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Abstract

Polycrystalline samples of CuAlQwere prepared by a solid state reaction method. The mixture of CuO afid pvwders was calcined
at 1073 K for 2h. The green compacts were sintered at 1433 or 1473 K for 20 h in air and then furnace cooled. The crystalline structure of
the sintered CuAl@bodies was rhombohedrak3m, along with a very small amount of CuO with a monoclinic structure. It was found
that the thermoelectric properties of CuAl@eramics were significantly dependent on sintering temperature. The power factor increased
with increasing temperature. The values of the power factor measured at 1140 K for the,Gafifles sintered at 1433 and 1473 K were
4.98x 1075 and 6.62« 10 5Wm~1 K2, respectively.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction investigate new oxide materials with both high performance
and environmental stability at high temperatures. To date,
Thermoelectric materials with high energy conversion ef- several p-type oxide systems, such as;88i0,)xCoOy,
ficiency are strongly required for both electric power gen- CasCoyOy, and CaCo,Os, have been extensively studiéd.
eration in terms of waste heat recovery and the refrigera- The development of new oxide materials is still the most
tion of electronic devices. Thermoelectric materials, such asimportant issue for practical applications of thermoelectric
PbTe and BiTes, show the high value of the figure of merit, power generation. In this work, we have selected as a can-
Z=o0d?lk, whereo, a, andx are the electrical conductivity, — didate material CuAI@ with the delafossite structure. The
Seebeck coefficient, and thermal conductivity, respectively. crystalline structure of CuAl@had been extensively studied
However, they are easily decomposed or oxidized at high by Ishiguro et af They proposed that Clons are linearly
temperatures in air. Therefore, practical utilization of these coordinated by two & ions to form a ©-Cu-O dumbbell
materials as a power generator has been limited. Metal oxidesunit placed parallel to the c-axis, whereas™Abns are octa-
have attracted attention as promising thermoelectric materialshedrally coordinated by six® ions. O-atoms of ©Cu-O
because of their potential to overcome the above-mentioneddumbbell link all Cu layers with the Al@layers.
problems. In general, the fabrication process of thermoelectric mate-
Recently, Terasaki et dlhave reported on a new thermo-  rials, especially sintering, significantly affects the microstruc-
electric material NaCgD,4, which has a high figure of merit  ture and thus changes the thermoelectric properties. In the
(8.8x 107*K~1) and a large thermopower (1% K —1) at present study, the influence of the sintering temperature on
300 K. However, its application is limited because of the the microstructure and thermoelectric properties of polycrys-
volatility of sodium above 1073K. It is thus necessary to talline CuAlO, was studied. Optimization of the sintering
process is necessary because the thermoelectric properties of
CuAIlO, depend greatly on microstructure, i.e., grain size,
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2. Experimental 8 0.0
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The mixture of high-purity CuO and ADs powders I
and alcohol was ball-milled for 24 h in a Teflon jar using 4t
ZrO, as the grinding media. The ball-milled slurries were r
dried at 353K in an oven for 12 h. The thermal analysis of 2 i \[\_ 02
powder mixtures was carried out using a differential ther- 0 '
mal/thermogravimetric analysis (DT/TGA) (TA Instrument .
SDT-2960) in the temperature range of 293-1473 Kata heat- 2 103
ing rate of 10 Kmirr® in air. The mixed powders were cal- [
cined in a mullite crucible at 1073 K for 2h. The calcined I
powders were ball-milled for 24 h and dried at 353K in an -6 1 1 1 1 L L104

. . 400 600 800 1000 1200 1400
oven for 12 h. The dried powders were pressed using a hand Temperature (K)
press at a pressure of 98 MPa to prepare pellets of 5 mm thick
and 20 mm diameter. The green compacts were heated at 1433Fig. 1. DTA and TGA results for a mixture of CuO and,&l; powders.
or 1473 K for 20 hin air and then furnace cooled. The sintered

compacts were crushed in an alumina mortar and ball-milled a ® CuAIO
) : . 2500 | = 2
in a planetary mill for 5 h. The resulting powders were pressed ° < cuo
into pellets of 5mm thick and 20 mm diameter and sintered
at 1433 or 1473 K for 20 h in air. 2000 |-

The crystalline structure of the as-sintered samples was . &
analyzed with X-ray diffraction (XRD) (Rigaku DMAX- = 1500 | Se
2500/PC) using Cu K radiation at 40kV and 100mA. The & ° &
microstructure of the as-sintered samples was investigated= ;|- g g =
by using a scanning electron microscope (SEM) (Hitachi = Y = ° 'f’A G =
S4700). The specimens for electrical measurements were 500 L % ‘5 g £ § =8
cut out of the sintered bodies in the form of rectangular L} S® S u 'f’
bars of 2mmx 2mmx 15mm with a diamond saw and [ wa}
polished with SiC emery papers. Electrical conductiv- O Y
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ity was measured by the direct current (dc) four-probe
method. For thermopower measurements, a temperature
difference in the specimen was generated by passing cool Fig. 2. XRD pattern of the CuAl@sintered at 1473 K.

air in a quartz protection tube placed near one end of

the specimen. The temperature difference between thecyAl,04+CuO— 2CUuAIO; +1/20,. Fig. 2 shows the
two ends in the specimens was controlled to be 3—6 K by XRD pattern of the CuAl@sintered at 1473 K.

varying the flowing rate of air. Thermopower measured  Fig. 3shows the SEM image obtained from the surface of
as a function of the temperature difference gave a straightthe CuAIQ, sintered at 1473 K. Most pores were located at
line, and the Seebeck coefficient was calculated from its

slope. The measurements were carried out at 540-1140 Ky

in air.

Degree of 20

3. Results and discussion

Fig. 1 shows the results of the DTA and TGA mea-
surements for a mixture of CuO and-8l3 powders. It is
seen that there is an endothermic peak at 1342-1368 K
accompanied with the weight loss, due to the solid-state
reactions in the oxides. The crystalline structure of the sin-
tered CUuAIQ bodies is rhombohedrak3m, a=2.8567A
andc=16.943A,7 along with a small amount of CuO with
a monoclinic,a=4.653A, b=3.410A, and c=5.108A.8
The measured lattice parameters closely agree with thoscjm_ .

. . ; . SEJONG 15.0kV 12.7mm x10.0k
previously reported for this material. The following
sequence _'S regarded as the favorable main reaction forFig. 3. SEM image obtained from the surface of the CuAEtered at
the formation of CuAlQ@: CuO +AlLbO3 — CuAl,O4 and 1473 K.
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the grain boundaries. It was found that as the sintering tem-

perature increased, the grain size and the density of the sam-

ples increased. The bulk density and porosity of the sample
sintered at 1433 K are 3.741 g/@rand 26.6%, respectively,
while those of the sample sintered at 1473 K are 3.818%/cm
and 25.1%, respectively. The high porosity is responsible for
a significant decrease in the electrical conductivity and also
the thermal conductivit}® It is also important to note that

the number of elongated grains and the degree of elonga-

tion in elongated grains increased with sintering tempera-
ture. The elongated grains may improve the thermoelectric
properties.

It was found that the electrical conductivityincreased

with increasing temperature over the measured temperature
range, indicating semiconducting behavior, probably because

of the deviation from the stoichiometric composition of the
components induced by the defect equilibrihiThe con-
ductivity of CuAIO, sintered at 1473 K is higher than that
sintered at 1433 K mainly because of the higher density. The
positive holes in CuAl@ are generated from ionized Cu va-
cancies and/or interstitial oxygens within the crystallite sites
of the material. The defect chemistry plays an important role
in the conductivity. The nonstoichiometric defect reaction for
a metal deficient oxide may be represented by the following
equationt! Op(g) = 205 + Vg, + Vi + 4h™, where @,

Vcu, Val and h denote lattice oxygen, Cu vacancy, Al va-
cancy and hole, respectively. Superscripts-Xand + denote
effective neutral, negative and positive charge states, respec
tively.

Fig. 4 shows I versus 1T of the samples from 540 to
1140K. A linear fit of the data works well in the temperature
range of 540-844 K. The linear relation seen in this figure
implies a thermally activated hopping conduction, as often
found in semiconductor’® The conduction takes place via
a small-polaron hopping mechanism. From the slope of
the graph, we can obtain the value of activation endtgy
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Fig. 4. Relationship between dnand the reciprocal of the absolute temper-
ature (1) for the CuAIG; sintered at 1433 and 1473 K.
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Fig. 5. Seebeck coefficient as a function of temperature for the CuAIO
sintered at 1433 and 1473 K.

required to transfer carriers from the acceptor level to the
valence band. The value of activation energy is calculated
as 0.2eV, which is smaller than the band gap. The direct
and indirect band gaps of CuAjQwithout any intentional
doping are 3.5 and 1.85eV, respectivEly* Yanagi et
al.1® reported that the calculated activation energy of the
CUAlOs thin films prepared by the pulsed laser deposition
technique is 0.22 eV. To elucidate the detailed nature of the
eonduction mechanism, further investigation will be neces-
sary, i.e., exact carrier concentrations, the Hall mobility, the
spin-state of the electrons, the activation energy of carrier
generation and hopping, and the defect structure of the
samples.

Fig. 5shows the Seebeck coefficianbf the as-sintered
CuAlO,. The sign of the Seebeck coefficient is positive
for the entire measured temperature range, indicating hole
conduction=> The values of the Seebeck coefficient for the
CuAlO, samples sintered at 1433 and 1473 K decreased up to
844 and 794 K, respectively, because of an increase in the car-
rier concentration and then increased because of a decrease
in the carrier concentratiolf. The relationship between the
Seebeck coefficient and the carrier concentratiog can be
expressed as follow« ~ r — In n¢, wherer is the scattering
factor. The positive temperature dependence of the Seebeck
coefficient is thought to be due to hopping conducfidn.
has been previously reported that the Seebeck coefficients for
Ca3C0409 and Ca-doped RCofJR =Gd, Sm, Nd, and Pr)
monotonically increased and decreased, respectively, with an
increase in temperatufe-’

The power factoroa? evaluates the thermoelectric
performance of electrical components. The temperature
dependence of the power factor calculated from the data in
Figs. 4 and 5s plotted inFig. 6. The power factor increases
up to 1140K. The values of the power factor measured at
1140K for the CuAIQ samples sintered at 1433 and 1473 K
are 4.98< 107° and 6.62x 10°°Wm~1K~2, respectively.

To improve the power factor, it is required to optimize
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Fig. 6. Temperature dependence of the power factor for the Cugit@ered
at 1433 and 1473 K.

the fabrication process and to incorporate the dopants into
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