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Abstract

The effect of ytterbium doping on the thermoelectric properties of La0.1Sr0.9TiO3 ceramics has been investigated at the temperature

range between 300 K and 1000 K. Samples with different ytterbium concentrations have been synthesized by the conventional solid state

reaction technique. An X-ray diffraction pattern suggests that the dominant crystal structure is of perovskite, with a small amount of

pyrochlore phase of Yb2Ti2O7. The electrical resistivities of all samples exhibit a minimum in the temperature range between 300 K and

1000 K. The minimum values of electrical resistivity are 1.5 mO cm, 2.0 mO cm, 3.9 mO cm, 7.1 mO cm, and 9.0 mO cm for x¼0.01,

0.03, 0.05, 0.07, and 0.10, respectively. With the increasing ytterbium content, the electrical resistivity enhanced dramatically, the

Seebeck coefficients are increased marginally, and the thermal conductivities are reduced moderately. The lowest thermal conductivity of

3.9 W/mK is obtained in sample of La0.1Sr0.89Yb0.01TiO3, which exhibits maximum figure of merit 0.20 at 963 K.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The performance of thermoelectric materials is usually
evaluated in terms of the thermoelectric figure of merit ZT

defined by

ZT ¼ S2T=rk ð1Þ

where S is the Seebeck coefficient, r is the electrical
resistivity, k is the thermal conductivity, and T is the
absolute temperature. Therefore, good thermoelectric per-
formance requires a high power factor (PF) S2s, and a low
thermal conductivity k.

Since good thermoelectric performance has been found in
NaCo2O4 single crystals by Terasaki et al. [1], oxide thermo-
electric materials have attracted much attention as promising
p-type materials for thermoelectric power generators in the
high temperature region. Many kinds of Co-based oxides
such as Ca3Co4O9 [2,3] and Bi–Ca–Co–O [4] have been
studied to search for high thermoelectric performance. For a
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counter-part component, n-type oxide thermoelectric materials
with matched thermoelectric properties are required. Up to
now, several n-type oxide materials such as SrTiO3 [5–11],
CaMnO3 [12] and ZnO [13] et al. have been reported with
good thermoelectric properties. Doped SrTiO3 as potential
candidate for n-type oxide thermoelectric material has
attracted much attention. Okuda et al. [5] have reported that
lanthanum-doped SrTiO3 single crystal exhibits high power
factor, and its thermoelectric property could be comparable
with that of Bi–Te alloy at room temperature. However, its
high thermal conductivity reduces its thermoelectric perfor-
mance, a figure of merit of 0.15 has been obtained for
Sr0.95La0.05TiO3 single crystal at 773 K. A figure of merit of
0.21 has been obtained for (La,Sr)TiO3 ceramics [7]. The
enhancement of the figure of merit is mainly due to the
reduction of the thermal conductivity by the grain boundaries.
Ohta et al. [8–9] has fabricated niobium-doped SrTiO3

epitaxial films, polycrystals, and single crystal with figure of
merit values reaching 0.37 at 1000 K, 0.35 at 1000 K, and 0.17
at 1073 K, respectively. In order to increase the figure of merit
by reducing the thermal conductivity, we have studied the
thermoelectric properties of dysprosium-doped La0.1Sr0.9TiO3
rved.
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Fig. 1. X-ray powder diffraction patterns of La0.1Sr0.9�xYbxTiO3 with

x¼0.01, 0.03, 0.05, 0.07, 0.10 ceramics.
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Fig. 2. Lattice constants and cell volumes of La0.1Sr0.9�xYbxTiO3 for

different x.
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ceramics [11]. A relatively low thermal conductivity of
2.5 W/m K has been achieved. , Figure of merit for La0.1Sr0.83-
Dy0.07TiO3 has reached 0.36 at 1045 K, which was the largest
value ever reported among SrTiO3 thermoelectric ceramics.
The lattice thermal conductivity is associated with the ion mass
difference between dopant and matrix [14]. The mass differ-
ence between ytterbium and strontium is larger than that of
between dysprosium and strontium. In this sense, ytterbium
doped La0.1Sr0.9TiO3 ceramics may reduce the lattice thermal
conductivity in comparison with dysprosium doped samples.
Therefore, doping ytterbium would decrease the thermal
conductivity, and improve the figure of merit. From this
point, ytterbium doped La0.1Sr0.9TiO3 ceramic samples were
prepared in this work, and their thermoelectric properties were
studied.

2. Experimental

Ceramic samples of La0.1Sr0.9�xYbxTiO3 with x¼0.01,
0.03, 0.05, 0.07, 0.10 were prepared by conventional solid
state reaction technique. The starting materials were La2O3

with purity of 99.99%, SrCO3 of 99%, TiO2 of 99.8%, and
Yb2O3 of 99.99%, respectively, which were supplied by the
Sinopharm Chemical Reagent Co.,Ltd. The raw materials
were weighted in stoichiometric proportions, and mixed by
ball milling using zirconia balls and ethanol as media for
12 h. After the wet mixtures were dried, they were pressed
into pellets, and calcined at 1350 1C for 6 h in ambient air.
The pellets were smashed and ball-milled for 12 h. Then
the powder was repressed into pellets. These pellets were
sintered at 1460 1C for 4 h in the presence of argon gas
with 5 mol% hydrogen. The sintered disks were cut into
rectangular columns (20� 1.8� 1.8 mm3) for electric prop-
erty measurements.

Crystal structure was characterized by X-ray powder
diffraction with Cu Ka radiation (l¼0.154056 nm) utiliz-
ing a Bruker AXS D8 ADVANCE diffractometer. Surface
morphology was investigated on JSM-840 scanning elec-
tronic microscope (SEM). The electrical resistivity and the
Seebeck coefficient were measured simultaneously in the
temperature range of 300–1000 K using a ULVAC ZEM-3
equipment in helium atmosphere. The thermal diffusivity
(l) and the specific heat capacity (Cp) were measured with
Standard Laser Flash Thermal Constants Analyzer
ULVAC TC-7000. The densities (d) were measured by
the Archimedes’ method. The thermal conductivity values
(k)) were calculated from the thermal diffusivity (l), the
specific heat capacity (Cp), and the density (d) by applying
the relationship k¼lCpd. The power factor and ZT were
calculated from the above-measured parameters.

3. Results and discussion

Fig. 1 shows the XRD patterns of the samples with different
ytterbium contents at room temperature. We can see from
diffraction peaks that the sample with x¼0.01 only has
dominant peaks of SrTiO3, no other peaks are appeared in
XRD pattern. With more ytterbium doped in La0.1Sr0.9TiO3,
peaks of secondary phase with pyrochlore structured
Yb2Ti2O7 have appeared. Moreover, the peak intensity of
Yb2Ti2O7 increases with the increasing of ytterbium content.
These main peaks of all samples have been indexed with the
cubic perovskite structure belonging to the Pm3m space
group. The lattice constants and cell volumes were calculated
from these XRD data. Specifically, they were derived from the
indices of crystal face of main peaks and corresponding angles.
Because it is difficult to confirm the precise amount of
secondary phase, we do not consider the indices of crystal
face of secondary peaks and corresponding angles in the
calculated progress. The calculated lattice constants and
volumes are shown in Fig. 2. The lattice constants and
volumes show a non-monotonic relationship with ytterbium
contents. Sample with x¼0.05 posses the smallest lattice
constant and volume of 3.8072 Å and 59.6495 Å3. Deviation
from this ytterbium content, the lattice constants and volumes
become larger. The sharp decrease of lattice constant and
volume from x¼0.01 to 0.03 is attributed to the smaller ion
radius of ytterbium (0.86 Å) than that of strontium (1.12 Å).
Variations of lattice constants and volumes for x¼0.03, 0.05,
0.07, 0.10 are not very obvious, which may be resulted from
that the Yb3þ can not be fully incorporated into the
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La0.1Sr0.9TiO3 lattice when more ytterbium is added. The
densities are 4.7024 g/cm3, 4.6907 g/cm3, 4.6304 g/cm3,
4.6064 g/cm3, 4.8613 g/cm3 for x¼0.01, 0.03, 0.05, 0.07,
0.10, respectively. The relative densities are calculated from
the measured density over the theoretical density. Because the
precise amount of the secondary phase is difficult to
determine, theoretical densities are calculated by using the
lattice constants from XRD. Therefore, the relative densities
are only approximate values. The relative densities are 89%,
88%, 86%, 85.0%, 88% for x¼0.01, 0.03, 0.05, 0.07, 0.10,
respectively.

Fig. 3(a–e) shows scanning electronic microscope (SEM)
images of surface microstructures for La0.1Sr0.9-xYbxTiO3

ceramics. These images exhibit the typical morphology of
sintered ceramics obtained by the solid state reaction. We
can easily find from the SEM images that there are fine
grains, and the number of fine grains increases with the
increasing concentration of ytterbium. We believe that
these fine grains are the secondary phase. The sample for
x¼0.01 also has fine grains in the image of SEM; however
the XRD pattern shows no secondary phase peaks form
Fig. 1. This implies that secondary phase could exist in the
Fig. 3. SEM images of surface section for La0.1Sr0.9�xYbxTiO3 ceramics

for x¼0.01, 0.03, 0.05, 0.07, 0.10 as in a, b, c, d, e, respectively.
x¼0.01 sample, it is undetectable from XRD. In other
words, the x¼0.01 sample is also not in pure cubic SrTiO3

phase, but the amount of secondary phase is very small.
Also we can see from these SEM images that the grain size
for main phase decreases with the increase of ytterbium,
which indicates that the secondary phase Yb2Ti2O7 can
inhibit the grain growth for main phase. The appearance of
secondary phase might decrease the thermal conductivity.
Temperature dependence of the electrical resistivity is

shown in Fig. 4. At low temperatures, the electrical
resistivity decrease with the increase in temperature, which
is indicative of a semiconductive behavior. This behavior is
in accordance with the previous reports in ceramic samples
[6,11], but not observed in single crystal samples [5].
This behavior could attribute to the scattering of grain
boundaries. With the further increase of temperature, the
electrical resistivity of all samples shows a typical metallic
behavior. The transition temperature of semiconductive–
metallic gradually shifts to high temperatures with increas-
ing of ytterbium content. The electrical resistivity for all
samples increases with the increase of ytterbium content.
The minimum electrical resistivity has increased from
1.5 mO cm for x¼0.01 to 9.0 mO cm for x¼0.10. Since
the electrical resistivity depends on the carrier concentra-
tion and carrier mobility, the behavior of the electrical
resistivity can be understood from the knowledge of carrier
concentration or carrier mobility. With the increase of
ytterbium content, the Yb3þ can not be fully incorporated
into the La0.1Sr0.9TiO3 lattice, and the secondary phase
appears accordingly. So we consider that the carrier
concentration is not obviously changed. However, in the
samples with more amount of secondary phases and hence
of finer gain size, more amount of grain boundaries results
in reduced carrier mobility. Therefore, the increase of
electrical resistivity results from the reducing of carrier
mobility.
The temperature dependence of Seebeck coefficient is

shown in Fig. 5. The Seebeck coefficients are all negative,
indicating n-type conduction mechanism. The Seebeck
Fig. 4. Temperature dependence of electrical resistivity for

La0.1Sr0.9�xYbxTiO3 ceramics.
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coefficients for all samples change almost linearly with
temperature, showing a metallic behavior. This behavior is
in agreement with that of degenerate semiconductors in
this temperature range [15]. The absolute Seebeck coeffi-
cient slightly increased with ytterbium content changing
from x¼0.01 to x¼0.03. With the further increase of
ytterbium content, the Seebeck coefficient is influenced
weakly by the ytterbium content. For degenerate semicon-
ductors, in which a parabolic band and energy-indepen-
dent scattering approximation can be assumed [16], the
Seebeck coefficient can be given by the following equation:

S¼ 8p2KB
2m*qT p=3n

� �2=3
=3eh2 ð2Þ

where KB, h, m* and n are Boltzmann constant, Planck
constant, the effective mass of the carriers, and carrier
concentration, respectively. Eq. (2) indicates that the
Seebeck coefficient strongly depends on carrier concentra-
tion and effective mass of the carriers. As we can see from
Fig. 5 the Seebeck coefficient is not obviously affected by
ytterbium contents, this behavior implies that the ytter-
bium doping does not affect carrier concentration and the
effective mass of the carriers. This is also consistent with
the previous XRD description that Yb3þ cannot be fully
incorporated into the La0.1Sr0.9TiO3 lattice when more
ytterbium is doped.

Temperature dependence of power factors are calculated
from S2s and presented in Fig. 6 for different ytterbium
content. With the increase of temperature, the power factor
for x¼0.01, 0.03 samples displays relative larger values, and
has a maximum value of around 600 K. The power factor for
samples of x¼0.05, 0.07, 0.10 increase with increasing of
temperature in the whole measured temperature range.
The maximum value of power factor for x¼0.01, 0.03,
0.05, 0.07, 0.10 samples are 1325 mW/K2m, 1087 mW/K2m,
736 mW/K2m, 515 mW/K2m, 443 mW/K2m, respectively. The
temperature corresponding maximum power factor shifts to
a higher temperature with more ytterbium doped. We can see
that x¼0.01 ceramic sample exhibits the highest value of
power factor, which is mainly attributed to the lower value of
electrical resistivity.
Fig. 7 displays the total thermal conductivity (a) and

lattice thermal conductivity (b) in temperature range from
300 K to 1000 K. The total thermal conductivity decreases
with the increasing of temperature, indicating that the
lattice thermal conductivity is dominated. With increase of
ytterbium, the total thermal conductivity decreases as we
expected. The total thermal conductivity can be expressed
by the formula k¼kLþke, where the kL is lattice thermal
conductivity and ke is the electronic thermal conductivity.
The electronic thermal conductivity is calculated from
Wiedemann–Franz law as ke¼LT/r, where Lorentz con-
stant is L¼2.44� 10�8 V2K�2. At high temperature
around 973 K, we estimate the electronic contribution to
the total thermal conductivity being about 10.3%, 10.0%,
8.9%, 6.6%, 6.1% for x¼0.01, 0.03, 0.05, 0.07, 0.10,
respectively. These values confirm that the total thermal
conductivity comes mainly from the lattice vibrations.
The lattice thermal conductivity kL is estimated from the
total thermal conductivity k and ke, and is shown in Fig. 7
(b). The lattice thermal conductivity decreases when
ytterbium increases from x¼0.01 to 0.03, and does not
change with further increase of ytterbium. From x¼0.01
to 0.03, obvious decrease of lattice conductivity is resulted
form large difference of ion mass between ytterbium and
strontium, this behavior consists with our primary idea.
With the further increase of ytterbium content, there is no
effect to obvious variation of lattice conductivity, since
ytterbium does not fully incorporate into the lattice.
Therefore, in low doping level, the reduction of lattice
conductivity mainly leads to the decrease of total thermal
conductivity. However, at a high doping level, the decrease
of total thermal conductivity mainly comes from the
reduction of electric thermal conductivity in ytterbium
doped La0.1Sr0.9TiO3 ceramics.
Temperature dependence of dimensionless figure of

merit ZT is shown in Fig. 8. The ZT value of all samples
increases with increasing temperature monotonically over
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the whole temperature range, and decreases with increas-
ing of ytterbium content. The maximum of ZT values for
x¼0.01, 0.03, 0.05, 0.07, 0.10 samples are 0.20, 0.19, 0.17,
0.12, 0.11, respectively. We can easily see that La0.1S-
r0.89Yb0.01TiO3 ceramic sample posses the highest ZT value
of 0.20 due to its relatively higher power factor. This value
is almost same with that of x¼0.00 sample (ZT¼0.21) in
our previous report [7]. This suggests that the ytterbium
doping can reduce the thermal conductivity, and has less
effect in enhancing the thermoelectric properties of
La0.1Sr0.9TiO3 ceramics.

4. Conclusion

Thermoelectric properties of Yb doped n-type La0.1Sr0.9-
TiO3 ceramics are investigated in temperature range
between 300 K and 1000 K. All the samples are in cubic
perovskite structure with little amount of pyrochlore
secondary phase of Yb2Ti2O7. Thermal conductivity almost
does not changed with doping of ytterbium, electrical
resistivity is increased. Also Seebeck coefficient nearly has
no influence on the doping of ytterbium. Therefore the
figure of merit ZT does not effectively enhance the
doping of ytterbium. Our results indicate that doped
element ytterbium can improve the electric property, and
maintain thermal property and thermoelectric properties of
(La, Sr)TiO3 ceramic nearly remain unchanged.
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