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Abstract

Due to its close-shelled electron configuration, perovskite structured oxide Cd;TeOg was originally regarded as an electric insulator. When
Cd;TeOg was electron-doped by the substitution of trivalent cations (In**, La** and Bi*") and the introduction of oxygen vacancies, all
samples showed bright changes on thermoelectric properties. A substantial negative temperature dependence of resistivity was observed in
non-substituted Cd;TeOg, while substituted samples showed a slight dependence on temperature. Obviously resistivity degradation was found
on air-sintered samples after nitrogen treatment. The negative Seebeck coefficient and Hall coefficient obtained indicated that electrons were
the charge carriers. Among the three types of substituted cations, indium exerted the largest effect on the decrease of resistivity down to
1.3 m{) cm at room temperature. The best thermoelectric power factor of 1.35 x 1074 W m ™! K2 was obtained for Cd, ¢7Ing ¢3TeOg at

300 K.
© 2004 Elsevier Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Cd;TeOg is a 1:1 ordered perovskite oxide that has two
types of octahedron—[CdOg] and [TeOg] alternatively
appeared at B sites. The crystal structure of Cd;TeOg is
monoclinic with space group of P2,/n, no phase transition of
Cd;TeOg above room temperature was found up to 1320 K.
An important character of Cd;TeOg is that Cd** and Te®*
have the same close-shelled electron configurations as 4d'°.
Pure Cd;TeOg is thus regarded as an insulator, and its
dielectric properties were reported 20 years ago. However,
not much work has been concentrated on this material during
the recent 10 years. In our laboratory, we accidentally found
that the electrical resistivity of Cd;TeOg could be changed
by a few orders of magnitude through varying the tempera-
ture. Furthermore, a high negative Seebeck coefficient of
nearly —200 wV/K was shown in this material. These
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observations suggested that by increasing the electron con-
centration, Cd;TeOg would become a promising n-type
thermoelectric material.

A thermoelectric material possesses the ability of con-
verting heat into electricity or electricity into heat. In a
certain temperature gradient, the thermoelectric power fac-
tor, which is given by $%/p is a key factor of the thermo-
electric property. Here S is the Seebeck coefficient, and p is
the electric resistivity. Therefore, a good thermoelectric
material should possess large S and low p. However, a high
value of thermoelectric power factor is difficult to realize
because S and p cannot be changed independently for both of
them are factors of carrier concentration.

Till now a number of works [1-6] have been done on
thermoelectric materials. Now this task is focused on the
seeking of good n-type thermoelectric candidates. Because a
pair of n- and p-type thermoelectric materials is required for
the structure of a loop. Nevertheless, only p-type materials
(e.g. NaCo,04 [7] with power factor of 5 x 10°*Wm™!
K2 at room temperature) have been fabricated with fine
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properties by now, while a comparable n-type oxide material
is still on seeking. Up to now, researches have found some
new kind of thermoelectric materials that show high per-
formances [8—10], but the searching of n-type materials is
still in urgent need for application. Cd;TeOg¢ has therefore
aroused our interests on optimizing its thermoelectric prop-
erties by way of electron state modification.

In this paper, the thermoelectric property was studied on
electron-doped Cd;TeOg. Normally, it is difficult to modify
the electron state of such a material that owns full orbital
structure for some impurities are easily to appear caused by
the unbalance of electrovalence. However, if only one
electron can be successfully introduced into Cd;TeOg and
a pure solid solution is formed, its band gap can be greatly
changed and the electrical behavior will be largely modified.
In this paper, three kinds of trivalent cations—In>*, La** and
Bi** were introduced into Cd;TeOg in order to decrease its
electric resistivity. Then to extensively increase electron con-
centration, parts of air-sintered samples were annealed in
nitrogen atmosphere and the effect was compared with non-
annealed samples. Thermoelectric properties were investi-
gated on these modified samples and comparisons of thermo-
electric power factors were made with literature data.

2. Experimental procedure

Cd;_,A,TeOg (A =1In, La, and Bi, x = 0.01, 0.02, 0.03 or
0.04) powders were synthesized by conventional solid-state
reactions. Reagent grade CdO, TeO,, In,03, La,03, and
Bi,O; were used as starting materials. After weighing and
liquid mixing, the mixture was calcined at 973-1073 K for
11 h in air. XRD patterns (Rint2100, Rigaku Co., Japan)
from 20 to 80° were measured to confirm the purity of the
calcined powders. Then the powders were made into pellets
under 390 MPa isostatic pressure with water as liquid med-
ium, and then sintered at 1353 K for 4 h in air. Parts of the
air-sintered samples were annealed at 1073 K for 12 h in N,
for comparison. Phase structure of sintered sample was
checked by XRD and chemical constitution was determined

Table 1

by ICP (ICPS-7500, Shimadzu Co., Japan) using 1% HCI
liquid medium. Electrical resistivities were measured by a dc
four-probe technique using Pt line as a current lead. For
Seebeck coefficients measurement, the temperature differ-
ence between both ends was given by a strain gage and
measured by thermocouple. Strain gage was originally used
as transducer production and experimental stress analysis.
Here we used it as a small heat source by adding input
current on its legs. Measurements of the concentration and
mobility of charge carriers was performed by using the Hall
effect and the standard Van der Pauw methods at room
temperature in a magnetic field from 5 to 9 T. As a compar-
ison, non-substituted Cd;TeOq was also prepared. Besides,
all measured samples here were compact pellets with rela-
tive density of more than 90%.

3. Results and discussion

The XRD results of samples substituted with In>*, La>*,
Bi** showed same perovskite structure as pure Cd;TeOg.
There was no change of the X-ray diffraction pattern for
these samples in the temperature range of 295 to 1300 K,
identifying thermal stability of the compound.

The chemical constitution of sintered samples was ana-
lyzed by Inductively Coupled Plasma (ICP), the mole
amount of Te being taken as unit. Table 1 shows that the
final sintered samples maintained nearly the same mole ratio
as the starting composition.

The resistivities of air-sintered and N,-annealed Cd;_,A -
TeOg (A = In, La, and Bi) as a function of temperature are
shown in Fig. 1(a) and (b), separately. Obviously the resis-
tivity of the non-substituted semiconductive Cd;TeOg sample
sintered in air showed negative temperature dependence.
After annealed in nitrogen, a positive temperature dependence
of resistivity above 150 K was observed, which suggested a
metallic-like property be generated (see Fig. 1(b)). On the
contrary, all substituted samples of both air-sintered and
nitrogen annealed showed very small temperature depen-
dence of the resistivity. Moreover, after treated in nitrogen,

The results of ICP analysis for Cd;_,A,TeO¢ (A = In, La, and Bi), here the mole amount of Te is taken as the unit

Substitution amount (x) Element Starting composition Analysis composition
Cd3 ,XIleT606 Cd‘; ,XLaXT606 Cd'; ,XBiXT606
0 Cd 3.00 3.00(8)
0.01 Cd 2.99 2.99(0) 2.98(6) 2.98(8)
A 0.01 0.01(0) 0.00(8) 0.01(0)
0.02 Cd 2.98 2.98(6) 2.97(3) 2.97(7)
A 0.02 0.01(9) 0.01(7) 0.01(8)
0.03 Cd 297 2.97(6) 2.96(5) 2.96(2)
A 0.03 0.02(9) 0.02(4) 0.02(4)
0.04 Cd 2.96 2.95(6) - -
A 0.04 0.03(9) - -
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Fig. 1. Temperature dependence of the electrical resistivity of Cd;_,A,.
TeOg (A = In, La, and Bi).

all samples showed much smaller resistivity compared with
their corresponding air-sintered ones.

With the aim of avoiding the generation of oxygen
vacancies during the sintering process, samples were sin-
tered under oxygen flow. However, high densified samples
could not be obtained, the densities of all oxygen-sintered
pellets being <70%. Because of some oxygen vacancies
introduced in the air-sintered pellets, non-substituted sam-
ples changed from insulator of pure close-shelled Cd;TeOgq
into semiconductor, accompanied with some degrees of
degradation on resistivity. The treatment in nitrogen atmo-
sphere enhanced the concentration of oxygen vacancy, that is
increased the electron concentrations and then resulted in a
decrease of resistivity.

Among the three elements introduced into the Cd;TeOg,
indium gave the best effect on the degradation of resistivity.
Comparing with the non-substituted sample, sharp decrease
of more than three orders of magnitude at room temperature
was found in Cd;_,In, TeO¢ (0.01 < x < 0.04), and
Cd, 97Ing 3 TeO¢ gave the lowest value as 1.3 m{) cm at
room temperature.

It is interesting that a low amount of bismuth substitution
(x=0.01 and 0.02) gave the increase of resistivity instead of
decrease, compared with other non-substituted samples.
When the bismuth-substitution amount was increased to x
= 0.03, a sharp decrease of resistivity was observed. Similar
phenomena were found in the lanthanum-substituted sam-
ples. By X-ray refinement analysis, we tentatively found that
the angles between neighbor octahedrons changed with the
type of substituted ions and the substitution amount.

The Seebeck coefficients of all samples showed negative
values, which indicated that electrons were the charge
carriers. Fig. 2 shows a typical curve of Seebeck coefficient
of indium-doped samples as a function of temperature. It can
be seen that the absolute value of Seebeck coefficients
changed by several times with the temperature during the
measuring range from 20 to 320 K. Comparing with the
corresponding nitrogen-treated samples, air-sintered ones
showed higher absolute value.

Table 2 concludes resistivity (p), Seebeck coefficient (S),
calculated thermoelectric power factor, Hall coefficient
(Rp), as well as carrier concentration (n) and carrier mobility
(u) of all samples at 300 K. It is clearly shown that besides
Seebeck coefficient, Hall coefficient was also negative in all
samples, which indicated electrons to be the charge carriers.
Substituted and non-substituted materials are quite different
for their carrier concentration. The n value increased from
107 up to 10" by the introduction of trivalent cations, which
suggested that a change from insulator to semiconductor
occurred. Among the three kinds of substitution, indium
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Fig. 2. Temperature dependence of the Seebeck coefficient of Cd;_,In,.
TeOg (x = 0.01, 0.02, 0.03 or 0.04).
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Table 2
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Comparison of thermoelectric properties of Cd;_,A,TeOg (A = In, La, and Bi) at 300 K

Sample p (mQ) cm) S (WV/K) PWm 'K Ry (em® C™h n x 10" (cm™3) w (em?>vV=ls™h
Non-substituted Air 3.73 x 10° —297 2.37 —10.93 5.72 2.93
N, 1.38 x 107 —283 58.0 —11.53 5.42 83.5
In 0.01 Air 1.19 x 10 —57.1 274 —0.3114 200.7 26.2
N, 4.88 —56.6 65.3 —0.3542 176.5 723
0.02 Air 7.80 —51.6 34.1 —0.2036 307.0 26.1
N, 4.41 —48.4 53.1 —0.4999 125.0 114
0.03 Air 3.22 —65.9 136 —0.2878 217.2 89.9
N, 1.30 -37.2 106 —0.3428 182.3 264
0.04 Air 4.94 —62.8 80.6 —0.2642 236.6 53.9
N, 2.68 —43.9 71.4 —0.2008 311.2 74.4
La 0.01 Air 4.63 x 10° —69.6 0.101 —5.201 12.02 1.12
N, 9.91 x 10 —69.8 4.92 —0.6364 98.21 6.41
0.02 Air 452 x 10° —45.6 0.052 - - -
N, 423 x 10 —50.3 5.97 —0.9573 65.30 22.6
0.03 Air 9.88 x 10 —42.4 1.82 —2.082 30.02 21.1
N, 2.58 x 10 —39.6 6.09 —3.425 18.25 133
Bi 0.01 Air 4.68 x 10* —55.5 0.013 —2.778 22.50 0.061
N, 4.82 x 10* —61.9 0.081 —1.3931 44.86 0.29
0.02 Air 8.78 x 107 —46.3 0.020 —2.486 25.14 0.28
N, 3.12 x 10° —453 0.068 —3.942 15.85 1.26
0.03 Air 2.63 x 10° —39.9 0.614 —0.8220 76.04 3.13
N, 4.63 x 10 —459 456 —0.5861 106.6 12.7

presented the highest effect on the increase of carrier con-
centration from 5 x 10'” ecm ™ to (1-3) x 10" cm ™, which
is considered as the optimum figure for thermoelectric
materials. Nitrogen treatment did not affect carrier concen-
tration, but had a strong effect on carrier mobility. For
example, the carrier concentration of non-substituted sam-
ples remained nearly the same of 5 x 10" cm™ after
annealing, but mobility increased by some 10 times with
the reducing treatment. As a result of the large increase of
carrier mobility, a large reduction of resistivity was attained,
which finally contributed to the thermoelectric power factor.

Our result of 1.35 x 107* W m~' K2 is comparable to
that of best n-type perovskite thermoelectric material of
Bag 4Srg¢PbO5 [11], whose higher thermoelectric power
factor was reported to be 1.8 x 107*Wm'K? at
300 K. Same exciting results were got on single crystals
by our group [12], here thermoelectric power factor at 300 K
of non-substituted and indium-substituted single crystals
were 0.36 and 4.0 x 10™* W m~' K™, respectively. More-
over, both the thermal conductivity of polycrystals and
single crystals of our samples are almost the same and as
low as 2-3 W m~ ! K~!. Therefore, Cd;TeOg may become a
valuable thermoelectric oxide material.

4. Conclusions
In order to increase the electron concentration of

Cd;TeOg, oxygen vacancies and electrons were purposely
introduced by heat-treatment in N, and doping with In>*,

La**and Bi**. The substituted samples displayed a very
small temperature dependence of the resistivity. Annealing
treatment increased the carrier mobility, resulting in the
enhanced decrease of resistivity. The negative Seebeck
coefficients and Hall coefficient showed that electrons were
the charge carriers. Among the three kinds of substitution
cations, indium ion showed a superior effect on the improve-
ment of thermoelectric performance. The maximum thermo-
electric power factor of 1.35 x 10*Wm 'K ? was
obtained on Cd; ¢7Ing 03TeO3 samples at 300 K.
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