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Ce-doped Pb,_,Ce,Te alloys with x = 0, 0.005, 0.01, 0.015, 0.03, and 0.05 were
prepared by induction melting, ball milling, and spark plasma sintering
techniques. The structure and thermoelectric properties of the samples were
investigated. X-ray diffraction (XRD) analysis indicated that the samples were
of single phase with NaCl-type structure for x less than 0.03. The lattice
parameter a increases with increasing Ce content. The lower Ce-doped samples
(x = 0.005 and 0.01) showed p-type conduction, whereas the pure PbTe and the
higher doped samples (x = 0, 0.015, 0.03, and 0.05) showed rn-type conduction.
The lower Ce-doped samples exhibited a much higher absolute Seebeck coef-
ficient, but the higher electrical resistivity and higher thermal conductivity
compared with pure PbTe resulted in a lower figure of merit Z7'. In contrast,
the higher Ce-doped samples exhibited a lower electrical resistivity, together
with a lower absolute Seebeck coefficient and comparable thermal conductiv-
ity, leading to ZT comparable to that of PbTe. The lowest thermal conductivity
(range from 0.99 W m ' K 1at 300 Kt00.696 W m ' K at 473 K) was found
in the alloy Pbg 95Ceg o5Te due to the presence of the secondary phases, leading
to a ZT higher than that of pure PbTe above 500 K. The maximum figure of

merit ZT, in the alloy Pbg 95Ceg o5Te, was 0.88 at 673 K.
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INTRODUCTION

Thermoelectrics (TEs), as one of the most prom-
ising approaches for solid-state energy conversion
between heat and electricity, have become increas-
ingly important within the last decade as the
availability and negative environmental impact of
fossil fuels draw increasing attention.' The effi-
ciency of TE devices is determined by the dimen-
sionless figure of merit ZT = S?T/pk, where S is the
Seebeck coefficient, p is the electrical resistivity, T
is the temperature in Kelvin, and x is the thermal
conductivity. Good thermoelectric performance
requires a large value of S but small values of k and p.

Among the many thermoelectric materials, lead
telluride (PbTe) has been considered as a promising
candidate for intermediate-temperature applications.
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published online August 10, 2011)

One of the most effective and usual methods to
improve the thermoelectric performance of PbTe
alloys is substitution or addition of other elements.
This method can optimize the power factor and
reduce the thermal conductivity to some extent and
thus enhance the ZT'. Tl-doped PbTe (Tl goPbg 9sTe)
can achieve a maximum ZT of 1.3 at 673 K by
enhancing the Seebeck coefficient due to the crea-
tion of resonant states close to the Fermi level
without affecting the thermal conductivity.? The
addition of excess Pb and Sb to PbTe leads to a large
enhancement of the power factor, achieving a ZT of
1.4 at 673 K.? The substitution or addition of other
elements may lead to the formation of nanodots or
nanoregions, which is beneficial in terms of reduc-
ing the lattice thermal conductivity or total thermal
conductivity. Substitutions of Ag and Sb for Pb in
PbTe result in the compound AgPb,,SbTes,,,,
exhibiting an outstanding ZT value of 2.2 at 800 K
due to the distribution of Ag-Sb nanodots in the
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PbTe matrix.* The PbTe/Ag nanocomposite with
embedded Ag-rich nanodots in the PbTe has the
highest power factor of 18.78 yW cm™ K2 at 350 K,
which can be ascribed to carrier energy filtering.”
Recently, attention has been paid to lanthanide
element doping in PbTe to improve its thermoelec-
tric properties. Lanthanide elements in PbTe are
expected to be effective donors because of their tri-
valent character and may strongly affect the elec-
trical and thermal transport properties. Gd doping
in PbTe decreased its electrical resistivity signifi-
cantly due to the very high charge carrier mobility
but didn’t change much its thermal conductivity as
compared with that of PbTe.® La doping and Ag/La
co-doping of PbTe can modify the carrier concen-
tration and thermal conductivity. The alloy
Ago 05Pbg g9liag 91Te showed a high power factor of
22 uW em™* K? and a maximum ZT of 1.2 at
720 K.” The thermoelectric properties of the com-
pounds AgPb,,LaTe,,,s have been investigated and
optimized.® Investigation of PbTe crystal doped with
Ce, for application in infrared (IR) laser and detec-
tors, has been reported.’ In these studies, the solu-
bility limit of Ce in PbTe was estimated by
wavelength-dispersive spectroscopy (WDS) to be
0.5 at.%. Three types of Ce-rich precipitates (CeTe,,
CesTe;, and Cey;Tes) were observed in the PbTe
matrix by scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS).” The Ce-rich
precipitates in the PbTe matrix as secondary phases
may reduce its thermal conductivity, which im-
proves its thermoelectric properties. Since the
thermoelectric properties of Ce-doped PbTe have
not been studied, we investigated this area in this
work.

EXPERIMENTAL PROCEDURES

The elements Pb, Te, and Ce (99.99% purity) were
used as starting materials. Alloys Pb;_,Ce,Te with
x =0, 0.005, 0.01, 0.015, 0.03, and 0.05 were melted
by high-frequency induction in evacuated quartz
tubes and then ball-milled into powders. The
ball-milling was carried out in a planetary ball mill
(QM-4F; Nanjing University, China) using a hard
stainless-steel vial and balls at 200 rpm for 14 h.
The weight ratio of balls to powder was 20:1, and
the mill vial was evacuated and then filled with
purified Hy atmosphere to prevent oxidation of the
powder during the milling process. The obtained
powders were consolidated by spark plasma sinter-
ing (SPS) at 663 K for 5 min under an axial pres-
sure of 50 MPa. The peak value of impulse was
1200 A during the SPS process. The densities,
measured from the sample’s geometry and mass,
were 7.375gem™, 7387 gem™, 7.425 g cm™,
7.379 g em™, 7.475 g em ™, and 7.415 g cm ™3, corre-
sponding to relative densities of 90.0%, 90.1%,
90.6%, 90.0%, 91.2%, and 90.5%, for the samples of
Pb;_,Ce,Te with x = 0, 0.005, 0.01, 0.015, 0.03, and
0.05, respectively. A bar specimen with dimensions
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of 12.0 mm x 5.0 mm x 5.0 mm was prepared for
measurement of electrical properties and a disk
specimen of ¢12.7 mm x 2.0 mm for thermal con-
ductivity measurement.

The phases in the samples were analyzed by x-ray
diffraction using a Bruker D8 Advance SS/18 kW
diffractometer with Cu K, radiation and JADE 5.0
software. The Rietveld refinements of the XRD
patterns were performed using Topas 3.1 software.
The Seebeck coefficient (S) and electrical resistivity
(p) of the samples were evaluated using a ZEM-2
apparatus (Ulvac-Riko, Japan) in helium atmo-
sphere. The thermal conductivity (k) was calculated
using the equation x = AC,d, where 1 is the thermal
diffusivity, C;, is the heat capacity, and d is the bulk
density of the sample. The thermal diffusivity was
measured by a laser flash technique (NETZSCH
LFA457) in Ar atmosphere. The heat capacity was
measured by differential scanning calorimetry
using the standard Pyroceram 9606 as the refer-
ence. The bulk density of the sample was calculated
from the sample’s geometry and mass.

RESULTS AND DISCUSSION
Phase Analysis

Powder x-ray diffraction patterns for the
Pb;_,Ce,Te (x = 0,0.005, 0.01, 0.015, 0.03, and 0.05)
samples are shown in Fig. 1. These results indicate
that all the samples are single phase, crystallizing in
the cubic NaCl-type structure without any noticeable
secondary phase. However, it is noted that the x-ray
diffraction pattern of the alloy Pb;_,Ce,Te shifts to
lower 20 angle as the Ce content x increases up to
x = 0.03, but does not move as the Ce content x
increases further, due to substitution of the larger Ce
atom for the smaller Pb atom in the compound. The
compositional dependence of the lattice param-
eter a for the alloy Pb;_,Ce,Te, obtained by Rietveld
refinement, is plotted in Fig. 2. From Fig. 2, one can
see that the lattice parameter ¢ increases linearly
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Fig. 1. Powder XRD patterns for the samples of Pb;_,Ce,Te with
x =0, 0.005, 0.01, 0.015, 0.03, and 0.05. Inset shows magnification
of the selected peak near 20 = 65°, showing the shift of the pattern.
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with increasing Ce content up to 0.03, but changes
little for the samples with x = 0.03 and 0.05. Based on
the lattice parameter method, the maximum solid
solubility of Ce in PbTe was estimated to be 0.022
(2.2 at.%). A minor secondary phase, in addition to
the major NaCl-type structure phase, should exist in
the samples of Pb;_,Ce,Te with x = 0.03 and 0.05.
However, the amount of the secondary phase is too
small to be detected in the x-ray diffraction pattern.
To identify the secondary phase(s), we increased the
Ce content and prepared a sample of Pbg goCeq 19Te
using the same experimental condition. The powder
x-ray diffraction pattern for this sample, shown in
Fig. 3, reveals that the sample mainly contains the
PbTe solution, together with a small amount of the
compound CesTe, and a trace of Pb. In the Ce-Te
phase diagram,'® six binary compounds, CeTe,
CesTey, Ce Te;, CeTey, CegTes, and CeTes, were

6.4605
1a-Pb Ce Te
6.4600 - EL U 7 L

6.4595 4
6.4590 4
6.4585 4

6.4580

Lattice parameter a (A)

6.4575 4

6.4570

0.00 001 002 003 004 0.05
X

Fig. 2. Compositional dependence of the lattice parameter a for the
Pb;_,Ce,Te samples.

reported. The compounds CeTe and CesTey melt
congruently at 1820°C and 1645°C, respectively,
while the compounds Ce Te;, CeTe,, CesTes, and
CeTes form peritectically at 1340°C, 1250°C, 870°C,
and 829°C, respectively. The compound Ces;Te;
decomposes into CeTe; and CeTes at 607°C. The
existence of the three phases PbTe, CesTe,, and Pb in
the Pbg g9Ceq 10Te sample in this work means that
the three-phase equilibrium region of PbTe + CezTey
+ Pb can be reached in the Ce-Pb-Te ternary system
below 500°C, as shown in the inset to Fig. 3. There-
fore, the secondary phases in the sample with
x = 0.03 and 0.05 should be CesTe4 and Pb, instead of
CeTe, or CeyTes. This is rather different from the
compounds found in a PbTe crystal doped with Ce
grown in a two-zone vertical furnace with lower-zone
temperature of 850°C as reported in Ref. ?, due to the
different fabrication process or different phase equi-
libria. The composition of the melt for PbTe crystal
growth may be different in different stages. The lower
heat-treatment temperature (390°C for SPS) in this
work may lead to a higher maximum solid solubility
(2.2 at.%) of Ce in PbTe, as compared with that of the
reported PbTe crystal grown at 850°C (0.5 at.%).°

Thermoelectric Properties

The temperature dependence of the electrical
resistivity, Seebeck coefficient, thermal conductiv-
ity, and figure of merit ZT for the alloys Pb;_,Ce,Te
with x = 0, 0.005, 0.01, 0.015, 0.03, and 0.05 are
shown in Fig. 4. The electrical resistivities, as
shown in Fig. 4a, are rather high in the lower
Ce-doped samples (x = 0.005 and 0.01), being from
39x10*Qm at 300K to 3.2x 10*Qm at
673 K for Pbgg9Cep1Te as an example, but are
quite low in the higher Ce-doped samples (x = 0.015,
0.03, and 0.05), being from 2.1 x 107 Q m at 300 K

350
_. 300
2]
S 250
3
= 200
%
5150 ‘
-— Pholuzosnansneomscwmon
£ 100 | e
xiog[——HA— S\ oo J N |
| | 65-0238> Altaite - PbTe
65-2873> Pb - Lead
00-0001> Ce3Te4 - Cerium Tellurium|
20 30 40 50 60 70 80

20 (degrees)
Fig. 3. Powder XRD patterns for the sample of Pbg oCeq 1 Te. Inset shows the phase relationship for the alloys Pb;_,Ce,Te.
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Fig. 4. Temperature dependence of the (a) electrical resistivity p, (b) Seebeck coefficient S, (c) thermal conductivity «, (d) carrier thermal
conductivity and lattice thermal conductivity for the representative samples, and (e) figure of merit ZT for the samples of Pb,_,Ce,Te with x = 0,
0.005, 0.01, 0.015, 0.03, and 0.05. The total thermal conductivities for Pbg ggLag o1 Te (reported in Ref. 7), and Pby gAgo.1Te and Pbg ¢Sby 1 Te

(reported in Ref. 11) at room temperature are also shown in Fig. 4c for comparison.

t0 5.0 x 107° Q m at 673 K for Pbg 97Ceg o3Te as an
example, as compared with that of pure PbTe from
28x10°Qm at 300K to 95x 10 °Qm at
673 K prepared in the same condition. In a general
preparation with Pb:Te = 1:1, Pb?>* and Te®  ions
form the PbTe compound, Wthh shows n-type
(electron) conduction due to the loss of a small

amount of Te by evaporation. The electrical resis-
tivity of p-type Ag-doped PbTe is higher than that of
n-type Sb- doped PbTe, malnly due to the reduction
of the carrier concentration.!! It is reasonable to
believe that the electron carrier concentration is
reduced in the lower Ce-doped samples but
enhanced in the higher Ce-doped samples. Cerium
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has three electron states: Ce'*, Ce?*, and Ce®*. The
cerium electron states belong to the stable Ce'* and
Ce3* impurity charge states in the Ce-doped PbTe
crystal prepared by the Bridgman technique, as
observed by its far-infrared reflectivity spectrum.
The position of the pinned Fermi level and the tIype of
conduction depend on the balance between Ce " and
Ce3* impurity states.'> We believed that the Ce ion
mainly adopts the Ce'* state in the lower Ce-doped
samples (x = 0.005 and 0.01) and thus the samples
exhibit p-type conduction, but mainly the Ce®* state
in the higher Ce-doped samples (x = 0.015, 0.03, and
0.05), leading to n-type conduction. This was con-
firmed by Seebeck coefficient measurements, shown
in Fig. 4b. The electrical resistivities in the higher
Ce-doped samples (x = 0.015 and 0.03) are lower and
show weaker temperature dependence compared
with pure PbTe, due to their higher electron carrier
concentration due to the introduction of the Ce
impurity. The electrical resistivity of the Ce-doped
samples Pb;_,Ce,Te is on the same order as, but
slightly larger than, that of the La-doped samples
Pb,_,La,Te, since the latter were prepared by a
melting process.

The Seebeck coefficients for the Ce-doped sam-
ples, shown in Fig. 4b, were found to be positive for
the lower Ce-doped samples exhibiting p-type con-
duction, but are negative for the higher Ce-doped
samples with n-type conduction. As discussed
above, two stable Ce'* and Ce3* charge states are
present in the Ce-doped PbTe crystal. The Cel* ions
in the PbTe lattice act as acceptors that provide hole
carriers by accepting electrons from the valance
band into an acceptor state above the top of the
valance band. In contract, the Ce3* ions in the PbTe
lattice act as donors that provide electrons to the
conduction band from a donor state below the con-
duction band. More Ce'* in the lower Ce-doped
samples (x = 0.005 and 0.01) leads to their n-type
conduction, while more Ce®* in the higher Ce-doped
samples (x = 0.015, 0.03, and 0.05) leads to p-type
conduction. The Seebeck -coefficients are from
396 uV K ! at 300 K to —8.65 uV K ! at 673 K for
the sample with x = 0.005, and from 312 xV K~ ! at
300 K to —75.2 uV K ! at 673 K for the sample with
x = 0.01. This sign change may be related to the
onset of intrinsic conduction and shows the superi-
ority of electron conduction for the alloys at high
temperature. Similar behavior was also reported in
PbTe.'®* The Seebeck coefficients for the higher
Ce-doped samples (x = 0.015, 0.03, and 0.05) were
found to be negative over the entire temperature
range, indicating that electron-type carriers domi-
nate the thermoelectric transport. It is noted that
the absolute Seebeck coefficients for these higher
Ce-doped samples remain almost unchanged with
Ce content, 150 1V K ! at 300 K and 200 1V K ! at
673 K, and lower than that of pure PbTe
(230 uV Kt to 310 uV K 1). It is known that the
Seebeck coefficient is highly dependent on the car-
rier concentration. It is reasonable to believe that

the carrier concentrations for these higher Ce-doped
samples should be almost the same, since the max-
imum solid solubility of Ce in PbTe was obtained as
2.2% by XRD. This behavior was also found in the
Sb-doped PbTe sample.'’ The presence of the sec-
ondary phases may also slightly affect the Seebeck
coefficient and electrical resistivity in this work.

The temperature dependence of the thermal con-
ductivity for the samples of Pb;_,Ce,Te (x =0,
0.005, 0.01, 0.015, 0.03, and 0.05), shown in Fig. 4c,
reveals that the thermal conductivities of all the
samples firstly decrease slightly and then increase
with increasing temperature. The thermal conduc-
tivity for the sample with x = 0.005, varying from
1.36 Wm 'K ' at 300K to .0Wm 'K ' at
473 K, is almost the same as that of pure PbTe
14Wm''K"! to .0Wm 'K in the same
experimental condition, while the thermal conduc-
tivity for the sample with higher Ce content
increases with increasing x up to 0.03. However, the
thermal conductivity for the sample with x = 0.05 is
reduced to the range from 0.99 W m ! K ! at 300 K
to 0.696 Wm 'K ! at 573 K. The thermal con-
ductivity for the Ce-doped sample Pb;_,Ce,Te is
lower than those of Pbg gAgo 1Te (1.65 Wm ! K ! at
300 K), PboShg Te (3.10 Wm 'K ' at 300 K),"*
or PbggoLagoiTe (4.78 Wm ' K at 300 K) pre-
pared by melting,” also shown in Fig. 4c. There are
two contributions to the total thermal conductivity:
the lattice part k1, and the carrier part xc. k¢ can be
estimated by the Wiedemann—Franz law as k¢ =
LT/p (Lorenz number L =1.96 x 1078 W QK ?).
Thus, in principle, the lattice thermal conductivity
k1, can be deduced by subtracting the carrier ther-
mal conductivity k¢ from the total thermal conduc-
tivity x. The temperature dependence of the carrier
thermal conductivity k¢ and the lattice thermal
conductivity ki, for the representative samples
Pb;_,Ce,Te with x = 0, 0.015, and 0.05 is shown in
Fig. 4d. One can see that the lattice thermal con-
ductivity x;, dominates the total thermal conduc-
tivity in the Pb;_,Ce,Te alloys. The samples of
Pb0_985Ce0.015Te and Pb0_95Ce0_05Te show the hlgher
carrier (electron) thermal conductivities due to their
higher carrier concentration as compared with pure
PbTe. The lattice thermal conductivity xi, for the
sample of Pbg gg5Ceq g15Te is not obviously changed
as compared with that of pure PbTe. However, the
sample of Pbg95Ceg o5Te shows much lower lattice
thermal conductivity than that of pure PbTe due to
phonon scattering by the secondary phases CesTey
and Pb. The reduction of the lattice thermal con-
ductivity leads to the reduction of the total thermal
conductivity.

The figures of merit (ZTs) for the samples
Pb,_,Ce,Te can be calculated by the equation
ZT = S?T/pk, using the data shown above in the
investigated temperature range. The results are
shown in Fig. 4e. Although the lower Ce-doped
samples (x = 0.005 and 0.01) show a rather high
Seebeck coefficient, their high resistivity leads to
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low ZT values. However, the higher Ce-doped sam-
ples (x = 0.015 and 0.03) have a low absolute See-
beck coefficient, but their much lower electrical
resistivity leads to comparable ZT values to that of
PbTe. Low thermal conductivity (range from
099Wm 'K ' at 300 K to 0.696 Wm 'K ! at
473 K) was found in the alloy Pbg 95Ceg.o5Te due to
the presence of the secondary phases CesTe, and
Pb, leading to ZT comparable to that of pure PbTe
below 500 K and higher than that of pure PbTe
above 500 K. The maximum figure of merit ZT in
this work, in the alloy Pbgg5Ceq o5Te, was 0.88 at
673 K, which is higher than that of 0.75 for pure
PbTe under the same condition, 0.8 for pure PbTe
fabricated by a combination of the hydrothermal
method and hot pressing,'® 0.7 for Pbg g9Lag o1 Te at
673 K, and 0.27 for PbygAg, Te or 0.62 for
Pbo.oSbo 1Te at 723 K.!! The TE properties for the
samples of Pb;_,Ce,Te may be further optimized.

CONCLUSIONS

Ce-doped Pb;_,Ce,Te alloys were prepared, and
the effects of doping on the thermoelectric properties
were investigated. Substitution of Pb?* ions by Ce'*
ions in the lower Ce-doped samples (x = 0.005 and
0.01) resulted in p-type conduction, reduced electri-
cal carrier concentration, higher Seebeck coefficient,
and undesired higher electrical resistivity, leading
to a low figure of merit ZT. Substitution of Pb?* ions
by Ce®* ions in the higher Ce-doped samples
(x = 0.015, 0.03, and 0.05) caused n-type conduction,
increased electrical carrier concentration, lowered
electrical resistivity, and lowered absolute Seebeck
coefficient, leading to ZT comparable to that of PbTe.
The low thermal conductivity (range from
099 Wm 'K ' at 300 K to 0.696 Wm 'K ' at
473 K) of the alloy Pbg 95Ceg.o5Te due to scattering of
phonons by the secondary phases led to a ZT value
comparable to that of pure PbTe below 500 K and
higher than that of pure PbTe above 500 K.
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The maximum figure of merit ZT, in the alloy
Pb0_95Ce0_05Te, was 0.88 at 673 K.
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