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Abstract 

In the present study, thermoelectric materials based on p-type 32TeBi  and dispersed 

with x compositions of selenium (Se) ( )0.1and,8.0,6.0,4.0,2.0,0.0=x  in 

( )xx −1332 TeSeBi  ingots were prepared by using standard solid-state microwave 

synthesis procedures. The microstructures of the ingots were characterized by 
field emission scanning electron microscopy. The crystalline of the powders were 
examined by X-ray diffraction, which showed the formation of a rhombohedral 
structure. The electrical transport properties of the samples were studied from 
room temperature up to 500K. The results indicate that the hole concentration 
gradually increases, resulting in an increase in electrical conductivity and a 
decrease in the Seebeck coefficient with increasing Se content. The 

thermoelectric power factor was enhanced to 2mKmW19.4  for the sample 

with .2.0=x  
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1. Introduction 

Narrow-gap binary chalcogenides, such as 32TeBi  and ,SeBi 32  are 

well known as thermoelectric materials (TEs) used in a thermoelectric 
generator, which functions at room temperature (300K) [1-3]. The crystal 
structures of these chalcogenides are rhombohedral, with the space group 

( ).m3RDS
d3  These crystal structures can be represented as a stack of 

hexagonally arranged atomic planes, each consisting of only one type of 
atom. Five atomic planes are stacked in a closely packed manner, with a 

( ) ( ) ( )IIIIIIII SeTe-Bi-SeTe-Bi-SeTe  arrangement [4, 5]. The Bi and ( )SeTe  

layers have been shown to be held together by strong covalent bonds, but 
the ( ) ( )SeTe-SeTe  layers are bonded by a weak van der Waals force. As a 

result, the energy of a broken covalent bond is significantly higher than 
that of a dangling van der Waals bond. Therefore, a 32TeBi  crystal 

grows faster in the a-axis than in the c-axis [6, 7]. These complex crystal 
structures and the disordered atomic distributions of 32TeBi  and 

,SeBi 32  which yield exceptionally low lattice thermal conductivity, 

significantly contribute to their excellent TE properties [8]. TE properties 
convert thermal energy directly into electrical energy or vice versa, as in 
power generation or refrigeration. The efficiency of a TE material is 
conventionally defined by its dimensionless figure of merit ( ),ZT  where 

,2 kTSZT σ=  where ,, ST  ,σ  and k are the absolute temperature, 

Seebeck coefficient, electrical conductivity, and thermal conductivity, 
respectively. 

A good TE material should have a perfect combination of high power 

factor ( )2Sσ  and low thermal conductivity. ZT is very sensitive to 

variations in composition, suggesting that ZT could be improved by 
decreasing the lattice thermal conductivity with enhanced phonon 
scattering attributable to the lattice distortion [9-11]. 32TeBi -based 

alloys can be good candidates for power generation applications at a 
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temperature range of 300K to 500K [12, 13]. To date, numerous methods 
have been used to prepare 32TeBi -based alloys as crystals [14-16], 

polycrystals [17, 18], thin films [19, 20], and nanowires [21, 22]. Several 
techniques have been developed for the preparation of 32TeBi  and 

,SeBi 32  including zone melting [23, 24], spark-plasma sintering [25-27], 

hot-pressed methods [28-31], and solid-state microwave synthesis         
[32, 33]. 

Solid-state microwave synthesis was recently demonstrated to be a 
simple, fast, energy-efficient, and environmentally friendly technique. 
Microwave radiations (2.45GHz) are coherent, polarized, and are capable 
of coupling with atomic materials, resulting in the rapid heating of such 
materials [34]. Furthermore, the fast synthesis is ascribed to the 
microwave volumetric nature of microwave heating [35]. The samples 
prepared by using microwaves have demonstrated an absence of solvent 
waste, high density, and different morphologies and microstructures in 
the resulting products [36-38]. In the current study, inorganic materials, 
such as 32TeBi  and 32SeBi  were identified to absorb microwaves, thus 

developing convenient high-yield syntheses of the polycrystalline ternary 
compounds ( )xx −1332 TeSeBi  within 10 min at 2.45GHz and 800W. The 

structure at 300K and the TE properties at elevated temperatures    
(303K to 523K) of ( ) ( )0.1and,8.0,6.0,4.0,2.0,0.0TeSeBi 1332 =− xxx  were 

studied subsequently. 

2. Experimental 

The bismuth (Bi), tellurium (Te), and selenium (Se) used in the 
present research were of high purity (99.999%). All elements were weighed 
based on the formula ( ) ( ).0.1and,8.0,6.0,4.0,2.0,0.0TeSeBi 1332 =− xxx  

32TeBi  was prepared by using a mixture of Bi (1.0439g) and                   

Te (0.9561g), whereas 32SeBi  was prepared by using a mixture of Bi 

(1.2765g) and Se (0.7235g) at a molar ratio of 2 : 3. The ( )xx −1332 TeSeBi  
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ingots were prepared by using a solid-state microwave synthesis reported 
previously [33]. Bright, whitish-blue flashes were observed emerging 
from the ampoule within 1 min of microwave exposure. The ingots were 
retrieved from the ampoule in sponge form. A Leo-Supra 50VP field 
emission scanning electron microscope (FESEM) (Carl Zeiss, Germany) 
was employed. The X-ray diffraction (XRD) patterns of the resultant 
powders were recorded by using an X-ray diffractometer system        
(PANalytical X’Pert PRO MRD PW3040) with αCuK  radiation. The 

( )xx −1332 TeSeBi  ingots were then ground before being pressed into disk 

shapes (diameter, 13mm; thickness, 0.5mm) by cold-pressing at 10 tons. 
The densities of the disks were measured by using the Archimedes 
method. The electrical conductivity measurements as a function of 
temperature (300K to 523K) were performed on all samples at a constant 

current (20mA) by using the four-point probe method under 310− mbar, 
whereas the Hall coefficient was determined at 300K with an applied 
magnetic field of 1T, using a Lake Shore 637 electromagnetic power 
supply (Lake Shore Cryotronics, Inc., USA). The Seebeck coefficient was 
determined by the slope of the linear relationship between the 
thermoelectromotive force and the temperature difference between the 
two ends of each sample. The voltages were recorded by using a Keithley 

191 multimeter (Keithley Instruments, Inc., USA). A K-type E  Sun 
(ECS820C) thermocouple was used to measure the working temperature. 
The electrical conductivity and Seebeck coefficient were investigated for 
the disks at a temperature range of 300K to 500K. 

3. Results and Discussion 

( )xx −1332 TeSeBi  ingots were produced via solid-state microwave 

synthesis, as shown by the FESEM images in Figure 1. The surface of the 
ingots suggests that the morphology changed from a non-uniform grain-
sized distribution ( )0.0=x  to a layered shape ( ).0.1to2.0=x  Upon the 

addition of Se, the FESEM observations revealed the appearance of a 
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typical layered and well-packed structure, which agree with the high 
relative densities (94%), and indicating that Se alloying is an effective 
approach for crystalline refinement. 

 

Figure 1. FESEM images of the ( )xx −1332 TeSeBi  ingots. 

The XRD spectra illustrated in Figure 2 for the ( )xx −1332 TeSeBi  

powders indicate that these substances are polycrystalline and 

characterized by a rhombohedral structure (space group m3R ), with a 
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dominant peak representing the plane (0 1 5). These results are in good 
agreement with the values determined by the Joint Committee on 
Powder Diffraction Standards for 32TeBi  and 32SeBi  (Card No. 15-0863 

and     33-0214). No remarkable diffractions of other phases can be found, 
indicating that pure 32TeBi  and 32SeBi  were obtained. 

 

Figure 2. X-ray diffraction patterns of the ( )xx −1332 TeSeBi  powders 

prepared using rapid solid-state microwave synthesis. 
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The rhombohedral crystal structure can be represented as a stack of 
hexagonally arranged atomic planes. The lattice constant of the 
rhombohedral unit cell ( )Ra  for the powders can be determined by using 

the following relationship [39]: 

( ) ( ) ( ) ,33
1 22 HcHaRa +=   (1) 

where ( )Ha  and ( )Hc  are the lattice constants for the hexagonal phase 

structure. These lattice constants can be calculated by using the 
following equation [39]: 

( ) ( )
.3
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As provided in Table 1, if Se is fully substituted for Te in the whole 
composition range, the lattice parameters should be monotonically 
decreased with increasing composition and should display an apparent 
shift in plane (0 1 5) to the high angle (27.64° to 29.35°) with increasing Se 

content. The calculated ( )Ha  and ( )Hc  decrease from Å4.396  and 

Å30.43  for 32TeBi  to Å4.177  and Å28.63  for ,SeBi 32  respectively, 

whereas the lattice constant of the rhombohedral unit cell ( )Ra  

decreases from Å10.456  for 32TeBi  to Å9.843  for ,SeBi 32  which is 

attributed to the substitution of Se ( )Å15.1~  by the larger atomic radius 

of Te ( ).40.1~ Å  From these results, the solid-state microwave synthesis 

provides a reasonable indication that the Se atoms successfully enter into 
the crystal lattices of 32TeBi  to form the ternary compound 

( ).TeSeBi 1332 xx −  
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Table 1. Hexagonal lattice constants ( ) ( ),, HcHa  and rhombohedral 

lattice constant ( )Ra  of the ( )xx −1332 TeSeBi  powders obtained through 

XRD analysis 

x ( ) ( )ÅHa  ( ) ( )ÅHc  ( ) ( )ÅRa  

0.0 4.396 30.43 10.456 

0.2 4.334 30.16 10.360 

0.4 4.293 30.10 10.335 

0.6 4.235 29.28 10.062 

0.8 4.195 29.21      10.033 

1.0 4.177 28.63   9.843 

Figure 3 shows electrical conductivity as a function of temperature 
for the ( )xx −1332 TeSeBi  disks. The electrical conductivity σ  of all the 

samples decreases with increasing temperature, exhibiting a degenerate 
semiconductor conducting behaviour, which suggests that the carriers 
are in an extrinsic state within the temperature range. Generally, the σ  
value increases with the Se content, with its values increasing from 

mS1093.1 5×  to mS1005.4 5×  at 300K and from mS106.9 4×  to 

mS102.1 5×  at 523K with x increasing from 0.0 to 1.0, respectively. The 

electrical conductivity can be expressed in terms of the carrier 
concentration ( p) using the formula .µ=σ pe  The resultant conductivity 

that depends on Se content is explained by the increase in the carrier 
concentration and Hall mobility with the Se content. The electrical 
conductivity of the 32SeBi  sample is higher than those of the samples 

with 0.8.to0.0=x  This result indicates that the electrical conductivity 

at a fixed measuring temperature increases with increasing Se content. 
This result indicates that the increasing in Se, as a composition source, is 
attributable to the microwave irradiation effect. Thus, the microwave 
irradiation technique, combined with doping, is more favourable to 
increasing the electrical conductivity of .TeBi 32  
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Figure 3. Electrical conductivity versus the temperature of the 

( )xx −1332 TeSeBi  disks. 

Figure 4 shows the Seebeck coefficient S as a function of the 
measured temperature for the ( )xx −1332 TeSeBi  disks. The highest value 

of the S is KV3.176 µ  at 423K for the sample with ,2.0=x  which is 

higher than that reported previously [40]. This result confirms that the 
substitution of a Se atom for Te in 32TeBi  can result in a possible 

decrease in both the carrier concentration and mobility. Conversely, the 
samples with high Se content ( )0.1and,8.0,6.0,4.0=x  exhibit a 

relatively lower Seebeck coefficient.  
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Figure 4. Seebeck coefficient versus the temperature of the 

( )xx −1332 TeSeBi  disks. 

The Seebeck coefficients of all the samples are positive (p-type), 
indicating that the majority of charge carriers are holes within the 
measuring temperature range, which agrees with the Hall effect 
measurement results listed in Table 2. The Hall coefficient ( )HR  and 

electrical conductivity ( )σ  at room temperature were measured by using 

the van der Pauw method with a magnetic field strength of 1T. The 
corresponding carrier concentration (p) and carrier mobility ( )Hµ  were 

calculated by using the equations HeRp 1=  and ,peH σ=µ  

respectively. Table 2 shows the dependence of the Hall mobility and 
carrier concentration of 32TeBi  as a function of Se content. The carrier 

concentration of 32TeBi  increases with increasing Se content. The 

carrier concentration for 32TeBi  is ,cm1025.1 320×  slightly increasing 

to 320 cm1074.1 ×  for .SeBi 32   
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Table 2. Seebeck coefficient S, electrical conductivity ,σ  Hall coefficient 
,HR  carrier concentration p, and carrier mobility Hµ  of the 

( )xx −1332 TeSeBi  disks at 300K 

x ( )KVµS  ( )mS105×σ  ( )13Ccm −
HR  ( )320 cm110×p  ( )s.Vcm2

Hµ  

0.0   84.7 1.93 0.0500 1.25    96.50 

0.2 113.7 2.22 0.0481 1.30  106.78 

0.4   74.0 2.44 0.0466 1.34  113.70 

0.6   62.0 2.82 0.0398 1.57  112.24 

0.8   54.7 3.31 0.0369 1.69  122.14 

1.0   43.3 4.05 0.0359 1.74   145.395 

Based on Table 2, with the addition of Se into the binary 32TeBi  

compound, the carrier mobility slightly increases because of the subdued 
alloy scattering resulting from the further increase in the Se content [41]. 
Table 2 is explained by considering the dependence of the Seebeck 
coefficient on the carrier concentration, which can be written as follows 
[6]: 

,33
8 32

2

22





 ππ

= ∗
pTm

eh
kS B   (3) 

where Bk  is Boltzmann’s constant, h is Plank’s constant, and ∗m  is the 

effective mass. The variation in the Seebeck coefficient can be understood 
by assuming the scattering distance of the charge carrier independent of 
energy and degenerate approximation [6]. The p-type nature of the 

32TeBi  sample can be ascribed to the increase in bond polarization 

energy resulting from the incorporation of more electronegative Se atoms 
in the Te sublattice. The substitution of Se for Te increases the               
Bi-chalcogen bond polarity because of the higher electronegativity value 
of Se ( ).1.2and4.2 TeSe =χ=χ  Furthermore, as evidenced by quantum 

chemical calculations, the substitution of the Se atoms at the IITe  site 

results in a small displacement of density toward ,TeI  whereas the 
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IITe-Bi  and II
TeSe-Bi  bond polarities decrease. Thus, the substitution of 

a more electronegative atom (with the increase in Se content) for the Te 
site, ,VTe  or SeV  occurs, and TeBi  increases slightly. Based on the 

experimental evidence of a reduced hole concentration and the 
relationship between the free carrier concentration with lattice point 
defects, [ ] [ ] [ ]h:TeBi-:BiV 32TeTe p> [ ] [ ]TeTe VBi −=  can be assumed. 

Similar phenomena were also observed in previous reports [42, 43].  

Figure 5 shows the power factor as a function of the measured 
temperature for the ( )xx −1332 TeSeBi  disks. The maximum power factor 

measured at 363K for the 4.20.62 TeSeBi  sample reaches ,mKmW19.4 2  

which is larger than that reported by Wang et al. [44]. This result is 
ascribed to the increased Seebeck coefficient for the sample with .2.0=x  
For the samples with 1.0,to4.0=x  the power factor values decrease 

with rising Se composition. This result is attributed to the compounds 
with lower Se, which exhibit relatively better electrical properties and 
may be promising candidates for thermoelectric applications. 
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Figure 5. Power factor versus the temperature of the ( )xx −1332 TeSeBi  

disks. 

4. Conclusion 

Polycrystalline ( ) ( )0.1and,8.0,6.0,4.0,2.0,0.0TeSeBi 1332 =− xxx  

samples were successfully prepared by solid-state microwave synthesis. 
The FESEM and XRD characterizations reveal that these products are 
pure 32TeBi  and 32SeBi  with uniform structures. The measurements of 

the thermoelectric properties show that the samples are degenerate         
p-type semiconductors. As a result, a maximum Seebeck coefficient of 

KV3.176 µ  at 423K is achieved for the 4.20.62 TeSeBi  sample, which also 

shows an improved power factor. A maximum power factor value of 
2mKmW19.4  at 363K was obtained for the 4.20.62 TeSeBi  sample, 

whereas the values of 2mK2.37mW  and 2mKmW38.1  were obtained 
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for the 32TeBi  and 32SeBi  samples, respectively. This result indicates 

that the solid-state microwave synthesis technique is a useful tool for 
improving thermoelectric performance. 
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