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In-Situ Measurement of Electrical Character of PbTe at High Pressure and High

Temperature
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There is a widespread interest in lead telluride (PbTe) as a good thermoelectric material. We report the temper-
ature dependence of thermopower S(T') and resistance R(T) for PbTe at the different pressures of from 1.8 GPa

to 5 GPa obtained by using the cubic anvil high pressure apparatus. With increasing pressure, R(T) and S(T)
decrease. The effect of pressure on R(T') is larger than that on S(T'). The power factor that is determined by

thermopower and resistivity increases with increasing pressure. This method is an efficient tool for synthesizing

good thermoelectric materials at high pressure and high temperature.

PACS: 81.05. Hd, 84.60.Rb, 91. 60. Gf

Thermoelectric materials can be used both as gen-
erators that convert heat into electricity and as refrig-
erators that utilize electricity for cooling. Thermoelec-
tric devices are lightweight, small, and without any
moving parts or bulk fluids.['*? Presently, the appli-
cation of thermoelectric devices is limited by their low
efficiencies which are determined by the thermoelec-
tric dimensionless figure of merit, ZT, where T is the
temperature and Z = S%0/k (S is the thermopower,
o is electrical conductivity, and x is the thermal con-
ductivity). The best materials available today for de-
vices have the ZT value of about 1. It is believed that
the ZT value of 3 or 4 is necessary for practical ther-
moelectric generators.[!] Thus, the current research on
thermoelectric materials is focused on finding thermo-
electric materials with larger possible value of ZT.12!

Several approaches have been adopted to improve
thermoelectric properties of materials, such as the syn-
thesis of new bulk materialsl® and quantum-welll*!
Besides the ambient pressure synthesis
methods, pressure tuning is another efficient way.!"!
Pressure tuning may offer new means to rapidly ex-
plore the phase space composed of the interaction pa-
rameters (e.g. orbital overlap, orbital energy, and
magnetic coupling, etc) that determine the material
properties, potentially increasing the rate of discov-
ery of improved materials.®~8 Badding et al. found
that the ZT values of some materials including heav-
ily doped semiconductors and rare earth intermetallic
compounds were considerably improved at high pres-
sure and room temperature.19 Observation of im-
proved properties under pressure provides targets for
synthesis by other approaches, although the higher ZT
value induced by pressure can not be retained at am-

structures.

bient pressure. It is well known that the high-pressure
and high-temperature (HPHT) synthesis is the most
direct method to obtain the high pressure phase ma-
terials, such as the diamond and hBN. In our pre-
vious work, we synthesized some thermoelectric ma-
terials under HPHT, and we found that the ZT val-
ues of PbTe synthesized under HPHT were consider-
ably higher than those of ones synthesized at ambient
pressure.['112] Tn order to obtain a better understand-
ing of the roles that temperature and pressure play in
the course of synthesis, in situ measurements of ther-
mopower and resistance under HPHT were conducted
in this work.

Although some in situ thermopower measurement
techniques have been used in anvil cells and self-
clamped cells, there has been no report so far about
such kind of measurements being conducted on cubic
anvil high-pressure apparatus.['3-15] Because the cu-
bic anvil is the synthesis apparatus, in which it is easy
to control the temperature, we can obtain the ther-
mopower and resistance functions of temperature at
different pressures.

In this work, in situ measurements of thermopower
and resistance of PbTe under HPHT are conducted
on cubic anvil high pressure apparatus with the pres-
sures ranging from 1.8 to 5 GPa and the temperatures
ranging from 300 to 800 K. It is found that the ther-
moelectric property of PbTe increases with pressure.

Sample synthesis and in situ measurements at
HPHT are carried out in the cubic anvil apparatus.
The sketch of the assembly is shown in Fig.1. A
graphite tube was introduced as heater. Due to the
heating fashion and the geometry of the chamber,
there exists an axial temperature gradient that can
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be used to perform the thermopower measurements
without any supplementary heater. One end of the
sample was placed at the centre of the chamber where
the temperature was the highest. The K-type ther-
mocouples were used to measure the thermopower of
the sample and the temperature of the chamber.

Fig.1l. Schematic diagram of the experimental setup
for the sample synthesis and in situ measurements: (1)
ring, (2) K-type thermocouple (the perpendicular ones
are shown by dashed lines), (3) graphite heater, (4) sam-
ple, (5) insulation tube (NaCl + 20wt.% ZrOs), (6)
pyrophyllite.

High pure (99.999%) lead and tellurium powder
were mixed with 1:1 (at.%) ratio in an agate mor-
tar under argon atmosphere. Then the mixture was
pressed into pellets of 6 mm in diameter and 6 mm
in length. The samples were heated for 30 min under
the condition of 1300 K and 1.8 GPa, then quenched to
room temperature. The pressure was estimated by the
oil press load, which was calibrated by the pressure-
induced phase transitions of bismuth, thallium and
barium metals under high pressure. The temperature
was measured by K-type thermocouples.

Two pairs of K-type thermocouples which con-
nected the anvils and sample were used to measure
thermopower and resistance. They were insulated
from graphite heater by ceramic pipe. The ther-
mocouples were connected with anvils as shown in
Fig. 1. The details of the technique (e.g. experimental
configuration and the principle of measurement ther-
mopower, etc) have been described elsewhere. Con-
ventional four-probe dc resistance measurements were
performed on a sample loaded in the same way as
those loaded for thermopower measurements. Volt-
ages were measured by an HP 3458 A multimeter.

Figure 2 shows the temperature dependence of the
thermopower, S(7T'), under different pressures for the
PbTe sample synthesized under HPHT. All the S(7T))
values are negative, which means that the PbTe are
an n-type semiconductor due to the excess of lead.
At different pressures, S(T') values have the same
variation tendency in which S(T") increases with in-
creasing temperature and then slightly decreases. At
1.8 GPa, for example, the thermopower increases from

51 uV/K at 330K to 197 uV/K at 600 K and decreases
to 165 uV /K at 780 K. As a transport coefficient, ther-
mopower depends on the energy band structure of
a material. The PbTe is one of the few materi-
als where the temperature coefficient (0Fg,,/0T =~
4.7 x 107*eV/K) is positive, which means that the
semiconducting gap increases with temperature.['®
Moreover, the thermopower is inversely proportional
to the carrier density that decreases as Fg,, becomes
broader. However, when the temperature goes over
a value, the carrier density increases slightly because
the contribution of thermal excitation is dominant
at high temperature. Therefore, the thermopower of
PbTe increases to a maximum value at one temper-
ature and then slightly decreases. The thermopower
also depends on the pressure. Figure 2 shows that
S(T) is smaller at higher pressure, which is marked
at high temperature. The pressure coefficient is neg-
ative for PbTe.l'®] Thus, Eqap
pressure increases, which means that the carrier den-
sity increases. Thus the thermopower decreases with
pressure.
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Fig. 2. Temperature dependence of thermopower S(T') of
PbTe under different pressures.
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PbTe under different pressures.
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The measurements of resistances were conducted
simultaneously as the measurements of thermopower.
Because of the temperature gradient, the sample volt-
age has the temperature component Vp, ie. V =
IR+ V. Therefore, the resistances can be calculated
by the linear fit of the voltage. Figure 3 shows that
the temperature dependence of resistances of PbTe at
different pressures. The changing tendencies of resis-
tances with temperature and pressure are the same
as that of thermopower. Similarly, the resistance is
inversely proportional to the carrier density. More-
over, compared with thermopower, the resistance is
more sensitive to pressure. Table 1 exhibits that the
effect of pressure on resistance is larger than that on
thermopower at 600 K.

Table 1. The effects of pressure on thermopower and resistance

at 600 K.

Pressure (GPa) 1.8 2.2 3.5 5.0
S (P)/S (1L8GPa) 1.00 097 081 073
R (P)/R (1.8GPa) 1.00 0.66 0.36 0.25
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Fig. 4. Temperature dependence of power factor ¢S? of
PbTe under different pressures.

The power factor, S%c, is determined by ther-
mopower and the electrical conductivity that can be
calculated by the resistance and the geometric factor.
In HPHT experiments, the geometric factor will have
a small change that is not able to be in situ measured
at cubic anvil. Thus, the relative conductivity is cal-
culated by the same geometric factor. Figure 4 shows
the temperature dependence of the power factor un-
der different pressures for PbTe. At high pressures,
the maximum values appear in the range 600-700 K,
which is in good agreement with the results at the am-

bient pressure. At a certain temperature, the values
of the power factor increase as the pressure increasing.
This indicates that the increasing effect of pressure on
electrical resistivity is so large that it can compensate
for the loss of thermopower. To determine ZT at high
pressure, it is also necessary to have the thermal con-
ductivity which consists of two contributions, one from
the electrical carriers k., and the other from the ther-
mal lattice vibrations (phonon) &, that is the main
portion for PbTe. Comparing with S and R, we found
that x,;, has a smaller decrease with pressure.['2] Thus
the ZT value should increase with the increasing pres-
sure.

In summary, in situ measurement of the electrical
property of PbTe has been conducted at high pres-
sure. The thermopower and resistance of PbTe de-
crease with increasing pressure, however the decreas-
ing rate of resistance is higher than that of ther-
mopower. Therefore the power factor of PbTe in-
creases with pressure. This indicates that this method
is an efficient tool for synthesizing good thermoelectric
materials at HPHT.
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