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High-temperature thermoelectric properties of
the sintered Bi,SryCaq_.YCu0, (x=0-1)
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Electrical conductivity and Seebeck coefficient were measured in a temperature range of
320-1073 K for sintered samples of Bi,Sr,Ca;_,Y,Cu,0, (x=0, 0.2, 0.4, 0.6, 0.8, 1.0). It has
been found that the conduction behavior changes from n-type metallic to p-type
semiconducting with increasing yttrium concentration. The power factors were in a range
of 1.7-3.0 x 107® Wm~" K2 for the sample with x =0.8, being maximized by the
optimization of the yttrium concentration. The thermal conductivity for the sample with
x=0.8was 0.73 Wm~" K-! at 310 K, and decreased with increasing temperature. The
values of thermoelectric figure of merit were estimated to be in a range of 3.4-4.8 x 107°
K-1 at temperatures of 320-673 K for the sample with x=0.8. © 2000 Kluwer Academic
Publishers

1. Introduction passive thermoelectric materials because of the small
Thermoelectric figure of meritZ) is defined by an power factors o). However, the investigations of the
equation:Z = SPo«x %, whereS, o, andx are Seebeck thermoelectric properties as a function of temperature
coefficient, electrical conductivity, and thermal conduc-may give an insightto develop the possibility of thermo-
tivity, respectively. The larger values (5| ando and  electric application. Moreover, the oxide materials with
the smallek are required for a material with high&r  perovskite-related structures such as HTSCs are objects
value. Dimensionless figure of merit (ZT) is a parameterf searching new thermoelectric materials. One reason
to judge the possibility of thermoelectric application: is the high capability for doping. It leads to the forma-
the satisfaction of ZB 1 is a criterion for the practi- tion of the solid solutions over the wide composition
cal use of a material. It has been satisfied for alloygange and makes possible to control the electrical con-
and compounds based on,Bé; [1], PbTe [1], SiGe ductivity from metallic to insulating or between p-type
[1], and CeFgSh, [2]. However, the practical use of and n-type as well as the thermal conductivity.
the materials is limited to the conditions at lower tem-  Bi>SrnCaCyOy is a layered compound with=2
peratures or under vacuum, because of the relativelgf the BLSr»Ca,_1Cu,Oy (n=1, 2, 3) homologous
low melting points or easiness of oxidation. On theseries and is an 80 K superconductor [15]. Substi-
other hand, oxide materials with high ZT values can beution of Ca with Y leads to the formation of the
used at high temperatures in air for a long time as théi,Sr»Ca_»Y xCwOy solid solutions over the entire
thermoelectric energy conversion materials. The poseomposition range o [15-17]. Temperature depen-
sibility of thermoelectric application has been inves-dence of the electrical resistivity at temperatures lower
tigated for many oxide materials. It was reported thathan 300 K shows metallic behavior for the samples
the perovskite-type compounds such agiBe,9TiO3  with x £0.4 and semiconducting one for those with
[3], Lag,0sCa.92Mn0O3 [3], (R1_xCa)MnO3; (R=Tb, x>0.5 [15-17]. The superconducting transitions are
Ho, Y) [4], and Ba_xSKPbG; [5, 6] exhibitedZ val-  observed forx £0.5, T, being maximized at a com-
ues higher than 1@ K. The ZnO-based compounds position with x=0.2 [17]. Temperature dependence
such as Zp 4 Al,O [7] and (ZnOIn>Os homologous  of the Seebeck coefficient for gBr,CaCyOy (x =0)
series [8] were also reported to exhibit simiEavalues.  shows n-type metallic behavior in a temperature range
The layered oxide of NaG@, [9] and the porous ¥O3;  of T, —300 K: the Seebeck coefficient linearly de-
[10] have recently been found to be nearly Z1L. creases from 0 &k to negative values with increasing
Masonet al. [11-14] investigated the possibility of temperature [18—21]. The Seebeck coefficientincreases
thermoelectric application for several high-super-  withincreasing for the BbSnCay_x Y xCupOy system
conducting cuprates (HTSCs) on the basis of the Seeat temperatures lower than 300 K [18-21]. For the sam-
beck coefficient as a function of the electrical conduc-ples withx = 0.1-0.4, the Seebeck coefficient rapidly
tivity, and reported that the HTSCs could operate as thincreases from 0 to positive values and almost linearly
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decreases with increasing temperature [19-21]. For theate of the air, which blows one side of the sample

samples withx > 0.6, the Seebeck coefficient gradually through silica tube AT was steadily changed within

increases with increasing temperature [20, 21]. Thus]0 K. The Seebeck coefficient was calculated from the
the BbShCa_»YxCwOy system shows conduction linear gradient ofAV/AT, and was corrected for the

behaviors of n-type metal for=0, p-type metal for thermopower of platinum [25].

x =0.1-0.4, and p-type semiconductor foe 0.5-1.0 Thermal diffusivity and specific heat were measured

at temperatures lower than 300 K, indicating the metal-on the disk sample along the forging direction in atem-

insulator (M-1) transition at a composition neas= 0.5.  perature range of 310-673 K under vacuum by laser
Ponnambalanet al. [22] investigated the electrical flash method (ULVAC TC-3000). Pulsed ruby laser
resistivity and the Seebeck coefficient for sintered bodwith width of 800 us was used as a heat source, so
ies of BpSnCay_x Y xCwpOy withx =0.5-1.0inatem- thatthe finite pulse-width effect could be neglected. An
perature range of 300—700 K. They reported thatthe manSh infrared detector was used at 77 K for the thermal
terials exhibited p-type semiconducting behavior [22].diffusivity measurement. The thermal diffusivity was

The highesF value was estimatedto bedlx 10°°K—%  corrected for the heat loss effect using the method of

for the sample withx = 0.7 using the thermal conduc- Heckman [26]. The specific heat was measured using

tivity (1.2 Wm~1 K1) in a literature [23]. However, the a Pt-Pt13%Rh thermocouple (0.1 mm-diameter) fixed
estimation of figure of merit using, S, and« measured on the sample surface. A sapphire was used as a stan-
for a material will give more valid value. Moreover, the dard of the specific heat. Thermal conductivity was es-
drastic change in the conduction behavior with increastimated as the product of bulk density at room tempera-
ing X observed at temperatures lower than 300 K mo+ure, thermal diffusivity, and specific heat measured on
tivates us to investigate the thermoelectric properties sample.

at elevated temperatures over the whole composition

range ofx.

In this study, the electrical conductivity and the 3. Results and discussion

Seebeck coefficient have been measured in a tenPowder XRD patterns were indexed on the basis of

perature range of 300-1073 K for sintered bodies opseudotetragonal unit cell for the samples wita 0,

Bi>SrCa_YxCuwpOy with x=0, 0.2, 0.4, 0.6, 0.8, 0.2, 0.4 and orthorhombic one for those witk- 0.6,

and 1.0. The figure of merit is estimated fremS, and 0.8, 1.0. The changes in the lattice parametgerb,

x measured for the sample wikh=0.8. ¢ with increasing yttrium concentration are shown in
Fig. 1. The parameteesandb increased with increas-
ing X whereas the decreased. The lattice parameters

] agreed well with those of the literature [17], indicating

2. Experimental the formation of the BiSr,Ca_xY xCl,Oy solid solu-

Sintered samples of B3r,Ca;_xY«ClOy (x=0,0.2,  tions, The relative densities of the sintered bodies were

0.4,0.6, 0.8, and 1.0) were prepared from reagent gradgstimated to be higher than 85% of the theoretical ones.

Bi,Os, SrCQ;, CaCQ, Y03, and CuO powders. The  1emperature dependence of the electrical conductiv-

stoichiometric mixture was calcined at 1073 Kfor24hity is shown in Fig. 2. The conductivities decreased

in air with an in_termittent grinding. The calcined POW- \yith increasing yttrium concentration over the mea-
der was pelletized and heated at 1123 K for 80 h ingred temperature range. There is a difference by more

air with the intermittent grindings. For densification, han 4 orders of magnitude between the conductivi-
the pellet was hot-forged at 1073 K under 2.0 MPa forjag at 320 K for the samples with=0 and 1. The

2 hin air followed by the hot-forging at 1123 K under
7.4 MPa for 2 h. Powder X-ray diffraction (XRD) pat-

terns were measured with a Philips APD-1700 diffrac- 310r—F———F———T————T——1——
tometer (Cu K radiation). The lattice parameters were g gl 4
determined using Si as an internal standard. =3

Thermoelectric properties were measured by theE 3.08r ]
same way as described in the previous papers [5, €© 3.041 c .
24]. Rectangular sample was cut from the sintered pel 3,021 i
let. Two gold wires were tightly bound around the 3001 Jos4s
sample. Platinum sheet electrodes, to each of whicl ‘ ' .
a platinum wire and a Pt-Pt13%Rh thermocouple were B b 10546 €
fixed, were mechanically attached to both sides of the - 0.544 <
sample through gold thin foils in order to avoid the N lo5a2 'C{

) . : o

reaction between the sample and the platinum. Elec a
trical conductivity and Seebeck coefficient were mea- B 70540

sured at several constant temperatures of 320-1073 L i

in air along the direction perpendicular to the forging

direction. The former was measured by d.c. four-probe X

method. Temperature differenc&T) and thermoelec- - . . .

tromotive force (AV) between the ends of the sam- F|gyre 1 Var|at|on_s of the lattice parameteasb, andc with increasing
yttrium concentrationx). The powder XRD patterns were indexed with

ple were measured USing the thermoco_uples and th&eudotetragonal unit cell for the samples with0, 0.2, and 0.4 whereas
platinum wires, respectively. By controlling the flow those were indexed with orthorhombic one fox 0.6, 0.8, and 1.0.
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Temperature (K) atures. Those for the samples witk= 0.8 and 1.0 de-

61000 500 333 creased with increasing temperature, although a bend
was observed at 770 K for=0.8, which is consis-
5L i tent with the M-I transition observed on the conduc-
?%%iﬁﬁ; tivity data. The data of the Seebeck coefficient mea-
- al | sured in this study are well connected to the previous
£ .-"*'_'_._—. data[20, 21] measured at temperatures lower than room
To: temperature. The Seebeck coefficients at temperatures
< 3r "”*\'\o\.\. 1 lower than room temperature also increased with in-
o creasingx and showed the sign reversal between the
§ 2r 7 samples withk =0 and 0.1 [20, 21]. The change in the
Seebeck coefficient with changing yttrium concentra-
1F 1 tion and temperature was discussed by the two-band
model based on the coexistence of electrons and holes
0 . L 1 L L [19, 20]. The observed change in the sign of the See-

1 ] 2 3 3 beck coefficient may support this model. Thus, the con-
T (1077 K™) duction behavior in the BBLCa_xY xClpOy system
Figure 2 Temperature dependence of the electrical conductivity fors,in-CI’.]a'n.g(:"S from n-type metallic t(.) p-type Semlconductmg
tered samples of BSLCay_YxCuzOy. Key: (O) X = 0.0, (#) x = 0.2, with increasingk. The M-I transition seems to occur in
(A)x=0.4, (m) x=0.6, (®) x=0.8, (V) x=1.0. a composition range of.6< x < 1.0.
Temperature dependence of the power fac8e |
is shown in Fig. 4. The power factors are in a range
conductivity decreased with increasing temperature fopf 1.3-4.6x 107> Wm~1K~2 for the samples with
the samples withx =0, 0.2, 0.4, and 0.6 showing the X =0.6 and 0.8, whereas those for the others are less
metallic behavior, whereas thatincreased for the samplhan 10° Wm~'K~2. Since the conductivities de-
with x = 1 showing the semiconducting behavior. Tem-crease with increasing x whereas the Seebeck coeffi-
perature dependence of the conductivity for the sampléients increase, the higher power factors for the sam-
with x = 0.8 showed M-I transition at 773 K. ples withx =0.6 and 0.8 are due to the optimization
Temperature dependence of the Seebeck coefficief the yttrium concentration. At temperatures higher
is shown in Fig. 3. The Seebeck coefficient increasedhan 463 K, the power factors for=0.8 are higher
with increasingc over the measured temperature rangethan those f0"<5= 0.6 alnd azlso a little higher than those
except for the values at temperatures higher than 870 K2.0-2.6x 107> Wm~*K~) for x=0.7 reported by
for the sample withx = 1. The signs of the Seebeck co- Ponnambalaret al.[22].
efficient were negative for the samples with= 0 and Temperature dependence of the thermal conductivity
0.2 except for the value at 320 K far=0.2, whereas forthe sample witx =0.8is shownlin Fig. 5. The ther-
those were positive for the samples witk= 0.4, 0.6, mal conductivity was 0.73 Wt K~ at 310 K and de-
0.8, and 1.0 except for the value at 1070 K foe= 1.  creased with increasing temperature. The value at 310
For the samples with =0, 0.2, 0.4, and 0.6, the See- K is lower than that (1.2 Wm! K~*) extrapolated to
beck coefficient decreased with increasing temperaturd00 K of the data for Bi-Sr-Ca-Cu-O sample reported
atlower temperatures while increased at higher tempefy Peacoet al. [23]. The thermal conductivityx() is
expressed by a sum of the lattice par) @nd the elec-
tronic one ke): k = k1 + ke. The substitution of Ca with

Temperature (K) Y Wi!l _Iead to the de_crease in.the lattice thermal con-
4001000 500 333 ductivity due to the increase in the phonon scattering
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Figure 3 Temperature dependence of the Seebeck coefficient for sin-
tered samples of BErCa;_xYxCuOy. Key: (O) x=0.0, (4) x=0.2, Figure 4 Temperature dependence of the power facs{ for sintered
(A) x=0.4, (m) x=0.6, (#) x=0.8, (¥) x=1.0. The thermopower  samples of BiSrCa;_xYxCuOy. Key: (O) x=0.0, (#) x=0.2, (A)
data were corrected for the absolute thermopower of platinum [25].  x=0.4, @) x=0.6, () x=0.8, (¥) x=1.0.

3411



s | ) i 1 | 1
400 500 600 700
Temperature (K)

0
300

Figure 5 Temperature dependence of the thermal conductivity for the
sample withx = 0.8.
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Figure 6 Temperature dependence of the figure of meZiy for the
sample withx = 0.8.

center. The electronic thermal conductivity is related
to the electical conductivity by Wiedemann-Franz law:
ke=LoT, wherelL is the Lorenz number. As shown

in Fig. 2, the electrical conductivity decreased by more 3.

than 2 orders of magnitude with increasing yttrium con-
centration fronx = 0 to 0.8. Therefore, the lower ther-
mal conductivity for the sample with= 0.8 compared

to the yttrium non-doped sample can be attributed tos.

both the decreases in the lattice and the electronic part
Temperature dependence of the figure of metix (
for the sample withk =0.8 is shown in Fig. 6. Th&Z
values are in a range of 3.4—4<810~° K~* and higher
than that (19 x 10-> K1) for the sample withx = 0.7
reported by Ponnambalaet al. [22]. However, theZ

values are lower by about 2 orders of magnitude than

those for the BiTes-based material [27, 28]. Since the
thermal conductivities for the B8LCa2Y08Cu0y
sample are lower than those for the;Bas-based ma-
terial [27, 28], the lowelZ values for the former can
be attributed to the lower power factors, which are in
arange of 1.7-3.8 10> Wm~1K~2 and comparable
to those for the sintered samples of NgCe,CuQ,

[29] and the other HTSCs [11]. The power factors are1s.

limited to less than 10* Wm~1 K2 at present for the
HTSCs in which the trade-off relationship betwegn

ando is observed as shown in this study. Therefore,
the drastic improvement of the power factor is required; 7

to find the possibility of thermoelectric application for
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the BbSnCa_YxCuwpOy system. An approach to be
considered is the use of the crystal anisotropy. Single
crystalline sample may exhibit a power factor along
the direction in theab plane higher than that along
the c-axis direction due to the higher electrical con-
ductivity, although there may be also the anisotropy in
the thermal conductivity and/or the Seebeck coefficient.
The investigations of the anisotropydn S, andk for
yttrium-doped single crystals will make this problem
clear.

4. Conclusions

Electrical conductivity and Seebeck coefficient were
measured in a temperature range of 320-1073 K for
sintered samples of BSLCa_» Y xCupOy (X =0, 0.2,
0.4,0.6,0.8,and 1.0). It has been found that the conduc-
tion behavior changes from n-type metallic to p-type
semiconducting with increasing yttrium concentration.
The sign reversal of the Seebeck coefficient occurs at
compositions ok ~ 0.2. The M-I transition takes place

in a composition range of.6<x <1.0. The power
factors for the sample witk = 0.8 were in a range of
1.7-3.0x 10> Wm~1K~?, being maximized by the
optimization of the yttrium concentration. The thermal
conductivity forx =0.8 was 0.73 Wm! K1 at 310 K

and decreased with increasing temperature. The values
of figure of merit were estimated to be in a range of
3.4-4.8x 10° K~ at temperatures of 320-673 K for
x=0.8.
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