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Abstract

In this paper, n-type lead telluride (PbTe) compounds doped with Bi2Te3 have been successfully prepared by high pressure and high

temperature (HPHT) technique. The composition-dependent thermoelectric properties of PbTe doped with Bi2Te3 have been studied at room

temperature. The figure-of-merit, Z, for PbTe is very sentivite to the dopants, which could be improved largely although the doped content of

Bi2Te3 is very small (!0.08 mol%). In addition, the maximum value reaches to 9.3!10K4 KK1, which is about 20% higher than that of PbTe

alloyed with Bi2Te3 sintered at ambient pressure (7.6!10K4 KK1) and several times higher than that of small grain size PbTe containing other

dopants. The improved thermoelectric performance in this study may be due to the effect of high pressure and the low lattice thermal conductivity

resulting from Bi2Te3 as source of dopants.
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1. Introduction

Thermoelectric materials can be used to make refrigerators

or power generators [1,2]. These solid state devices have no

moving parts and are extremely reliable. Effectiveness of a

material for thermoelectric applications is determined by the

dimensionless figure-of-merit ZT, where T is the absolute

temperature and ZZ(S2s)/k (S is the Seebeck coefficient, s is

the electrical conductivity, and k is the thermal conductivity).

These parameters are determined by the details of the

electronic structure (band gap, band shape, and band

degeneracy near the Fermi level) and scattering of charge

carriers (electrons or holes) and thus they are not independently

controllable parameters [3]. The total thermal conductivity k
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has two contributions, one from the electrical carriers ke, and

the other from the thermal lattice vibrations (phonon) klattice.

A good thermoelectric material must have both a large power

factor (PZS2s) and a low thermal conductivity.

PbTe is well known as a thermoelectric material, which is

generally used for thermoelectric power generation in the

medium temperature range between 400 and 800 K [4]. The

performance of PbTe with different carrier concentration,

however, is not high enough in this temperature range. In

order to enhance the thermoelectric properties of PbTe, many

methods have been used including hot-pressing and fine grain

size with heavy doping [5–7]. Furthermore, several dopants have

been used to optimize the carrier concentration of PbTe with the

purpose of improving thermoelectric performance.

Comparing to other preparation methods for thermoelectric

materials, the method of high pressure and high temperature

(HPHT) has many advantages, such as restraining the disorder,

phase separation and other complicating factors during the

preparation for materials [8]. In our previous result, the room

temperature thermoelectric properties of non-doped PbTe

samples, which exhibit the same characteristics as the heavily
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Fig. 2. The relationship between the electrical resistivity and Bi2Te3 content for

PbTe at room temperature.

Fig. 1. XRD patterns of PbTe doped with Bi2Te3 prepared at HPHT.
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doped PbTe samples, prepared by high pressure and high

temperature (HPHT) have been largely improved. In this result,

the high performance of PbTe, which is induced by the

electronic topological transition (ETT) under high pressure

[10], has been successfully quenched at room temperature by

HPHT. Besides the pressure-tuning, the ETT could be also

induced by the alloying. Up to date, there have no reports on

Bi2Te3 as the sources of dopants of PbTe prepared under

HPHT. We report that high performance in (PbTe)100Kx

(Bi2Te3–Sb2Te3)x samples, prepared at ambient pressure, with

NaCl structure at xR1 is obtained [11]. This result confirms

that the heavy atom is effective to improve the thermoelectric

performance for PbTe. In order to further improve the properties

of PbTe, the advantages of high-pressure technique and Bi2Te3
as source of dopants have been used. Our results show that the

thermoelectric performance of PbTe has been greatly improved

with Bi2Te3 as the sources of dopants.

2. Experimental

2.1. Sample preparation

The PbTe samples doped with Bi2Te3 were prepared with

the elements of 6 N lead, tellurium, and bismuth as sources,

which were weighed according to the respective stoichiometry.

After being uniformly mixed in an agate mortar under argon

protection, the mixtures were shaped by press. The pole shaped

samples were assembled to high-pressure and high-temperature

synthesis. The (PbTe)100Kx(Bi2Te3)x compounds were

prepared in a cubic anvil high-pressure apparatus with a

sample chamber of 18 mm on an edge under high temperature

around 1200 K and high pressure 3 GPa. The pressure was

estimated by the oil press load, which was calibrated by the

pressure induced phase transitions of bismuth, thallium, and

barium metals. The temperature was estimated by the

relationship of input heater power and temperature, which

was measured by the platinum–rhodium thermocouple.

2.2. Physical measurements

The collected samples were cut and polished on the surface

for thermoelectric measurements, which were carried out at

room temperature. X-ray powder diffraction (XRD) measure-

ments with Cu Ka radiation were performed on an X-ray

diffractometer (JDX-3500). The electrical resistivity and Hall

coefficient were obtained using the five-probe method with a

constant magnetic field in the range G5 T and the electrical

current G10 mA [12]. The carrier concentration was calculated

from the Hall coefficient, assuming a single carrier model as a

Hall scattering factor of unity. The voltage sensing electrodes

and current electrodes were 50 mm-diameter platinum wires,

which were mounted at the ends of the samples. The error in the

measurement of the Hall coefficient and electrical resistivity is

about 3%. The thermal conductivity was measured by the static

comparative method using a standard transparent quartz (SiO2,

1.37 W/Km) with the same size as the standard sample [12]. The

Seebeck coefficient Swas determined from thermoelectromotive
force E0 given by the temperature difference within 2–3 K with

the same equipment as thermal conductivity measurement. The

error in the Seebeck coefficient and thermal conductivity

measurement does not exceed 5% at room temperature.
3. Results and discussion

X-ray diffraction patterns of PbTe doped with Bi2Te3 (from

0 to 0.125 mol%) are shown in Fig. 1. It is confirmed that single

phase of PbTe, with NaCl structure and space group Fm3m is

obtained in the present study. The diffraction peaks

corresponding to the ternary compounds of PbBixTey were

not found. The ternary compounds PbBi2Te4 can only be

formed at xZ50 under the temperature 850 K according to the

phase diagram of PbTe–Bi2Te3 [13,14]. Note that, in this study,

the mole percents of Bi2Te3 are not exceeding 0.13 and the

cooling rate is exceeding 200 K/min. Under these conditions,

the ternary compounds should not be formed.

Fig. 2 shows the dependence of electrical resistivity for PbTe

doped with Bi2Te3 on the composition x. It first decreases

dramatically for a small Bi2Te3 content and then decreases

slowly for larger x. Furthermore, an abnormal peak of resistivity

emerges corresponding to the sample with 0.02 mol%



Fig. 3. The Seebeck coefficient for PbTe as a function of Bi2Te3 content at room

temperature.

Fig. 4. The dependence of carrier concentration and Hall mobility of PbTe on

Bi2Te3 content at room temperature.
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Bi2Te3 doped. The electrical resistivity of non-doped PbTe is

6.9!10K5 U m, which is much smaller than that of non-doped

samples prepared at ambient pressure and consistent with our

previous result [9]. While x is only 0.01 mol%, the electrical

resistivity for PbTe is lower than 1.1!10K5 U m. This result

indicates that the electrical resistivity of PbTe prepared by

HPHT is more sensitive to the contents of dopants Bi2Te3 than

that sintered at ambient pressure [15].

The Seebeck coefficient for PbTe as a function of Bi2Te3
content is shown in Fig. 3. It can be found that the Seebeck

coefficients for all PbTe samples are negative. This result

indicates that all the samples prepared by HPHT are n-type

semiconductors. The Seebeck coefficient for non-doped PbTe

is aboutK270 mV/K, which is much smaller than that prepared

at ambient pressure and comparable with our previous result

[9]. The absolute value of Seebeck coefficient for PbTe

decreases dramatically when the amount of Bi2Te3 is smaller

than 0.01 mol% and then slowly when the amount is larger than

0.01 mol% with an increase of Bi2Te3. Furthermore, an

abnormal peak of Seebeck coefficient emerges corresponding

to the sample with 0.02 mol% Bi2Te3 doped.

As seen from Figs. 2 and 3, both the electrical resistivity and

the absolute value of Seebeck coefficient decrease with an

increase of the content of Bi2Te3 except the abnormal doping

rate of 0.02 mol%. The factors, which result in the anomaly

could be originated from a chemical inhomogeneity. One of the

sources of chemical inhomogeneity is the lossing of Bi in PbTe,

which may result from clusterization or sticking in the mortar

during the mixing process for the Bi2Te3 contents are very

small in this study. The other source may be contributed to the

excess of Bi in the PbTe sample doped with 0.01 mol% Bi2Te3.

In addition, the inhomogenity in PbTe doped with Bi2Te3 is

also conformed by XRD patterns shown in Fig. 1. The

intensities of some diffraction peaks in PbTe doped with

Bi2Te3 from 0.01 to 0.035 mol% are different. For example, the

intensities of the (111) and (420) for PbTe doped with

0.01 mol% Bi2Te3 are higher and the intensity of the (222)

for PbTe doped with 0.02 mol% is lower than that of others.
Hall effect measurements are performed to estimate the

concentration and mobility of carriers in the samples. Fig. 4

shows the dependence of Hall mobility and the carrier

concentration of PbTe as a function of content of Bi2Te3.

The Hall mobility increases dramatically first and then

decreases slowly with an increase in Bi2Te3 content. The

maximum value of the Hall mobility, 1202.6 cm2/s, is obtained

in the sample with 0.01 mol% Bi2Te3 doped. The value is

larger than the best value of 1000 cm2/s for good thermo-

electric materials reported by Mahan [16]. The high value in

Hall mobility should result in high thermoelectric performance,

which is confirmed by the following result (Fig. 6). The

dependence of carrier concentration on Bi2Te3 dopants for

PbTe is similar to that on other dopants. However, the carrier

concentration for PbTe in this study is more sensitive to

dopants than that sintered at ambient pressure. The carrier

concentration in the PbTe sample alloyed with 0.035 mol%

Bi2Te3 is 7.1!1024 mK3, while that with 0.2 mol% Bi2Te3 and

Sb2Te3 sintered at ambient pressure is only 6.46!1024 mK3

[11]. These results may be attributed to the pressure effect.

In general, the charge transport properties of narrow gap

semiconductors are sensitive to extremely small changes in

effective mass, mobility, and concentration of carriers around

the Fermi level, which are affected by the changes in the

dopants composition. The band gap of PbTe becomes smaller

under high pressure. The Bi acts as a donor and the introduction

of Bi increases the electron concentration. So, the effect of the

pressure and alloying makes the electrical resistivity and

Seebeck coefficient decrease. But, the power factor is much

more than that of the pure PbTe. In particular, the maximal

power factor reach 24.6 mW/cm k2 in the sample with

0.01 mol% Bi2Te3 doped, which is near to the best bulk

thermoelectric material (AgPbmSbTe2Cm) reported by Hus

[17]. Based on these results, high thermoelectric performance

are expected if a low thermal conductivity is obtained at the

same time in the PbTe samples prepared at HPHT.

It is well known that thermal conductivity is composed of

the electronic thermal conductivity ke and the lattice thermal

conductivity kL. Here, ke is expressed by theWiedemann-Franz

law, keZLsT, where L is the Lorenz number and T is in



Fig. 5. Variation of thermal conductivity for PbTe as a function of Bi2Te3
content at room temperature.
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absolute temperature. The value of Lorenz number for PbTe

(LZ2.45!10K8 W U KK2) [18] is used to estimate ke. Fig. 5

shows the thermal conductivity of PbTe doped with Bi2Te3 as a

function of content of dopants. The total thermal conductivities

slightly increase when the Bi2Te3 content is lower than

0.09 mol% and then decrease with an increase in Bi2Te3
content. The lattice thermal conductivity decreases while the

carrier thermal conductivity increases with an increase in

Bi2Te3 content. Compared to other methods to reduce the

thermal conductivity, the total thermal conductivity for PbTe

doped with Bi2Te3 prepared at HPHT does not obviously

increase with an increase of the carrier concentration. This is

due to the lattice thermal conductivity decreases with the

Bi2Te3 content increasing. The decrease of the lattice thermal

conductivity with the content of dopants might be attributed to

the phonons scattered by the impurity atoms. The impurity

atoms and ions provided by Bi2Te3 have large atomic number,

which might result in the lower lattice thermal conductivity.

Fig. 6 shows the composition dependence of the figure-

of-merit, Z, for PbTe doped with Bi2Te3 calculated from the
Fig. 6. The figure-of-merit, Z, for PbTe as a function of Bi2Te3 content at room

temperature.
measured quantities. It can be seen that the value of Z

increases dramatically first and then decreases slowly with an

increase of the Bi2Te3 content. In particular, the figure-

of-merit, Z, for doped PbTe samples is much higher than that

non-doped PbTe as the content of Bi2Te3 is less than

0.08 mol%. The maximum value reaches to 9.3!10K4 KK1,

which is larger than that of fine grains PbTe samples alloyed

with PbI2 (4!10K4 and 2.3!10K4 KK1 at the grain size of

w0.5 and 0.7 mm, respectively, [5,6]). Especially, the figure-

of-merit obtained in this study is about 20% higher than that

of PbTe alloyed with 0.3 mol% Bi2Te3 sintered at ambient

pressure (7.6!10K4 KK1) [15]. This result indicates that

high-pressure technique is a useful tool to improve the

thermoelectric performance. Compared to other dopants at

ambient pressure, the large number of Z obtained in this

study should be attributed to both ETT induced by pressure

effect, which results in the large values of conductivity,

Seebeck coefficient and alloying with Bi2Te3, which results

in the low thermal conductivity.
4. Summary

N-type lead telluride (PbTe) compounds doped with Bi2Te3
have been successfully prepared at high pressure and high

temperature (HPHT). XRD patterns show that all the samples

have the NaCl structure. The electrical resistivity and the

absolute value in Seebeck coefficient decrease with an increase

of Bi2Te3 content. The total thermal conductivities slightly

increase when the Bi2Te3 content is smaller than 0.09 mol%

and then decrease, while the lattice thermal conductivity

decreases with an increase of Bi2Te3 content. The figure-

of-merit, Z, is sentivite to the dopants, which could be

enhanced dramatically for PbTe doped with very small

content of Bi2Te3(0–0.08 mol%) and the maximum value of

9.3!10K4 KK1 is obtained. The value is about 20% higher

than that of PbTe alloyed with Bi2Te3 sintered at ambient

pressure (7.6!10K4 KK1) and several times higher than that

of small grain size PbTe containing other dopants. The

improved thermoelectric performance in this study may be

due to the effect of high pressure and the low lattice thermal

conductivity resulting from Bi2Te3 as source of dopants.
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