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Abstract. Compounds belonging to the series PbSbxTe1-x and Pb1-xSbxTe (x = 0.1, 0.3, 0.5) were prepared in the
nanostructured form by employing high-energy ball-milling and subsequent hot-pressing. The amphoteric property of
antimony was utilized to substitute lead and tellurium in the compounds having the formula PbSbxTe1-x and Pb1-xSbxTe
to make them p and n. All the compositions were evaluated for their figure of merit (ZT) and power factor after
ascertaining their Seebeck coefficient, electrical and thermal conductivities. These compositions exhibited very high
Seebeck coefficient both in low- and room-temperature regimes. Thermoelectric generator modules were constructed
using combinations of n- and p-type PbSbTe and the voltage developed was measured and compared with the calculated
values, and they are found to be in good agreement. Different combinations of p- and n-types from the series were tested,
and the best among them were identified.
Keywords.

1.

Thermoelectric; lead telluride; Seebeck coefficient; thermoelectric generator.

Introduction

Thermoelectric materials are increasingly being investigated by scientists and engineers for harnessing waste heat
and also for sensing applications. Thermoelectric materials
directly convert a temperature gradient into an electrical
voltage and vice versa [1,2]. The conversion efficiency of
thermoelectric material is defined by a dimensionless
quantity called figure of merit (ZT) [3,4], which is given by
the formula:
ZT ¼ S2 rT=s;
where r is the electrical conductivity, S the Seebeck
coefficient, s the thermal conductivity and T the mean
operating temperature. For an ideal thermoelectric material, ZT should be as large as possible, and for that, the
material must possess large Seebeck coefficient (to produce large voltage), large electrical conductivity (minimal
joule heating) and low thermal conductivity (to maintain a
constant temperature difference) [5]. However, the real life
situation is much different. Any effort to increase ZT by
enhancing r, also increases s substantially. So when it
comes to applications, it is a trade-off between various
factors, namely Seebeck coefficient, electrical and thermal
conductivities [6]. These factors are determined by the

density of states, effective mass, mobility of electron,
lattice thermal conductivity and bipolar effect [6,7]. The
efficiency of a thermoelectric material is defined in terms
of electronic transport properties by power factor (PF), and
it is square of Seebeck coefficient times electrical conductivity [8].
PF ¼ S2 r:
Among the earlier materials, Bi2Te3 [9] and PbTe [10]
are extensively investigated for practical applications,
and recent literature on thermoelectrics is replete with
studies on these materials [11]. Though considerable
efforts are on, to replace telluride materials with more
environmentally friendly alternatives, thermoelectric
materials based on Bi2Te3 and PbTe are still an attractive proposition as far as applications are concerned
[12,13]. In these, PbTe needs special mention because it
has been used over a temperature range starting from
500 to 900 K for power generation as well as refrigeration. However, practical applications of lead telluride at
low temperature are limited by their low ZT values [14].
PbTe is a degenerate semiconductor and exhibits a rock
salt structure (face centred cubic) with a coordination
number of 6, and a band gap of 0.32 eV (at room
temperature) [12,15].

9

Page 2 of 10

Bull Mater Sci (2021)44:9

There exist different approaches for enhancing the efficiency of a thermoelectric material. One such method
employed in bulk thermoelectric materials [16–18] is to
introduce cations as rattlers to serve as phonon scattering
centres. Such materials are also called phonon-glass electron-crystal (PGEC) system [1]. These types of materials
possess sizeable electrical conductivity and electron
mobility like in metals and thermal properties similar to
glass or amorphous solids [1,11,17]. With the advent of
nanotechnology, it has been found that nanostructuring has
a profound effect on the overall performance characteristics
of a thermoelectric material. This approach makes use of
quantum confinement effect, which alters the local density
of states (DoS) and thereby moving the band near to the
band edge, enhancing the Seebeck coefficient and PF (S2r)
[19–21]. Nanostructuring may also create a large number of
interfaces and grain boundaries, which act as scattering
centres for phonons as well as electrons. Nanostructuring of
PbTe creates large interfaces allowing filtering of low
energy charge carriers resulting in enhancement of Seebeck
coefficient and high energy charge carriers can tunnel
through the interfaces, thereby increasing electrical conductivity [22–29].
Biswas et al [18] reported high ZT (1–2.2) in nanostructured lead telluride system in the temperature range of
600–915 K. Liu et al [30], Tan et al [31], Chen et al [32]
reported Sb doping on PbTe showing ZT of 1.2 at 700 K.
However, in all cases, Sb is found doped on PbTe by a small

amount. Researchers have also attempted to substitute Sb in
PbTe with a view to enhancing ZT [33]. There are reports of
high ZT as well as large PF at high temperature induced by
nanostructuring, doping or substitution of PbTe with other
elements namely, vanadium [34], thallium [35], silver [10],
sodium [36], selenium [37], tin [38], indium and sulphur
[39]. Substituting Pb with Sb in PbTe converts it to n-type,
whereas substitution of Te with Sb results in p-type. Strauss
[40] reported that Sb is amphoteric in PbTe, which means
that Sb can act both as a donor as well as an acceptor. When
Sb is placed on the metal site (Pb1-xSbxTe), its energy lies
just above the Fermi level, which can act as a donor of
electrons to the lattice, whereas the energy of Sb on
chalcogen site (PbSbxTe1-x) lies below Fermi level and it
acts as an acceptor of electrons [12]. A flexible thermoelectric module generator with Bi2Te3 and Sb2Te3 is made
by Cao et al [41]. This device works on room temperature
as well as low temperature.
Jaworski et al [33] prepared compounds belonging to the
series PbSbxTe1-x and Pb1-xSbxTe, where x = 0.0025,
0.005, 0.01 and employed density functional theory (DFT)
to determine the density of states. However, their investigations were in the bulk system and limited to small doping
percentage. A series of compounds belonging to
Pb1-xSbxTe and PbSbxTe1-x can be prepared by utilizing
the amphoteric property of Sb by employing high energy
ball-milling for nanostructuring followed by hot-pressing to
modify the grain growth. This is one of the motivations of
the present study. It will be our endeavour to determine the
formation of p- and n-types by employing hot-probe
methods, Hall coefficient measurements and X-ray photoelectron spectroscopy (XPS) studies. Thermoelectric
parameters like Seebeck coefficient, electrical and thermal
conductivities will be measured to determine PF, and ZT
will be evaluated at room- and low-temperature regimes.
Such an evaluation of low temperature as well as room
temperature thermopower study in lead telluride-based
material is not seen to be attempted earlier. Thermoelectric
generator modules will be fabricated for different p and n
combinations, and the best combination having optimum
characteristics will be identified. The measured and calculated values of the output voltage for a specific combination
of p and n will be compared. These are the motivations of
the present investigation.

2.

Figure 1. X-ray
PbSbxTe1-x.

diffraction

patterns

of

Pb1-xSbxTe

and

Experimental

High energy ball-milling was employed for synthesizing
nanostructured Pb1-xSbxTe and PbSbxTe1-x (x = 0.1, 0.3
and 0.5). A Fritsch planetary micro mill, ‘Pulverisette 7’
high energy ball-milling unit was employed for ball-milling
and alloying. For this, stoichiometric amounts of precursor
materials of lead powder (99.9999), antimony powder
(99.9999) and tellurium powder (99.9999) from Alfa Aesar
were weighed as per the compositional demands, and for
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Figure 2. Transmission electron micrograph showing the nanostructures of ball-milled and hot-pressed sample of
Pb0.7Sb0.3Te. (a) Low-magnification image showing nanograins. (b) High magnification image showing the nanosize,
random orientation and clean grain boundaries. (c) Selected area diffraction pattern (the circles are guided to the eye).
(d) Particle size distributions.

effective homogenization, they were subjected to high
energy ball-milling for 30 h at a rate of 400 rotations per
minute. The powder obtained was hot-pressed at 623 K into
pellets of cylindrical discs with a diameter of 12 mm and a
thickness of 2 mm. Hall measurements were carried out for
ascertaining their p and n characteristics and also for
determining the carrier concentration and mobility. The
phase purity of these compounds was determined by powder
X-ray diffraction technique using Rigaku D-Max-C X-ray
diffractometer (CuKa radiation of 1.54 Å). Particle size and
crystallinity of these samples were determined by high
resolution transmission electron microscopy (HRTEM)
technique (FEI, TECNAI G2 TF20-ST). XPS valence band
spectrum of the samples were recorded on a Physical
Electronics, PHI 5000 Versa probe scanning esca

microprobe. Seebeck coefficient and electrical and thermal
conductivities were measured with Physical Property
Measurement System (Quantum Design, Dynacool) and
these results were re-examined by another homemade system. PF and ZT were estimated from these measurements.
The measurements were found to have excellent repeatability and reproducibility, which further confirmed the
validity of results.

3.

Results and discussion

X-ray powder diffraction (XRD) patterns for the p-type
PbSbxTe1-x and n-type Pb1-xSbxTe (for x = 0.1, 0.3, 0.5)
are shown in figure 1. The XRD peaks are characteristic of
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Figure 3. Transmission electron micrograph showing the nanostructures of a ball-milled and hot-pressed sample of
PbSb0.3Te0.7. (a) Low-magnification image showing nanograins. (b) High magnification image showing the nanosize,
random orientation and clean grain boundaries. (c) Selected area diffraction pattern (the circles are guided to the eye).
(d) Particle size distributions.

a face-centred cube with an Fm3m space group. All the
peaks could be indexed and is in agreement with the standard JCPDS file (JCPDS #77-0246) [42]. The patterns are
also checked for impurities like elemental antimony and
other oxides. The absence of any impurity peak confirms
that all the samples are phase pure within the detection limit
of XRD. The average crystallite size estimated from XRD
data using Scherrer formula is found to be *11nm.
The as-prepared nanopowders were dispersed in methanol by ultra-sonication and was drop-casted on a carbon
film-coated copper grid. From the HRTEM measurements,
average particle size obtained was in the range of 9–11 nm.
The selected area electron diffraction (SAED) pattern and
HRTEM images are shown in figures 2 and 3. These
nanograins are found to be highly crystalline and at entirely

different lattice orientations (large angles between adjacent
lattice planes) and have clear grain boundaries. The SAED
pattern confirms that the samples are polycrystalline.
FESEM images of as-prepared samples of Pb0.7Sb0.3Te
and PbSb0.3Te0.7 are shown in figure 4. Here, each grain
and their boundaries are visible.
XPS valence band spectra is measured in the binding
energy range of 0–25 eV. The results are depicted in figure 5. It is clear that the valence band edge is closer to
Fermi level (9.6 eV) in the case of sample PbSb0.3Te0.7,
which is characteristic of a p-type material. On the other
hand, in sample Pb0.7Sb0.3Te, the valence band edge is
located at 14.2 eV, indicating that Pb0.7Sb0.3Te is an n-type
material. These observations are in concurrence with the
DFT calculations reported by Jaworski et al [33] on a
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FESEM image of (a) Pb0.7Sb0.3Te and (b) PbSb0.3Te0.7.

Figure 5. Valence band edge and shift for Pb0.7Sb0.3Te and
PbSb0.3Te0.7.

similar system. In the case of Pb0.7Sb0.3Te, when a
tetravalent lead is substituted by pentavalent antimony, this
is an electron donor system. In contrast, in the case of
PbSb0.3Te0.7, hexavalent tellurium is substituted by pentavalent antimony, it behaves as an electron acceptor system. These observations are further supported by the work
carried out by Jaworski and others [24,33]. They calculated
the density of states for samples Pb0.99Sb0.1Te and
PbSb0.1Te0.99, and it agrees with our experimental
observations.
Figure 6 shows the Seebeck coefficient measurements of
antimony-substituted lead telluride as a function of temperature. In the case of Pb1-xSbxTe, antimony substitutes
lead, where the pentavalent antimony behaves like an
electron donor and the material becomes an n-type. Similarly, for PbSbxTe1-x, antimony substitutes tellurium.

Figure 6. Temperature dependence of the Seebeck coefficient of
ball-milled and hot-pressed (a) Pb1-xSbxTe and (b) PbSbxTe1-x.

Tellurium atom with valence six is replaced by antimony
atom with valence five, so that it acts as an electron acceptor
or p-type. Hall measurements confirm the p- and n-type
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Figure 7. Temperature dependence of electrical conductivity of
ball-milled and hot-pressed (a) Pb1-xSbxTe and (b) PbSbxTe1-x.
Table 1. Values of carrier concentration and mobility of Pb1-xSbxTe and PbSbxTe1-x.
Sample code
Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te
PbSb0.1Te0.9
PbSb0.3Te0.7
PbSb0.5Te0.5

Carrier concentration
(cm-3)
3.6
5.9
8.2
3.1
5.5
7.9

9
9
9
9
9
9

1019
1019
1019
1019
1019
1019

Mobility
(cm2 V-1 s-1)
11
9.46
7.1
4.69
1.74
0.41

9
9
9
9
9
9

103
103
103
103
103
103

behaviours of these samples. Samples namely, Pb0.7Sb0.3Te
and Pb0.5Sb0.5Te show negative Seebeck coefficient in all
the temperature regimes, which are indicative of the n-type
behaviour, where electrons are the primary charge carriers.
Pb0.9Sb0.1Te shows negative Seebeck coefficient only
below 240 K. Samples PbSb0.1Te0.9, PbSb0.3Te0.7 and
PbSb0.5Te0.5 show positive Seebeck coefficient in the entire
temperature regimes, which are indicative of their p-type
behaviour. High Seebeck values were obtained for lead
telluride-based thermoelectric material in the temperature
range of 160–300 K. Nanostructuring of these samples

Figure 8. Temperature dependence of power factor values of
ball-milled and hot-pressed (a) Pb1-xSbxTe and (b) PbSbxTe1-x.

gives rise to a large number of interfaces, which in turn
increases the scattering of phonons when compared to
electrons. This increases the ratio of charge carrier mobility
to thermal conductivity. At the interfaces, filtering of low
energy charge carriers produces large Seebeck coefficient,
while the high energy charge carriers help in increasing the
electrical conductivity [33].
Jaworski et al [33] reported that the p-DoS of Sb in
Pb1-xSbxTe lies at the bottom of the conduction band
because of the five filled valence bands. Hence, EF lies on
the rising DOS slope, showing negative thermopower, and
as the percentage of Sb increases, it becomes more negative. Similarly, by evaluating the density of states of
PbSbxTe1-x, it was shown that the p-DOS of Sb lies on the
border of the valence band and energy gap. So EF lies on
the falling DOS slope showing positive thermopower, and
as the percentage of Sb increases, it becomes more positive [33].
N-type samples displayed an interesting transition in their
charge carrier mechanisms. Pb0.7Sb0.3Te and Pb0.5Sb0.5Te,
samples exhibited an n-type behaviour from room temperature down to 160 K, where in electrons are the majority
charge carriers. However, Pb0.9Sb0.1Te sample shows a
negative Seebeck coefficient only \240 K, and above this

Bull Mater Sci (2021)44:9

Figure 9. Temperature dependence of thermal conductivity of
ball-milled and hot-pressed (a) Pb1-xSbxTe and (b) PbSbxTe1-x.

temperature, positive Seebeck coefficient is shown. It is an
indication of the temperature dependency of charge carriers.
This shift in Seebeck coefficient means that the majority of
charge carriers have changed from holes to electrons. A
similar shift in the Seebeck coefficient has been reported by
Chen and Hong [43] in their work on the nanostructured
system. For a two-band semiconductor, the total Seebeck
coefficient is given by
S ¼ ðre Se þ rh Sh Þ=ðre þ rh Þ;
where re and rh are electrical conductivities of electronic
and hole carrier contributions, respectively. Se and Sh are
Seebeck coefficient corresponding to the carrier electrons
and holes that are opposite in sign. In the case of
Pb0.9Sb0.1Te, at T [ 240 K, the value of the Seebeck
coefficient is positive, and the term rhSh dominates. At
temperature T \ 240 K, reSe dominates and Seebeck
coefficient shows negative value [15]. The bipolar effect has
a dominant role in determining the Seebeck coefficient,
which takes place if there are two types of carriers [42]. The
thermal excitation of carriers to conduction band from
valence band creates two types of carriers, holes and
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Figure 10. Temperature dependence of ZT of ball-milled and
hot-pressed (a) Pb1-xSbxTe and (b) PbSbxTe1-x.

electrons. Mostly, thermal excitation does not change
majority carrier concentration, but it increases minority
carrier concentration relatively [7]. Above 240 K, holes
(minority charge carriers) dominate the conduction mechanism, and from 240 K to low temperature, electrons are
active in conduction mechanism.
The variation of electrical conductivity with temperature
is shown in figure 7. The electrical conductivity increases
with decrease in temperature, which is typical of a degenerate semiconductor, while the decrease in electrical conductivity from x = 0.1 to 0.5 is due to increase in carrier
concentration. To confirm this, carrier concentration and
mobility are measured in all samples and are tabulated and
shown in table 1. From the table, it is clear that as the
concentration of Sb increases, carrier concentration
increases and mobility decreases. This confirms that antimony can act as scattering centres. It is seen that the samples belonging to the series Pb1-xSbxTe are more
conductive than that of PbSbxTe1-x samples. It is also clear
that mobility of n-type is higher than that of p-type.

9
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Seebeck coefficient, electrical conductivity, power factor, thermal conductivity and ZT in 160 and 300 K.
Seebeck coefficient
(lV K-1)

Electrical conductivity
(S m-1)

Power factor
(lW m-1 K-2)

Thermal conductivity
(lW m-1 K-1)

ZT

Sample code

160 K

300 K

160 K

300 K

160 K

300 K

160 K

300 K

160 K

300 K

Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te
PbSb0.1Te0.9
PbSb0.3Te0.7
PbSb0.5Te0.5

-64.84
-263.35
-389.2
610.0
764.20
890.84

43.08
-85.2
-108.7
523.9
646.46
773.10

21040.1
18918.1
16779.1
3112.7
2628.4
1961.1

19539.2
16647.6
14894.1
1678.5
1438.0
833.6

88.4
1120.3
2046.6
1148.6
437.95
1470.8

36.2
70.7
145.4
444.21
257.13
450.30

1.8
1.42
1.25
1.52
1.5
1.42

1.08
0.9
0.7
1.4
1.25
1.05

0.008
0.14
0.28
0.12
0.15
0.16

0.012
0.04
0.08
0.09
0.11
0.13

Electrons in the case of n-type material are free carriers
present in the conduction band, where they are not bound.
This provides electrons with higher mobility than holes.
Also, as the concentration of antimony increases, scattering
centres also increase, and this causes the charge carriers to
scatter more at the grain boundaries. Scattering at the grain
boundaries reduces electrical conductivity. This confirms
that as the concentration of Sb increases, electrical conductivity decreases.
Figure 8 shows the temperature dependence of PF calculated by using Seebeck coefficient and electrical conductivity.
The maximum value of PF over the entire temperature range
observed for the sample PbSb0.5Te0.5 is 1470 lW m-1 K-2 and
for Pb0.5Sb0.5Te is 2046 lW m-1 K-2 at 160 K. As the
concentration of Sb increases, the PF also increases. The
enhancement of PF is of prime importance at room temperature regime as well as at low temperature. Enhancement
of PF at high temperatures has been extensively investigated by different groups. Literature is also replete with
data, which showcases the enhancement in PF at low-temperature regime. In the present study, optimum concentrations of Sb in Pb1-xSbxTe are found to effectively tune the
Seebeck coefficient, such that it retains a relatively higher
value even at low temperature. This large values of PF
could be beneficial in room temperature and low-temperature applications.
Total thermal conductivity of the material as a function of
temperature is depicted in figure 9. From the graph, it is
clearly evident that the thermal conductivity decreases as
the concentration of Sb increases. The decrease in thermal
conductivity can be attributed to the scattering of phonons
at the grain boundaries. Nanostructuring enhances the
number of grain boundaries, which eventually decreases the
thermal conductivity. It should be noted here that thermal
conductivity is almost half of that reported in the literature
[33] for the corresponding PbSbTe prepared by other
techniques. As temperature increases, thermal conductivity
decreases. The nanosized particles have a considerable
number of interfaces at the grain boundaries. So, as the
temperature increases, more number of charge carriers gain
energy and it encounters the interfaces with higher kinetic
energy resulting in enhanced scattering, which in turn
decreases the thermal conductivity.

Figure 10 shows the temperature dependence of figure of
merit. When 0 \ x \ 0.5, the optimum temperature (Topt)
shifted to the low-temperature side with increasing x. This
result coincided with the changes in carrier concentration.
The maximum values of ZT (Zmax) for x = 0.5 is 0.28 for
n-type and 0.16 for p-type at 160 K.
The enhancement of ZT is of prime importance at hightemperature regime as well as at low temperature regime.

Figure 11. Thermoelectric generator module test result at
(a) 160 and (b) 300 K.
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Calculated and experimental thermoelectric voltages obtained from the device at a temperature difference of 30 K.
Voltage at 160 K at a temperature difference of
Junction

18 K

30 K

n

Calculated
voltage (mV)

Observed
voltage (mV)

Calculated
voltage (mV)

Observed
voltage (mV)

Calculated
voltage (mV)

Observed
voltage (mV)

Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te
Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te
Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te

8.4
10.3
11.7
10.0
11.8
13.3
10.9
12.9
14.4

5.8
8.1
9.1
8.1
9.6
10.8
8.4
10.2
11.4

16.9
20.5
23.5
20.1
23.8
26.7
22.0
25.8
28.8

14.4
18.4
20.2
18.1
21.6
23.8
19.6
22.8
26.4

28.0
34.3
39.1
33.4
39.7
44.5
36.9
42.6
48.0

25.5
31.8
36.4
31.2
36.9
40.6
32.7
38.8
45.1

p
PbSb0.1Te0.9
PbSb0.1Te0.9
PbSb0.1Te0.9
PbSb0.3Te0.7
PbSb0.3Te0.7
PbSb0.3Te0.7
PbSb0.5Te0.5
PbSb0.5Te0.5
PbSb0.5Te0.5

9K

Voltage at 300 K at a temperature difference of
Junction

p
PbSb0.1Te0.9
PbSb0.1Te0.9
PbSb0.1Te0.9
PbSb0.3Te0.7
PbSb0.3Te0.7
PbSb0.3Te0.7
PbSb0.5Te0.5
PbSb0.5Te0.5
PbSb0.5Te0.5

9K

18 K

n

Calculated
voltage (mV)

Observed
voltage (mV)

Calculated
voltage (mV)

Observed
voltage (mV)

Calculated
voltage (mV)

Observed
voltage (mV)

Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te
Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te
Pb0.9Sb0.1Te
Pb0.7Sb0.3Te
Pb0.5Sb0.5Te

6.2
7.7
9.7
7.2
8.8
10.8
7.3
9.0
10.9

3.6
6.1
7.8
5.5
7.3
8.5
4.8
7.2
9.1

12.4
15.6
19.4
14.4
17.7
21.6
14.8
18.0
21.9

10.2
13.8
17.1
12.6
16.1
19.2
12.6
16.0
19.2

20.6
25.9
32.4
24.1
29.9
36.0
24.7
36.4
36.4

17.8
23.8
30.0
22.3
26.7
32.4
21.9
34.2
33.6

Enhancement of ZT at high temperatures has been extensively investigated. The significant advantage is the
enhancement in Seebeck coefficient with decrease in the
temperature. Seebeck coefficient is inversely related to the
carrier concentration (n). At low temperature, the carrier
concentration in optimally doped thermoelectric materials is
found to be much higher than the required n value, whereas
at high temperature, it is found to be lower than the optimum, leading to the poor thermoelectric performance. In
the present study, optimum concentrations of Sb in Pb1-xSbxTe are found to effectively tune the Seebeck coefficient,
such that it retains a relatively higher value even at low
temperature. The thermal and electrical transport properties
are summarized in table 2.

3.1

30 K

Thermoelectric generator module

By employing p and n combinations from the prepared
samples, thermoelectric generators were constructed by
connecting them electrically in series and thermally in

parallel by a copper plate. To maintain a temperature difference, liquid nitrogen was poured at one end, while both
ends were heated. The temperature gradient across the
junction produced a potential difference between the
junctions.
It may be noted that the Seebeck coefficient for all these
samples were measured in the temperature range of
160–300 K. By definition, the Seebeck coefficient is the
voltage developed for a unit temperature gradient (DT). The
Seebeck coefficient measured for the individual samples are
noted, and the series combination (p–n) is estimated by the
difference between the Seebeck coefficients of each p–n
module and multiplying this value with DT for different
DT. This is the calculated value. The voltage developed
across a thermoelectric generator module was measured
using a Keithley digital multimeter and temperature at each
end of the thermoelectric generator module is measured
using thermocouples. To verify this, the module is maintained at different DT, and the corresponding voltage was
measured and compared with the calculated values
(figure 11 and table 3).
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4.

Conclusion

Nanostructured Sb-substituted lead telluride samples
belonging to the series Pb1-xSbxTe and PbSbxTe1-x (x =
0.1, 0.3 and 0.5) were prepared by high energy ball-milling
followed by hot-pressing. The amphoteric substitution of Sb
into PbTe on Pb and Te site is confirmed by measuring
valence band spectra. Thermoelectric transport parameters
were measured in the temperature range of 160–300 K.
Thermoelectric modules from different combinations of p
and n were constructed, and their performance characteristics were evaluated for wide temperature ranges. The best
performance was shown by the combination of Pb0.5Sb0.5Te
and PbSb0.5Te0.5.
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