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Polycrystalline samples of €gBi,MnO; (0.02=< x < 0.20) were studied by means of
x-ray diffraction, electrical resistivityp), thermoelectric powerS), and thermal
conductivity ) at high temperature. Bi doping leads to the lattice parametebsand
c increasing. And the and the absolute value &decrease rapidly with Bi doping.
The largest power facto&/p, is obtained in thex = 0.04 sample, which is

3.6 x 10*W m ™t K™2 at 400 K. The figures of meritZ = S/p«) for this sample and
1.0 x 10% and 0.86 x 10° K™* at 600 and 1000 K, respectively.

[. INTRODUCTION on each other, optimization of the TE performance
Thermoelectrics, namely energy conversion betweef!Ways requires a compromise between them. The adjust-

heat and electricity via thermoelectric phenomena in solM€Nt Of carrier concentration by doping is a feasible

ids, has long been a fundamental issue in condensed maRUte to optimizing the TE performance. Our experimen-

; dgl results indicate that the highest power factor (PF),
as a promising energy-conversion technology that is nop /p. and the figure of meritZ, were reached at an op-
harmful to the environment. Performance of thermoelectiMal carrier density neax = 0.04 for C3_.M,MnO,

, La>", etc.)7° And also the Bi-doped CaMnQ

tric (TE) materials can be evaluated by a figure of merit(M: Bi
defined aZ = SYpk (or ZT = STlpk; T, temperature), system was found to show the best TE performance

whereS, p, and«k are the Seebeck coefficient, electrical @M0Ng these systems. In this paper, a series of samples of
resistivity, and thermal conductivity, respectively. In @& xBixMnO; were synthesized and the composition-
comparison with conventional TE materials such adependent thermoelectric properties at high temperature

metal chalcogenides? transition metal disilicided;®  Were investigated.

and Si-Ge alloy$;® metal oxides, due to their high ther-

mal and chemical stability, have attracted more and mor

attentions. Among the oxide TE materials, cobalt oxidesﬁ' EXPERIMENTAL

with layered structure [such as Nagd, (Co-124), Polycrystalline samples of Ga,Bi,MnO,
Ca;C0,0, (C0-349), and BiSr,Co,0, (BC-222)] have (O.st x=<0.2) were synthesued by the conventional
been found to be strongtype candidate$:**Forn-type  solid-state reaction using powders CaL(9.99%),
TE materials, some candidates, including (Zd®)0,;,  Bi2Os; (99.9%), and MpO; (99.9%) in stoichiometric
In,O5- MO (M = Cr, Mn, Ni, Zn, Y, Nb, Sn), (zZn, ratio. B,O;was added in 10% excess to compensate for
ANO, and (Ba, Sr)PbQ have been systematically stud- the loss of bismuth oxide due to sublimation. Initially the
ied 24717 As a member of the large family of perovskite- appropriate mixture of these powders was mixed well
type oxides, the electron-doped CaMnGystem has and calcined at 1173 K for 12 h and 1373 K for 12 h in
also been suggested to be potential material foRir with an intermediate grinding. Then the calcined
high-temperature thermoelectrit'® Furthermore, the samples were reground and pressed into dish-shaped pel-
one oxide TE module had been fabricated usindets and sintered in air at 1473-1523 K for 15 h. Finally
Cay o4-30 ,dMNO; N-type legs and Ca,Gd, ,£C0,0, p-  the pellets were cooled to room temperature in the
type legs by our groufd and has been proved to be furnace.

operable for a few weeks in air showing high durability. ~X-ray powder diffraction (XRD) analysis was carried
However, for the electron-doped CaMg€ystem, only a out with Rigaku diffractometer using Cu Kradiation.
few systematical studies about carrier concentratiofeationic composition analysis was made with a Horiba
dependence of high-temperature TE properties were r&EMAX-5770 energy-dispersive x-ray analysis (EDX)

ported?* Since the paramete, p, andk are dependent System. The lattice parameters were determined from the
d values of XRD peaks using a standard least-squares

Maddress all correspondence to this author. refinement methodp was measured using a dc stan-
e-mail: funahashi-r@aist.go.jp dard four-probe method within temperature range of
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300-1100 K in air. Pt paste was used for the terminal
connectionsS was obtained from the slope of the rela-
tion between thermoelectromotive forces and tempera-
ture differences with an error less than 3%.was
determined from the thermal diffusivity and the specific
heat capacity measured by a laser flash technique using
Rigaku FA-8510B thermal constant measurement systeng:
(&)

with a total error less than 5%.
@]

E
Q

[ll. RESULTS AND DISCUSSION

XRD analysis indicates that all the samples of
Ca_Bi,MnO; (0.02=< x= 0.2) are single phase with
orthorhombic symmetry. EDX result shows that the cat-
ion stoichiometries are very close to the target values.
Figure 1 shows the lattice parameterd, andc and the
cell volumeV as a function ok for Ca, _, Bi,MnO. With
Bi doping, the parameters, b, and c all increase mo-
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notonously, and the cell volume increases from 208 t@G. 2. Electrical resistivity ) as a function of temperature of
214 A% asx changes from 0.02 to 0.2. This result can beCa_,Bi,MnO, (0.02< x < 0.20).

well understood on the basis of the fact that the ionic
radius of BP* is larger than that of C4.

decrease ip in 2—3 orders of magnitude at room tem-

Figure 2 presents the temperature dependence of perature. With further increasing Bi content, thede-
within 300-1100 K. It is known that the undoped samplecreases gradually. Obviously, substituting Bi for Ca

CaMnQ, is ann-type semiconductor with rather high

introduces carrier into the* conduction band and leads

(approximately 1d) cm) at room temperature. However, to a corresponding decreasegrms the carrier concen-
Bi doping, even asx = 0.02, can cause a marked tration increase$’ On the other hand, the increase of
density with Bi doping (3.73 and 4.52 g ¢rfor

x = 0.02 and 0.20, respectively) is another reason for the

I e decrease imp.
I e b A Figure 3 shows the temperature dependencé fufr
.o s the samples of Ca, Bi,MnO;. TheSvalues are all nega-
7501 A tive, indicatingn-type conduction. For all the samples,
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FIG. 1. Lattice parametera, b, and ¢ and the cell volumeV of

FIG. 3. Temperature dependence of thermoelectric pov@grof

Ca,_,Bi,MNnO, (0.02< x < 0.20). Ca,_, Bi,MnO, (0.02< x < 0.20).
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the absolute values db (|§) increase with increasing [
temperature over the whole measured temperature range. - § A
Bi doping results in a considerable decrease in ge | 3.5 i o
which is in qualitative agreement with the decreasp.in L )
Even so, the{ is still moderate as 100-2Q0v K™ at i u A
1000 K for thex < 0.1 samples. Fox = 0.02 and 0.04 30 L A A

~

samples, the] values are 220 and 176/ K™%, respec- <

tively at 1000 K. e
The samples with 0.0& x < 0.1 all have rather low TE
and larged as oxides, which is required for thermoelec- % 25

tric applications. Due to the and H varying in a

o>
o >

consistent way, optimizing the carrier concentration by * r . ™

modifying the compositions is needed to get the best TE 20 L m =0

performance. The calculation of PF can help us to evalu- @ x=004

ate the electrical components of the TE performance. [ A :0'15 -
Figure 4 shows the PF versus temperature for s lx : [ 1 .
Ca,_,Bi,MnO,. Clearly, thex = 0.04 sample possesses : ' ' '

the highest PF, i.e., 3.6 x Thand 2.7 x 10° W m*K™* 400 600 800 1000

at 400 and 1000 K, respectively. An increase or a T(K)

decrease i results in a marked decrease in the PFg g 5 Temperature dependence of thermal conductividy df
which is similar to the results observed in,Cada MnO;  ca_, Bi,MnO,.
systen??

Figure 5 shows the temperature dependence. ¢for  within the whole measured temperature range. With Bi
comparison, the data for the undoped CaMri@m the  doping the slope, €/dT, changes from negative to posi-
work of Ohtakiet al*® were plotted in this figure. The  tive. It is known that can be expressed by the sun of a
value of thex = 0.04 sample at 300 K is 3.5 WthK™, lattice componentx(;) and an electronic componentJ
slightly less than that of the undoped sample. At the samas k = k; + k.>*?° k, is proportional toT™* above
temperature thec of the x = 0.15 sample is only Debye temperature anq, is proportional ta&dT (3: elec-
3.0 W ni* K™%, markedly less than that of the= 0 and  trical conductivity). For the Ca,Bi,MnO; system, on
0.04 samples. The of the x = 0.15 sample increases one hand, the doping of heavy element Bi can effectively
gradually from 3.0 to 3.6 W m K™ as the temperature decreasec,; on the other hand, the increase of carrier
increases from 300 to 1000 K. While for the other twoconcentration induced by Bi doping leads to the increase
samples, thex decreases with increasing temperaturein k.. At room temperature the, is small and thex,
should dominate the. So the markedly decrease of
k, leads to thex decreases with increasing With in-

] B x=002 creasing temperature thg decreases and, increases
4 F Ca; BiMnO; : ;‘jg'gg (the oT increases with increasing temperature for all the
v =010 Ca,_,Bi,MnO; samples). In consequence, the/dIl
g e * $ x=015 changes to the positive value. In fact, the change of car-
A ° X x=020 . S
s . rier concentration is one factor to cause the/dT
E 3 r1 e o changing from negative to positive. The true situation,
= A 4 a b however, may be more complicated. Because we have
T A estimated the value ok, according to Wiedermann—
= 5 L Y., . Franz’'s law using Lorenz number for free electrons
g (2.45 x 108 W Q K™?) and found thex, is too small to
& LI R R change thex so much at high temperature. Some other
3] oy v ¥ factors, such as density, may influenge This study
E: 1 F o« x ¥ ¥ indicates that the quite large difference in density be-
e * ¥ X tween thex = 0.04 (3.78 g/cif) andx = 0.15 (4.41 g/
¢ o X cm?®) samples mainly originates from different closed
0 X . . 1 . 1 ‘ 1 pores. More closed pores could influencesery m%:fh
and lead to a different temperature dependence.
400 600 800 1000 Table | summarizes the results of electrical and ther-
Temperature (K) mal transport measurements at 300 and 1000 K. It clearly

FIG. 4. Power factor as a function of temperature of CBi,MnO,.  shows that the parameteBsp, andk are dependent on
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TABLE |. Resistivity (pz00 andp,o00, thermoelectric powerS;,, and S, 4o, thermal conductivity €50, and k599 at 300 and 1000 K, power
factor (PF), and dimensionless figure of meriZT) at 1000 K of the Ca,Bi,MnO; (0.02= x < 0.20) system.

P300 P1000 Ss00 Stooo K300 K1000 PF1000 zT
X (mQ cm) (mQ cm) WV K™ (wV K™ (W mtK™? (WmtK™? (10“W mtK™ (1000 K)
0.02 20.6 36.5 =174 =220 . s 1.35 s
0.04 5.9 115 -142 =177 3.6 3.1 2.64 0.086
0.06 4.8 10.1 -115 -140 . . 1.97 s
0.08 4.6 8.9 -84 -112 1.41
0.10 4.2 8.0 =77 -99 s s 1.24 s
0.15 3.1 5.8 =37 =70 3.0 3.6 0.90 0.025
0.20 3.3 4.6 =25 —-66 e s 0.95 s
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