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Porous Y2O3 ceramic was found to show huge thermopower values up to250 mV/K at 900–1000
K in vacuum, but not in air. Such huge thermopowers may be generated by the electron gas emitted
from the internal surfaces of the pores and are associated with some unknown effects. The
nondimensional thermoelectric figure of merit,ZT, of this porous ceramic was as large as;0.95 at
;950 K, and hence, it can be used as a thermoelectric material. ©1997 American Institute of
Physics.@S0003-6951~97!03237-3#
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A temperature difference applied across a solid gen
ates an electromotive force, characterized by the th
mopower of the solid. This phenomenon is called the S
beck effect and is applied to thermoelectric power genera
and temperature sensing. When a direct current is pa
through a solid, the one end is cooled and the other en
warmed. This phenomenon is called the Peltier effect an
applied to both thermoelectric cooling and heating. Solid m
terials used for these applications require high electrical c
ductivity ~s!, large thermopower~a!, and low thermal con-
ductivity ~k!, so that they have large thermoelectric figur
of merit, Z(5sa2k21), and hence, show high-energy co
version efficiencies~preferably,ZT.1, whereT is the abso-
lute temperature!. Tellurides and selenides of Bi, Sb, Pb, et
and SiGe alloys have so far been developed as higZ
materials.1 Recently, investigations of materials such
CoSb3 solid solutions2,3 and superlattice structured thi
films4–6 have been actively carried out since they are
pected to meet the criterion,ZT.1.

We have discovered that huge thermopower values
about250 mV/K can be generated by porous yttrium oxi
(Y2O3) ceramic at high temperatures~900–1000 K! in
vacuum (;1.331023 Pa) ~See Fig. 1!. In general, metals
show only small thermopowers of the order of a few tens
mV/K and semiconductors show some hundreds ofmV/K.
Insulators typically have very large thermopower values,
the thermopower of insulators is hard to measure. Sher
reported that a porous body of~Ca, Sr, Ba!O solid solution
having a low work function (;1.7 eV) also generates a larg
thermopower of about22 mV/K at 1000 K in vacuum
(;1.331025 Pa).7 In the present study, however, poro
Y2O3 ceramic demonstrated one order of magnitude lar
thermopower.

Porous Y2O3 ceramic was fabricated by common c
ramic processing techniques. The starting powder of Y2O3

~Kojundo Chemical Laboratory, 99.9% pure! was mixed
with 20–25 wt % liquid paraffin. The mixture was packed
a rubber bag, isostatically pressed at 196 MPa, and fire
1723 K for 1 h inair. The porosity was measured in pu
water by an Archimedes method. Electrical conductivity a
thermopower were simultaneously measured under vac
(;1.331023 Pa) or in air. Details of the method of mea
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surement for ceramic specimens are described elsewher8

The huge thermopower of porous Y2O3 ceramic is con-
sidered to be associated with the fact that Y2O3 possesses a
rather low work function@;2.0 eV ~Ref. 9!#. Namely, when
the temperature is raised in vacuum, thermionic emiss
takes place from the internal surfaces of the pores giving
to an electron gas filling the pores. The huge thermopo
must have been generated by applying the temperature
ference to the electron gas. As shown in Fig. 1, only a sm
thermopower was observed in air, which indicates that th
mionic emission hardly took place because of the presenc
air molecules. However, theoretical evaluation of the th
mopower of the free electrons using a simplified equatio10

cannot explain such a huge thermopower, so that some o
unknown effects must be responsible, though they remai
be clarified in future studies.

Our measurement indicates the electrical conductiv
s, ~dc four-probe technique! increases gradually with in
creasing temperature up to;850 K under vacuum, and is
approximately the same as that measured in air, as show
Fig. 2. Above ;850 K s suddenly increases, deviatin
sharply from the value measured in air. This observat

FIG. 1. Temperature dependencies of the thermopower,a, for two speci-
mens, A and B, with different porosities,p. The values ofa for specimen A
measured in air are shown for comparison.
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clearly indicates that thermionic emission takes place ab
;850 K in vacuum but not in air. Both the electrical co
ductivity and the thermopower begin to decrease when
temperature is raised above;1000 K. The reason for this
phenomenon is still unknown.

The thermal conductivity,k, of specimen A with 39%
porosity was measured under vacuum by a laser fl
method. k decreased slightly with increasing temperatu
and was as low as 1.42– 1.62 WK21 m21 at 700–1100 K, as
shown in Fig. 3. Combination of the measureds, a, andk
enabled us to calculate the values ofZ for porous Y2O3

ceramic. The obtainedZ was as large as;1.031023 K21 at
950 K (ZT;0.95), almost meeting the above criterion,ZT
.1.

Although it should be possible to optimize for largerZ
values in a wider temperature range, this material is expe
to become a promising candidate for future thermoelec
energy conversion. The potential problem of integrating t
material in working devices is that it only works at hig
temperatures in vacuum. However, this problem could

FIG. 2. Temperature dependencies of the electrical conductivity,s, for two
specimens, A and B, with different porosities,p. The values ofs for speci-
men A measured in air are shown for comparison.
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overcome if the devices can be suitably confined in
vacuum container, or if they are operated in space.
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FIG. 3. Temperature dependence of thermal conductivity,k, for specimen A
with 39% porosity.
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