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Abstract Ceramic samples of La0.1YxSr0.9–xTiO3 with

different yttrium concentration have been synthesized by

conventional solid state reaction technique, and their ther-

moelectric properties have been investigated. X-ray dif-

fraction characterization confirms that the main crystal

structure is of perovskite, but with a small amount of second

phase of Y2Ti2O7 for samples with x = 0.05, 0.08, and

0.10. SEM images indicate all ceramic samples are dense

and compact, and the largest grain size appears in sample

with x = 0.03 and 0.05. Also the second phase can also be

identified from the SEM images for x = 0.05, 0.08, and

0.10 samples. Electrical conductivity and Seebeck coeffi-

cient of samples have been measured in the temperature

range between 300 and 1100 K. With increasing of yttrium

concentration, electrical resistivity decreases, and reaches

0.8 mX cm for x = 0.10 sample at room temperature. The

absolute Seebeck coefficients increase monotonically with

increasing temperature in the whole temperature range.

Sample with x = 0.03 exhibits the highest absolute Seebeck

coefficient 219 lV K-1 at 1059 K, as well as the maximum

power factor 11 lW cm-1 K-2 at 624 K.

Introduction

Thermoelectric materials with high-energy conversion

efficiency are strongly required for both the refrigeration of

electronic devices and electric power generation in terms

of waste heat recovery. The thermoelectric performance

is essentially evaluated by the dimensionless figure of

merit ZT = S2T/qj, where T, S, q, and j represent absolute

temperature, Seebeck coefficient, electrical resistivity, and

thermal conductivity, respectively. To increase the ther-

moelectric performance, materials should have lower j,

and high-power factor S2/q. Because of the relatively low

carrier mobility of oxides, they were generally not recog-

nized as good thermoelectric materials [1]. However, oxi-

des do have so many advantages to serve as thermoelectric

materials, such as non-toxic, low-cost, and good thermal

stability, etc. Oxides thermoelectric materials have

received much attention [2–13] since the report of high-

thermoelectric performance in NaCo2O4, which shows a

large Seebeck coefficient (about 100 lV K-1 at 300 K)

and a relatively high conductivity around 2 9 104 Scm-1

at room temperature [2]. Though some p-type cobalt oxides

exhibit a large figure of merit (ZT) that is comparable to

conventional alloys materials [3, 5, 10], n-type oxide

thermoelectric materials with high thermoelectric perfor-

mance are inevitably expected as a counter-partner of the

p-type oxide materials for constructions of thermoelectric

modules. Different elements doped SrTiO3 has been

reported as a potential candidate for n-type thermoelectric

oxides with a high-power factor. Okuda et al. [4] reported

that La-doped SrTiO3 single crystal shows high-power

factor at room temperature, 28–36 lW cm-1 K-2, which

is comparable to Bi2Te3 alloys. Ohta et al. [9] reported that

of properties Nb-doped SrTiO3 epitaxial film. A relatively

high-power factor about 1.5 9 10-3 Wm-1 K-2 has been
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obtained, which is approximately half of practically used

SiGe alloys, and the figure of merit ZT for SrTi0.8Nb0.2O3

can be reached 0.37 at 1000 K. Most recently, La-doped

SrTiO3 thin film grown by molecular beam epitaxy has

been investigated by Jalan et al. [14], a maximum power

factor 39 lW cm-1 K-2 which is comparable to that of the

single crystalline bulk SrTiO3 was reported. Wang et al.

[12] reported that figure of merit ZT of 0.36 has been

obtained at 1045 K. Also, it was noticed that the electrical

conductivity of Y-doped SrTiO3 is much higher than that

of La-doped SrTiO3 [15]; and the power factor can be

increased significantly in Y-doped SrTiO3 [6, 7]. Encour-

aged by these results of above studies, influence of yttrium

doping on the thermoelectric properties of La0.1Sr0.9TiO3

ceramic is investigated in this study. Ceramic samples of

La0.1YxSr0.9–xTiO3 with 0 B x B 0.10 have been prepared

by the solid state reaction method. Their thermoelectric

properties have been measured in temperature range

between 300 and 1100 K, and the effects of yttrium doping

on thermoelectric properties of La0.1Sr0.9TiO3 ceramic

have been discussed.

Experimental

Ceramic samples of La0.1YxSr0.9–xTiO3 with x = 0.01,

0.03, 0.05, 0.08, and 0.10 were prepared by conventional

solid state reaction techniques. The starting materials were

La2O3 with a purity of 99.99%, SrCO3 with a purity of

99%, TiO2 with a purity of 99.8%, and Y2O3 with a purity

of 99.5%. These raw materials were weighed in stoichi-

ometric proportions, and mixed by ball-milling in ethanol

with zirconia balls for 12 h. After the wet mixtures dried,

they were pressed into pellets, and calcined at 1350 �C for

6 h in air. The pellets were smashed and ball-milled for

12 h to obtain a fine powder. Then the powder was

repressed into pellets. These pellets were sintered at

1460 �C for 4 h to forming gas with 5 mol% hydrogen in

argon. The sintered pellets were cut into rectangular col-

umns with dimensions of 20 9 1.8 9 1.8 mm3 to measure

the thermoelectric properties. These columns were coated

with four electrodes, two on each ends and two on sides,

with silver paint annealed at 850 �C for 30 min. For

electric measurements, four-probe method was used in the

measurement of electrical resistivity q. A direct current I of

100 mA was set to pass through the two end electrodes and

the potential difference V across the two side electrodes

was read. For measurement of Seebeck coefficient S, two

NiCr–NiSi thermal couples were attached on each side

electrodes of the column with a separation of 8.0 mm.

A temperature difference DT = T2–T1 about 3 �C was built

up between the two thermal couples using an auxiliary

heater during thermoelectric measurement. Seebeck

coefficient S was determined from the slope of DV versus

DT relation by the least-square method, where DV is the

thermoelectromotive force produced by DT between the

two electrodes. The crystal structure and lattice parameter

were characterized by power X-ray diffraction with Cu Ka
radiation (k = 0.154056 nm) utilizing a Bruker AXS D8

ADVANCE diffractometer. The surface morphology was

obtained on a Hitachi S-4800 scanning electronic micro-

scope (SEM).

Results and discussion

XRD patterns of La0.1YxSr0.9–xTiO3 powders are shown in

Fig. 1. The major diffraction peaks can be indexed with the

cubic perovskite structure belonging to the Pm3mspace

group. Light-doped sample La0.1Y0.01Sr0.89TiO3 and

La0.1Y0.03Sr0.87TiO3 are of single phase in cubic structure.

A second phase can be easily identified in samples of

x = 0.05, 0.08, and 0.10. The diffraction intensity of the

second phase also increases with yttrium content increas-

ing. According to PDF card of no. 42-0413, the second

phase is Y2Ti2O7. Because the precise amount of the sec-

ond phase is difficult to determine, the lattice parameters

and theoretical densities were calculated using the lattice

constants from XRD, and listed in Table 1. The variation

of the values is very small and could be within the reso-

lution limit of powder XRD. The theoretical density of the

sintered samples is calculated from the lattice constants.

The relative density is defined as measured density over the

theoretical density, and the values are 96, 97, 96, 97, and

96% for x = 0.01, 0.03, 0.05, 0.08, and 0.10, respectively.

Scanning electronic microscope (SEM) images of sur-

face microstructures for La0.1YxSr0.9–xTiO3 ceramics are

shown in Fig. 2a–e, for sample of x = 0.01, 0.03, 0.05,

0.08, and 0.10, respectively. All patterns show polygon

morphology and compact. With the increasing yttrium

Fig. 1 X-ray diffraction patterns of La0.1YxSr0.9–xTiO3 (x = 0.01,

0.03, 0.05, 0.08, and 0.10) powders
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concentration, average grain size is estimated as 2.8, 9.5,

13.2, 5.3, 3.3 lm, respectively. There exist fine grains

without stripe patterns in Fig. 2c–e, which the authors

believe they are the second phase (Y2Ti2O7) in these

ceramic samples, and x = 0.03 might be around the

threshold quantity for emergence of the second phase.

Figure 3 shows the temperature dependence of electrical

resistivity of La0.1YxSr0.9–xTiO3 ceramics in temperature

range between 300 and 1100 K. Three samples with

x = 0.03, 0.08, and 0.10 are showing typical metallic

behavior, their electrical resistivity increase with increasing

temperature. The electrical resistivity for both x = 0.01 and

0.05 decrease with temperature increasing when temperature

is below about 500 K, then increase with further increasing

of temperature. This kind of semiconductive behavior

coincides with the previous reports on polycrystalline sam-

ples [6, 11]. Electrical resistivity is determined by the carrier

concentration and carrier mobility simultaneously. Y doped

not only affects the carrier concentration, but also affects

carrier mobility. Especially, the crystal grain size and

amount of the second phase more influence carrier mobility.

In x = 0.01 and 0.05 samples, when the temperature is below

about 500 K, the carrier mobility is the dominant factor.

Above 580 K, the electrical resistivity of all samples

decreases with increasing of Y concentration. The electrical

resistivity decrease from 6.8 mX cm for x = 0.01 at 1058 K

to 5.5 mX cm for x = 0.10 at 1061 K. The electrical resis-

tivity of x = 0.10 sample is nearly the same as that of

x = 0.08 sample in the whole temperature range.

The temperature dependence of the Seebeck coefficient

is shown in Fig. 4. All samples are showing negative

Seebeck coefficients in the temperature range between 300

and 1100 K, indicating n-type conduction mechanism, or

the main carriers are electrons. The absolute Seebeck

coefficients of all samples increase monotonically with

increasing temperature. Generally speaking, the absolute

Seebeck coefficient decreases with the increasing yttrium

concentration. This can be attributed to the carrier con-

centration increase with increasing of Y content [13].

However, the absolute Seebeck coefficient for x = 0.03

sample is the highest above 580 K. This may be ascribed to

the second phase, even though they are small in size and

few in number that hard to be detected in the sample.

Accordingly to a recently report [12], the extreme value of

property tend to be obtained in the critical point of second

phase appearance. In the article, x = 0.03 may be the

critical point of second phase emergence, so it tend to

obtain the highest value of property as well. Yet, the

mechanism of how the second phase would affect sample’s

electrical properties is not clear. Further research work

should be done next.

Temperature dependence of the power factors, which is

calculated from S2/q, is presented in Fig. 5. With the

increase of temperature, the power factor firstly increases

and reaches a maximum around 600 K, then decrease with

further increasing of temperature. The general trend of

temperature dependence of the power factor does not

changed by the Y concentration. The maximum values of

power factor for x = 0.01, 0.03, 0.05, 0.08, and 0.10

Table 1 Calculated lattice parameters, theoretical density, and rela-

tive density for La0.1YxSr0.9–xTiO3 ceramics with x = 0.01, 0.03,

0.05, 0.08, and 0.10

x a (Å) V (Å3) Theoretical

density (g/cm3)

Relative

density

(%)

0.01 3.9079 59.68 5.257 96

0.03 3.9057 59.58 5.270 97

0.05 3.9055 59.57 5.262 96

0.08 3.9035 59.48 5.262 97

0.10 3.9064 59.61 5.254 96

Fig. 2 SEM images of La0.1YxSr0.9–xTiO3 ceramics (a–e represents x = 0.01, 0.03, 0.05, 0.08, and 0.10, respectively.)
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samples are 8.0 at 681 K, 11 at 624 K, 9.0 at 623 K, 10 at

578 K, and 9.9 lW cm-1 K-2 at 572 K, respectively.

Ceramic sample of La0.1Y0.03Sr0.87TiO3 exhibits the high-

est value of power factor, and the value almost stay put (all

above 11 lW cm-1 K-2) in the temperature range of 500

to 700 K. This result may benefit for practical applications

of thermoelectric ceramics.

Conclusion

Influence of Y doping effect on La0.1Sr0.9TiO3 has been

studied from samples prepared by the conventional solid

state reaction method. The major phase of all samples is

cubic perovskite structure, with a second phase (Y2Ti2O7)

is identified in samples for x = 0.05, 0.08, and 0.10. The

electrical resistivity decreases with increasing of yttrium

concentration, the lowest electrical resistivity is obtained as

0.8 mX cm for x = 0.10 sample at 333 K. The sample of

x = 0.03 possesses the highest absolute Seebeck coeffi-

cient in high temperature range, and exhibits the highest

power factor as 11 lW cm-1 K-2 at 624 K.
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