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In this study we have investigated the effect of the Pb on the thermoelectric propertied of Bi-Sb alloy
with different Pb-content. The Pb-doped BigsSbqs_xPbyx (x=0, 0.5, 1, 2, 3) alloys were synthesized by
mechanical alloying followed by pressureless sintering. The crystal structure was characterized by X-ray
diffraction. The Seebeck coefficients, electrical conductivities, and thermal conductivities were measured
in the temperature range of 77-300 K. The results show that all the Pb-doped alloys are p-type thermo-
electric materials in the whole measurement temperature range. A minimum thermal conductivity of
1.7 W/mK was obtained for BigsSbi,Pbs sample at 150 K. A maximum ZT value of 0.11, which is higher
than those previous reported, was obtained for BigsSb14Pb; at 210K,

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectric materials have attracted considerable attention
during past decades due to their usage both as generators which
directly convert thermal energy into electricity and as refrigera-
tion devices which directly pump heat from a cold side to a hot
side. In contrast to traditional mechanical refrigeration or a gen-
erator, thermoelectric devices take advantage of no moving parts,
quiet operation, low environmental impact and high reliability. The
performance of a thermoelectric material is described by a dimen-
sionless thermoelectric figure of merit, ZT, which is calculated using
the relation ZT=a20T/k, where «, o, k, and T are, respectively the
Seebeck coefficient (thermoelectric power), electrical conductivity,
thermal conductivity and absolute temperature [1]. Accordingly,
thermoelectric materials with high-performance can be expected
through a combination of a relatively high Seebeck coefficient, high
electrical conductivity and low thermal conductivity.

During the past years, the performance of conventional ther-
moelectric materials and new high-performance thermoelectric
materials, such as Bi-Te alloys [2,3], Pb-Te alloys [4-7], oxides
[8-10] and half-Heusler compounds [11,12], low-dimensional
thermoelectric materials [13,14], has been improved. However,
the progress of thermoelectric materials which are applied
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below room temperature was relatively limited [15,16]. In fact,
low-temperature thermoelectric materials have wide potential
applications in cooling of precision devices, such as laser diodes,
charge-coupled device cameras, infrared detectors. At low temper-
ature, it is reported that monocrystalline Bi-Sb alloys exhibit the
best thermoelectric performance [17,18]. Their results indicated
that the Z values of BiggSbq, single crystals and BigsSbqs single
crystals could reach to 5.5 x 1073 K-1 [17] and 6.5 x 103 K-1! at
around 80K [18], respectively. By the application of a magnetic
field, the thermoelectric performance of BigsSbys alloy is found
to be improved, and in such a case the Z value could reach to
11 x10-3K-1 at 100K [18]. However, it is very difficult to pro-
duce good homogenous single crystals of Bijgg_xSby, and the poor
mechanical properties of these single crystals limit the manu-
facturing. Distinct from single crystal materials, poly-crystalline
materials may be more suitable for applications for thermo-
electric devices [19]. Moreover, previous results have shown
that the thermoelectric properties of poly-crystalline Bi-Sb alloys
can be improved by doping effect [20-22]. For example, it was
reported that Bi-Sb alloys with Z value of 1.79x10-3K-1 at
196 K was obtained through partial substitution of Nb for Sb [23].
Bulk Biqgg_xSbx exhibits an n-type semiconductor behavior when
7<x<22 or a semimetal character when x <7 and x> 22 [24,25].
At present, for cooling below room temperature, Bi-Sb alloys
have been used in the n-type legs, coupled with p-type legs of
(Bi,Sb),(Te,Se); [26,27]. In 2004, it was found that the ZT value of
the p-type single crystal CsBisTeg reached to 0.82 at 225K by dop-
ing with Sbls [28]. This result suggests that CsBisTeg may be useful
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for developing low-temperature thermoelectric devices. However,
the temperature range of the optimum ZT of this p-type material
is higher than that of n-type Bi-Sb alloys, so that they may not be
a good match in a thermoelectric element. On the other hand, the
thermal conductivities as well as the coefficients of thermal expan-
sion of these two materials are both different, which may cause
serious problems for practical application. Therefore, an identical
matrix material that could be prepared both as n-type and as p-type
is always desired. P-type Bi-Sb based alloys have been obtained by
doping Pb or Sn at Sb site [17,18,22,29]. A large power factor of
1.2 x 1073 W/mK? at 220K has been demonstrated for a 3 at.% Sn-
doped BiggSbq, sample, with a large positive Seebeck coefficient
[22]. Nevertheless, the ZT value is still not large enough to satisfy
the practical requirement. Therefore it is significant to improve the
thermoelectric performance of p-type Bi-Sb based thermoelectric
materials.

In the present study, a series of p-type BigsSbq5_xPbx (x=0.5, 1,
2, 3) thermoelectric materials were prepared by mechanical alloy-
ing and subsequent pressureless sintering processes. The phase
composition of the novel p-type alloys was investigated by X-
ray diffraction. The effects of Pb-doping on the thermoelectric and
transport properties are interpreted.

2. Experimental details

The BigsSbys5_xPbx (x=0,0.5, 1, 2, 3) alloys were prepared by mechanical alloying
in a planetary ball mill with stainless steel jars and balls. The ball-to-powder weight
ratio was 20:1 and the rotation speed was fixed at 350 rpm. Powders of Bi (nomi-
nal purity 5N), Sb (nominal purity 6 N) and Pb (nominal purity 3 N) all with initial
particle size of about 100 wm were put into a vessel, and then the vessel was hermet-
ically sealed under argon to prevent oxidation. After 50 h milling, the milled powders
were pressed into pellets under 1 GPa and then the obtained circular sample was
heat treated at 473 K in a tube furnace under argon for 2 h.

X-ray diffraction (XRD) with a Rigaku D/max-RB diffractometer (Cu Ko radia-
tion A =0.154 nm) was employed to reveal the phase compositions. The temperature
dependence of electrical conductivity, Seebeck coefficient and thermal conductivity
were measured in the temperature range of 77-300K. The electrical conductiv-
ity was characterized by using a four-probe method. The Seebeck coefficient was
determined from measured temperature and electric potential difference between
the two ends of the bar-shaped specimen. The thermal conductivity was measured
by means of a steady-state method. To investigate the thermoelectric behavior, Hall
coefficient (Ry), carrier concentration (n) and Hall mobility () were determined
using a PPMS (physical property measurement system) under a constant magnetic
field of 9.0T.

3. Results and discussion
3.1. Structure characterization

Fig. 1 shows the X-ray diffraction (XRD) patterns of the
BigsSby5_xPbx (x=0, 0.5, 1, 2, 3). It is found that the Pb-doped
BigsSbys5_xPbx (x=0.5, 1, 2, 3) alloy has a dominating phase with
Bi-Sb structure (the space group R3m). No other visible diffrac-
tion peaks in the samples of the low Pb doping contents (x<2)
are observed, which indicates that Pb enters completely into the
Bi-Sb lattice and substitutes of Sb during the synthesis process.
However, small peaks of the Pb;Bi3 phases (PDF#39-1087, JCPDS-
ICDD, JCPDS-International Center for Diffraction Data, 12 Campus
Bouleavard, Newtown Square, PA, USA, 2004) are detected in the
patterns of Big5Sbys_,Pbx (x=2, 3) alloys, as shown in Fig. 1. More-
over, it is found that the relative intensities of these diffraction
peaks increase with the increase of Pb element. These results indi-
cate that the excess Pb doping helps Pb;Bi3 phases appear in the
Bisssb]s_prx alloys.

The lattice parameters evaluated from the X-ray diffraction pat-
terns is shown in Table 1. It is found that the parameters gradually
increase with the Pb doping. This result is well consistent with the
fact that the radius of Sb atom is smaller than that of Pb atom, and
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Fig. 1. X-ray diffraction patterns for the BigsSbys5_xPby (x=0, 0.5, 1, 2, 3) samples.

Table 1
The lattice parameters and the crystalline sizes of the BigsSbs_xPby (x=0, 0.5, 1, 2,
3) samples.

x=0 x=0.5 x=1 x=2 x=3
a(nm) 0.45054 0.45101 0.45071 0.45099 0.45034
c(nm) 1.17727 1.17834 1.17894 1.18064 1.17693

indirectly reveals that Sb atoms were successfully substituted by
Pb.

3.2. Electrical conductivity and Seebeck coefficient

Fig. 2 shows the temperature dependence of the electrical con-
ductivity of BigsSbis_xPbx (x=0, 0.5, 1, 2, 3) in the temperature
range of 77-300K. It is observed that the electrical conductiv-
ity increases with temperature for the un-doped Big5Sb;s alloy,
indicating a typical semiconducting behavior. However, it is found
that the electrical conductivities decrease with temperature for all
the doped alloys, indicating a semimetal behavior. This is because
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Fig. 2. The electrical conductivities as a function of temperature for the
BigsSbys_xPby (x=0, 0.5, 1, 2, 3) samples.
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Fig. 3. Temperature-dependent Hall coefficient, carrier concentration and Hall mobility (lower left corner) of the BigsSbys_xPby (x=1, 2, 3) samples.

the Group IV element Pb acts as an acceptor in the semiconduct-
ing Bi-Sb alloys and lowers the Fermi level, effectively resulting
in a one-carrier dominant material. Therefore the electrical con-
ductivity of the doped alloy is found to increase with decreasing
temperature, which may be due to the enhanced concentration of
the holes around substituted Sb site.

The electrical conductivities of the Pb-doped alloys are found to
increase with small x. However, reverse behavior is observed when
x is larger than 2. It is found that the BigsSbq5_xPbx (x=2) alloy
exhibits the highest electrical conductivity and a maximum value
of 3.1 x 10° S/m is observed at 77 K. The electrical conductivity of
an isotropic material under zero magnetic field can be assessed by
o =neu +pev, where n and p are the densities of electrons and holes
and p and v are their mobilities, respectively. Carrier mobility is
inversely proportional to the scattering factor, which includes grain
boundary scattering, defect scattering, charge carrier scattering and
so on. Although the concentration of carriers could be increased by
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Fig. 4. The Seebeck coefficients as a function of temperature for the BigsSbys_xPby
(x=0,0.5,1, 2,3) samples.

increasing the molar fraction of Pb, the disorder effect and the struc-
ture defects induced by the Pb doping lead to a decrease in carrier
mobility. In addition, the formation of Pb;Bi5 in the alloys disor-
der the lattice structures of the Bi-Sb based alloys, resulting in the
decreasing of mobility. Consequently, the balance of the two com-
peting factors, charge carrier concentration (n or p) and mobility
(u or v), determines the overall electrical conductivity.

To estimate the concentration and Hall mobility of the carriers,
Hall effect measurements were performed. The carrier concen-
tration was calculated from the experimentally measured Hall
coefficient, Ry, assuming a single carrier model and a Hall scat-
tering factor of unity, by n=1/(Rye), where e is the electron charge.
The Hall mobility, uy, was calculated from puy = Ryo. Typical results
of the carrier concentration and mobility as functions of testing
temperature of the samples are plotted in Fig. 3. The carrier con-
centration is found to increase firstly and then to decrease when x
is larger than 2. At high temperature, the concentration increases
rapidly which results from the intrinsic excitation of carriers. More-
over, the calculated Hall mobility agrees with the above speculation
that o could possibly change.

Fig. 4 shows the Seebeck coefficient as a function of temperature
for the BigsSby5_4Pbx (x=0, 0.5, 1, 2, 3) alloys. It is found that the
Seebeck coefficient is positive for all the doped alloys, indicating a
p-type electrical transport behavior. Moreover, it is observed that it
does not change sign at elevated temperatures, which is different
from the former report [22]. This result is in line with the result
of Hall coefficient measurement. The Seebeck coefficient of these
alloys is found to increase monotonically up to 200K and then to
decrease at elevated temperature. The maximum value of the See-
beck coefficient is obtained for the Big5Sb145Pbg 5 alloy, which is
101 wV/K at around 210 K. The relationship between the Seebeck
coefficient and the carrier concentration (n) can be expressed as
o=y —Inn, where y is a scattering rate, which results from grain

Table 2
Estimation of the Fermi energy Er of the BigsSbys_xPby (x=0, 0.5, 1, 2, 3) samples.
x=0 x=0.5 x=1 x=2 x=3
Er (eV) 0.12 -0.15° -0.18? -0.20°? -0.23?

2 The minus sign signifies that the Fermi energy is below the valence band edge.
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Fig. 5. The total thermal conductivities (a) and the lattice contribution «; of the thermal conductivities (b) as a function of temperature for the BigsSbys5_xPby (x=0, 0.5, 1, 2,

3) samples, respectively.

boundary scattering and charge carrier scattering. Therefore, the
increase of the Seebeck coefficients may be caused by the dominant
effect of carrier scatterings in point defects and grain boundaries
resulting from the introduction of Pb. The reason for the decrease of
the Seebeck coefficients may be because the rapid increase of car-
rier concentration n with therise in temperature, and the ambipolar
contribution arising from the diffusion of electron-hole pairs with
the onset of intrinsic contribution.

The Seebeck coefficient, which is the most sensitive among
the electron transport properties, can provide valuable informa-
tion on the electronic structure near the Fermi energy surface [30].
The general expression for the diffusion Seebeck coefficient in the
degenerate free-electron approximation is given by the Mott’s rela-
tion [30]:

B 72kg’T

dIno(E)
- 3e [

dE i| E=Ef

where kg is the Boltzmann’s constant, e is elementary charge, and E
is the Fermi energy. For a pure metal, the diffusion thermoelectric
power is o = m2kg2T/(eEr) at temperatures where electron-phonon
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scattering is dominant [25,31]. Even though the above expres-
sion for thermoelectric power holds good for metals, we can
approximately calculate the Fermi energy using this equation for
degenerate regime of the doped Bi-Sb alloys since they are degen-
erate narrow band gap semiconductors. Like the previous report,
the Fermi energy is found to decrease with increasing Pb concen-
tration [25]. The derived Fermi energies of these alloys at 210K are
shown in Table 2.

3.3. Thermal conductivity

Fig. 5 shows the thermal conductivities and the lattice thermal
conductivities as a function of temperature. The thermal conduc-
tivities of all the alloys are found to increase with temperature
and the minimum thermal conductivity is about 1.7 W/mK for
Big5Sby,Pbs at 150K. The thermal conductivity « is mainly the
sum of the lattice contribution x; and the electronic contribution
ke associated with the free carriers. The electronic contribution
to ke was calculated using the Wiedemann-Franz law assuming
the Lorenz number to be 2.45 x 108 W Q/K? (for degenerate semi-
conductors). And the lattice thermal conductivities were obtained
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Fig. 6. The power factor (a) and the figure-of-merit (b) as a function of temperature for the BigsSbys5_xPby (x=0, 0.5, 1, 2, 3) samples, respectively.
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by subtracting the electrical contribution from the total thermal
conductivity using the equation «; =k — ke (as shown in Fig. 5(b)).
Lattice contribution «; is proportional to the phonon mean free
path, which is mainly determined by the lattice vibration and is
relevant to the microstructure. As shown in Fig. 5, the lattice ther-
mal conductivity «; of all the Pb doped alloys is found to decrease
with temperature below 160K, and then to increase with tem-
perature. The decrease of «; below 160K stems mainly from the
enhanced electron-phonon scattering. Lattice thermal conductiv-
ity is observed to increase rapidly at elevated temperature, as
shown in Fig. 5(b). This is because the ambipolar contribution aris-
ing from the diffusion of electron-hole pairs with the onset of
intrinsic contribution, which is consistent with results in Ref. [32].
The lattice thermal conductivity of Pb doped BigsSb15_xPbx samples
is lower than that of the un-doped BigsSby5 sample, which can be
attributed to the mass-fluctuation scattering between dopant Pb
(atomic mass Mpp, ~207) and Sb (atomic mass Mg, ~ 122). More-
over, it is found that lattice thermal conductivity of BigsSby,Pbs
is lower than those of all the other samples, which results from
the scattering by structural defects that caused by the Pb;Bij
impurity.

3.4. Power factor and figure-of-merit

The temperature dependence of power factors and ZT values
is plotted in Fig. 6(a) and (b), respectively. It is observed that the
power factor increases with temperature and then drops when
temperature is higher than 200K. The power factors of all Pb-
doped BigsSby5_4Pby alloys are found to be lower than that of
the un-doped BigsSbs. This can be ascribed to the degradation of
electrical transport properties, especially the decrease in the abso-
lute value of the Seebeck coefficient. A maximum power factor
of 1.18 x 10~3 W/mK? was obtained for BigsSb;4Pb; at 205 K. This
value is very close to that of the (BiggSb1)97Sn3 alloy prepared by
direct melting, quenching, and annealing treatment [22]. As shown
in Fig. 6(b), it is observed that the behavior of the ZT values is similar
to those of the power factors. Moreover, a largest ZT value of 0.11 is
achieved for BigsSb14Pb; at 210K. This value is significantly larger
than that of Big gg5Sbg075Sn0.04 (0.08 at 200 K) due to the relatively
higher Seebeck coefficients [29].

4. Conclusions

BigsSbys5_xPby (x=0, 0.5, 1, 2, 3) alloys have been fabricated
through mechanical alloying and subsequently pressureless sinter-
ing method. X-ray diffraction analysis confirms that all the alloys
crystallize with a rhombohedral crystal structure. With appropri-
ate substitution of Pb for Sb, the electrical transport properties
of the Bi-Sb alloys change from n-type to p-type. Among all the

Pb-doped p-type alloys, the BigsSb14Pb; shows a largest ZT value
of 0.11 at 210K. Consequently, Pb-doped BigsSb15_xPby alloys are
expected to be promising p-type thermoelectric materials used at
low temperature.
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