0.16-0.24 by the fusion method together with spark 

plasma sintering and obtained ZT value of 1.33 at 398 K 

and 1.05 at 300 K for the composition of 20 % Bi2Te3 –

80 % Sb2Te3 with 3 wt % excess Te. From the literature 

survey it is clear that the value of ZT depends upon 

composition as well as the preparation method.  
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In the present work, (Bi2Te3)x(Sb2Te3)1 – x thermoelec-

tric materials in the composition range of x  0.15-0.30 

have been prepared and their optical and thermoelectric 

properties have been studied. The efforts have been 

made to synthesize good quality of (Bi2Te3)x(Sb2Te3)1 – x 

(x  0.15, 0.2, 0.25 and 0.3) materials by melting method 

which is very easy, economical and reliable in terms of 

repeatability. 

 

2. EXPERIMENTAL DETIALS 
 

A High purity 99.999 % Bi, Sb and Te granules were 

weighted according to the formula of (Bi2Te3)x(Sb2Te3)1 – x 

(x  0.15, 0.2, 0.25 and 0.3). The powder mixture was 

loaded into quartz ampoule and sealed under vacuum 

at 10 – 4 Pa. The sealed quartz ampoule was loaded in a 

furnace and heated to 800 C for 15 hours to ensure the 

composition homogeneity and quenched to room tem-

perature. The ingot was crushed, separated, grounded 

and characterized.  

The crystal phase of the sample was studied by 

Philips PW-1710 X-ray diffartometer using CuKα radia-

tion. The FTIR spectra were recorded using Perkin 

Elmer PE-RX 1 FTIR spectrophotometer. The optical 

transmission spectra for all four alloys were measured in 

the spectral range of 2500 nm to 25000 nm. The Scan-

ning electron microscopy was done for structural infor-

mation.  

The thermoelectric properties were measured using 

specimens having 12 mm diameter and 2 mm thickness. 

The electrical conductivity () was measured by using 

four probe method. At room temperature the thermal 

conductivity was measuredby κ probe- method. In this 

method the mica, glass, Teflon, Bakelite and silver which 

have low value of thermal conductivity were used as the 

reference samples. The carrier type concentration was 

measured by hot probe p-n type tester. The Seebeck coef-

ficient () was obtained by measuring voltage between 

both ends of the specimens after applying constant tem-

perature difference between both ends in the tempera-

ture range 298K-470 K. A T-type differential thermocou-

ple was attached to fluke thermometer to read the tem-

perature difference of the sample. The Seebeck meas-

urement was performed under vacuum. 

 

3. RESULT AND DISCUSSION  
 

The XRD measurement was carried out on the pow-

der sample by using Cu Kα line radiation with wave-

length 1.54 Å and shown in Fig. 1. The XRD patterns 

verify that all samples were in single phase, consist of 

very sharp well resolved peaks and having rhombohe-

dral crystal structure. In all cases, the peaks centered at 

2θ  28.33  having highest intensity for the reflection at 

(015) plane. 

The FTIR spectra of all alloys are shown in Fig. 2. 

In all cases, the peaks occurred at 3415 cm – 1 corre-

spond to the – OH group of H2O, at 2925 cm – 1 and 

2362 cm – 1 due to C – H bond of the – CH3 – and  

– CH2 – groups. When x  0.2, 0.25 and 0.3, the peaks 

occurred at 1645 cm – 1 due to C  O stretching mode, at 

around 1423 cm – 1 due to C – H bond of the – CH3 – 

and – CH2 – groups, at 1043 cm – 1 due to Bi, at around 

675 cm – 1 due to Sb. 

The optical transmission spectra were measured in 

the spectral range of 2500 nm to 25000 nm. From the 

transmission data, the value of absorption coefficient 

() was calculated in the region of strong absorption 

using the relation: 
 

   log 100/T (1) 
 

 
 

Fig. 1 – XRD 2θ patterns of (Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 

0.25 and 0.3) alloys 
 

 

 

Fig. 2 – FT-IR spectra of (Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 

0.25 and 0.3) alloys 

 

The analysis of absorption coefficient was carried 

out to obtain the optical band gap (Eg). The optical 

band gap was determined from absorption coefficient 

data as a function of (hν) by using Tauc relation [26]. 
 

   A(hν – Eg)n/hν (2) 
 

where A is a constant, Eg is the optical band gap of the 

material and the exponent n depends on the type of 

transition and have values 1/2, 2, 3/2 and 3 correspond-

ing to the allowed direct, allowed indirect, forbidden 

direct and forbidden indirect transitions, respectively. 

The values of optical band gap (Eg) was calculated by 

extrapolating the straight line portion of (hν)1/n vs. hν 
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by taking n  0.5 as shown in Fig. 3. The calculated 

values of Eg for all samples are given in Table 1. It is 

evident from Table 1, optical band gap (Eg) decreased 

with increase of the Sb content. Hence, the observed 

band gap shrinkage is dependent on the carrier concen-

tration thereby resulting in narrowing band gap effect.  
 

 
 

Fig. 3 – Optical band gap of (Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 

0.25 and 0.3) alloys 
 

Table 1 – Optical band gap of (Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 

0.2, 0.25 and 0.3) 
 

Material Optical band gap(eV) 

(Bi2Te3)0.3(Sb2Te3)0.7 0.18 

(Bi2Te3)0.25(Sb2Te3)0.75 0.17 

(Bi2Te3)0.2(Sb2Te3)0.8 0.15 

(Bi2Te3)0.15(Sb2Te3)0.85 0.13 
 

The SEM micrographs of fracture surface of the 

samples are shown in Fig. 4. The sample which has 

best thermoelectric properties ((Bi2Te3)0.15(Sb2Te3)0.85) 

shows laminar structure and better realigned grains as 

shown in Fig. 4a. 

The temperature dependence of electrical conductiv-

ity for all samples has been studied. It has been ob-

served that the electrical conductivity increased with 

increasing temperature, which indicates that the mi-

crostructured alloys have semiconducting behavior. It 

was also found that the electrical conductivity () in-

creased with increase of the Sb content. For instance, 

electrical conductivity () increased from about 

5.9  104 (Ωm) – 1 to 1.28  105 (Ωm) – 1 when the Sb 

content is increased from x  0.15 to x  0.3 at 300 K.  

The semiconductors show activated temperature 

dependence according to the relation (3).  
 

   0 exp(– E/kBT) (3) 
 

where ΔE and 0 are the activation energy and pre-

exponential factor respectively. Fig. 5 shows tempera-

ture dependence of dc conductivity for (4) 
 

 n  2(2mkBT/h2)2/3 exp(– E/kBT) (4) 
 

where m is the mass of charge carrier and kB is the 

Boltzmann constant.  

Electrical conductivity can be expressed in terms of 

the carrier concentration (n), as follows: 
 

   ne (5) 
 

where  is the carrier mobility, e is the electron charge 

and n is the carrier concentration. It was found that the 

free charge carrier concentration (n) and electrical 

conductivity () increased with increasing Sb content. 

Previous studies [25, 27-28], indicate the holes are gen-

erally created by the antistructure defects resulted 

from substituting Te atoms by Bi and Sb in the p-type 

(Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 0.25 and 0.3) alloys. 

A decrease of difference in electronegtivity between the 

component atoms (Sb   2.05, Bi  2.02 and Te  2.1) 

will be favorable to form the antistructure defects. 

Hence, the carrier (hole) concentration and electrical 

conductivity increased with increasing Sb content be-

cause more antistructure defects are formed due to 

small difference in electronegtivity between Sb and Te 

than that between Bi and Te. 

The total thermal conductivity consists of a phononic 

contribution kl and a contribution of mobile charge carri-

ers, kc, i.e. ktotal  kl + kc. Usually, the carrier thermal 

conductivity (kc) can be estimated by the Wiedemann-

Franz law, which relates kc to the electrical conductivity 

() according to kc  L0T, where Lorenz number is taken 

to be L0  2.45  10 − 8 V2/K2. It can be seen from Table 2, 

the carrier thermal conductivity (kc) increased with in-

creasing Sb content from x  0.15 to 0.3, which is origi-

nated from the increase in electrical conductivity due to 

increase in carrier concentration. 

The positive value of the Seebeck coefficient for 

(Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 0.25 and 0.3) deter-

mined over the temperature ranging from 298 K to 

465 K, as shown in Fig. 6, means that the major charge 

carriers in all the samples  are holes. The Seebeck coef-

ficient for (Bi2Te3)x(Sb2Te3)1 – x samples was observed to  

 

Table 2 – Carrier type concentration, electrical conductivity (), activation energy (ΔΕ), free charge carrier concentration (n), 

total thermal conductivity(ktotal), carrier thermal conductivity (kc), Seebeck coefficient (), power factor (PF) and dimensionless 

figure of merit (ZT) for (Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 0.25 and 0.3) alloys at 300 K  
 

Material  
Type 

  105 

(Ωm) – 1 

ΔΕ 

(eV) 

n  1019
 

(cm – 3) 

ktotal 

(W/mK) 

kc 

(W/mK) 

 

(V/K) 

PF  10 – 3 

(Wm – 1K – 2) 
ZT 

(Bi2Te3)0.3(Sb2Te3)0.7 p 0.591 0.02 1.15 1.18 0.43 + 195 2.3 0.57 

(Bi2Te3)0.25(Sb2Te3)0.75 p 0.734 0.018 1.23 1.22 0.53 + 182 2.4 0.59 

(Bi2Te3)0.2(Sb2Te3)0.8 p 0.942 0.017 1.29 1.26 0.68 + 175 2.8 0.68 

(Bi2Te3)0.15(Sb2Te3)0.85 p 1.28 0.014 1.45 1.32 0.94 + 158 3.2 0.72 
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Fig. 4 – SEM micrograph of (Bi2Te3)0.15 (Sb2Te3)0.85 (a), (Bi2Te3)0.2 (Sb2Te3)0.8 (b), (Bi2Te3)0.25 (Sb2Te3)0.75 (c), (Bi2Te3)0.3 (Sb2Te3)0.7 (d) 

 

 
 

Fig. 5 – Temperature dependence of the dc conductivity of 

(Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 0.25 and 0.3) alloys 
 

increase with increasing temperature, and after reach-

ing a maximum value, it showed a slight decrease with 

further increase in temperature which is due to excita-

tion of carriers at higher temperature. This type of be-

havior also has been reported previously [29]. The See-

beck coefficient strongly depends on carrier concentra-

tion and can be expressed as follow:  
 

      
2 32 2 2 *8 3 3Bk eh m T n   (6) 

 

where e is the electron charge, m* is the effective mass, h 

is the Planck constant and μ is the carrier mobility. The 

Seebeck coefficient at 300 K decreased from about + 195 

V/K to + 158 V/K by increasing the Sb content from 

x  0.7 to 0.85 due to increase in carrier concentration. 

 
 

Fig. 6 – Temperature dependence of the Seebeck coefficient of 

(Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 0.25 and 0.3) alloys 
 

The temperature dependence of power factor for 

(Bi2Te3)x(Sb2Te3)1 – x is shown in Fig. 7. It is well known 

that optimizing the power factor PF  2 of a thermoe-

lectric material always involves a compromise on the 

Seebeck coefficient () and on the electrical conductivi-

ty (). Here we observed that the Seebeck coefficient 

first increases and then shows a slight decrease with 

increase in temperature. Also electrical conductivity of 

semiconductors increases with increase of temperature. 

The power factor of (Bi2Te3)x(Sb2Te3)1 – x first increases 

with increasing temperature and at a certain tempera-

ture becomes a constant value which is due to depend-

ence of power factor on the Seebeck coefficient and on 

the electrical conductivity. 
 

a b 

c d 
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Fig. 7 – Temperature dependence of the power factor of 

(Bi2Te3)x(Sb2Te3)1 – x (x  0.15, 0.2, 0.25 and 0.3) alloys 
 

At 300 K, the calculated values of figure-of-merit 

(ZT  2T/) are shown in Table 2. It is evident from 

Table 2 that the sample corresponding to the composi-

tion of 15 %Bi2Te3–85 %Sb2Te3 has the best thermoe-

lectric properties. 

 

 

4. CONCLUSIONS 
 

The microstructured (Bi2Te3)x(Sb2Te3)1 – x alloys with 

various chemical composition (x  0.15, 0.2, 0.25 and 0.3) 

have shown p-type conduction. The influence of the varia-

tions of Sb content on the optical and thermoelectric 

properties has been studied. The optical band gap de-

creased with increase of the Sb content and result indi-

cated the significant band gap shrinkage at higher dop-

ing levels. The SEM micrographs provide that the sample 

which has best thermoelectric properties show laminar 

structure and better realigned grains. Also, the results 

show that the increase in Sb content caused decrease in 

Seebeck coefficient and increase in electrical conductivity 

and thermal conductivity due to increase in hole concen-

tration. As a result, at 300 K, the maximum figure of 

merit (ZT) of 0.72 has been obtained for the composition 

of 15 %Bi2Te3–85 %Sb2Te3. 
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