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Addition of MgO to Al-doped ZnO was successful in reduction of the phonon thermal conductivity, kph , in order to suppress the
unfavorably high thermal conductivity, k, of the material in terms of applications to thermoelectric conversion. The electrical
conductivity, s, of Zn0.98Al0.02O decreased with increasing amount of the added MgO, whereas the Seebeck coefficient was

virtually unchanged up to (Zn0.9Mg0.1)0.98Al0.02O. Further Al2O3 doping was ineffective in improving s. The carrier mobility
decreased with increasing amount of the added MgO but was independent of the extent of the Al doping. In spite of the significant
suppression of k, the figure of merit was smaller for the MgO-added samples because of the marked decrease of s.

Thermoelectric power generation converts thermal energy thermoelectric applications.15–17 In spite of the high k values,
the Z values of (Zn

1−xAl
x
)O were still promising, benefitingdirectly to electrical energy via the Seebeck effect in solid

materials. This technique has been considered to be very from the large power factors. Reduction of k without seriously
affecting S2s is therefore required for improvement in Z valuespromising for improvement in energy conversion efficiency,

because it should be effective in utilizing waste heat as a power of (Zn
1−xAl

x
)O.

We have already revealed that the lattice thermal conduc-source. In the last three decades, Si–Ge alloys,1 several metal
chalcogenides,2,3 transition-metal disilicides,4–6 some boron tivity, kph , dominantly contributes to overall k of

(Zn
1−xAl

x
)O.15–17 If phonon scattering centers can be effec-compounds,7,8 and skutterudites and filled skutterudites9–11

tively introduced without scattering the charge carriers, thenhave been developed as materials for high-temperature thermo-
Z values of these materials will be greatly improved.electric power generation. However, the materials so far devel-
Enhancement of the phonon scattering by point defects inducedoped have still some problems in practical use; many are highly
by formation of solid solutions has been known to be efficientexpensive and even require costly surface protection to prevent
to reduce kph . Substitution of lattice points by isovalentoxidation or vaporization; some others have inherent tempera-
heteroatoms would be expected to enhance selective phononture limits owing to phase transitions at high temperatures.
scattering.The thermoelectric figure of merit, Z, which evaluates ther-

However, very few elements dissolve in ZnO to a substantialmoelectric performance of materials, is defined as
extent. Exceptionally, it is known that the solubility limit of

Z=S2s/k
MgO in ZnO is >10%.23 Moreover, Mg ions are divalent

where s is the electrical conductivity, S is the Seebeck coefficient similarly to Zn, implying that the MgO dissolved in ZnO
and k is the thermal conductivity. Whereas practical appli- would not affect the carrier concentration in ZnO. Here, we
cations generally require Z�1×10−3 K−1 , larger temperature report the thermoelectric and transport properties of
difference across the thermoelectric devices also improves the (Zn

1−xAl
x
)O incorporating MgO.

conversion efficiency. The dimensionless figure of merit, ZT
(T is average operation temperature), is hence regarded as the Experimental
most comprehensive criterion.

Sintered samples of (Zn
1−yMg

y
)
1−xAl

x
O (x=0–0.1, y=0–0.1)With respect to high-temperature operation in air, metal

were prepared from powders of ZnO, Al2O3 and MgO ofoxides in their common oxidation states should apparently be
guaranteed grade. The powders were mixed and pulverized inadvantageous owing to their excellent stability to heat.
a nylon-lined ball mill for 24 h. The powder mixture wasMoreover, rather many oxide materials are reported to have
pressed into a pellet and sintered at 1400 °C for 10 h in air.high electrical conductivities. Refractory metal oxide semi-
The heating and cooling rate was 200 °C h−1 . The crystalconductors would therefore be worth investigating in their
phases in the samples thus obtained were determined from aapplicability to high temperature thermoelectric energy conver-
powder X-ray diffraction (XRD) study using Cu-Ka radiation.sion because of their high thermal stability and corrosion
Both the electrical conductivity and Seebeck coefficient of eachresistance.
sample were simultaneously measured in air, from room tem-We have already reported the thermoelectric properties of
perature up to 1000 °C. The measurement procedures haveseveral promising oxides, such as In2O3–SnO2 ,12 CaMnO3 ,13,14 been described elsewhere in detail.12 The thermal conductivity(Zn

1−xAl
x
)O15–17 and (Zn

1−xMx
)O (M=Ga, In).18 Very

was determined from thermal diffusivity and specific heatrecently, some other oxide materials such as (ZnO)
m
In2O3 ,19,20 capacity measured by the laser flash technique and differentialCdIn2O421 and Nd

2−xCe
x
CuO422 appeared in the literature in

scanning calorimetry (DSC), respectively. The Hall measure-terms of thermoelectric conversion. However, most of these
ments were carried out by the van der Pauw method at roommaterials suffer from poorer electrical properties compared to
temperature.conventional thermoelectric materials, and this might be

difficult to overcome since a drastic (one order or more)
reduction of k is generally unlikely. Results and Discussion

In previous papers, we have reported that (Zn
1−xAl

x
)O

Transport properties of the (Zn
1−y

Mg
y
)

1−x
Al

x
O system

exhibits a very large power factor (S2s), which evaluates the
electrical component of the thermoelectric performance, and (Zn

1−y
Mg

y
)

0.98
Al

0.02
O system. First, the effect of addition of

MgO on the transport properties was investigated forthat it also shows unfavorably high k values in terms of
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Fig. 1 XRD profiles of (Zn
1−yMg

y
)0.98Al0.02O (y=0, 0.02, 0.05, 0.1)

Fig. 3 The phonon thermal conductivities of ZnO (#),
(Zn

1−yMg
y
)0.98Al0.02O for y=0 ($), 0.02 (6 ), 0.1 (%) as a function

of inverse temperature

Fig. 2 The thermal conductivities of ZnO (#), (Zn
1−yMg

y
)0.98Al0.02O

for y=0 ($), 0.02 (6), 0.1 (%) as a function of inverse temperature

Fig. 4 Arrhenius plots for the electrical conductivities of ZnO (#),
(Zn

1−yMg
y
)0.98Al0.02O for y=0 ($), 0.02 (6 ), 0.1 (%)Zn0.98Al0.02O as a basic composition, since Zn0.98Al0.02O

showed the highest Z value in the Zn
1−xAl

x
O system.15–17

It was confirmed by XRD of (Zn
1−yMg

y
)O that the solubility

limit of MgO in ZnO is >10 mol%. Fig. 1 shows XRD profiles
of (Zn

1−yMg
y
)0.98Al0.02O (y=0, 0.02, 0.05, 0.1). It should be

noted that the XRD profiles of these samples were virtually
the same, including the sample at y=0. The XRD patterns
consist of dominant peaks for the ZnO phase accompanied by
small peaks for the spinel phase (ZnAl2O4 or MgAl2O4 ), while
no MgO phase was detected. The diffraction lines of MgAl2O4
can hardly be distinguished from those of ZnAl2O4 . However,
it is most probable that the peaks due to the spinel phase are
attributed to ZnAl2O4 , because these peaks already exist for
Zn0.98Al0.02O, and their intensity was constant even with the

Fig. 5 The Seebeck coefficients of ZnO (#), (Zn
1−yMg

y
)0.98Al0.02O foraddition of increasing amounts of MgO. We therefore presume

y=0 ($), 0.02 (6 ), 0.1 (%)that the added MgO completely dissolved in the ZnO lattice.
The inverse temperature dependence of the thermal conduc-

tivity for (Zn
1−yMg

y
)0.98Al0.02O (y=0, 0.02, 0.1) is shown in below room temperature)25 and this is clearly confirmed in

Fig. 3. It is also obvious that the decrease in kph is mainlyFig. 2 in comparison with that for ZnO. Although the k values
of ZnO were almost unchanged by Al-doping of 2 mol%, k of responsible for the reduction of k upon addition of MgO.

Formation of a solid solution of MgO to ZnO is therebythe sample at y=0.02 was considerably lower, and was further
decreased with increasing amount of the doped MgO. The concluded to be effective in introducing phonon scattering

centers in order to reduce kph , and thereby the overall valuedifference in k between the MgO-added samples and
Zn0.98Al0.02O is significantly larger at lower temperatures, of k.

The temperature dependences of the electrical conductivity,indicating that the addition of MgO was very effective in
reduction of k at low temperatures. s, and the Seebeck coefficient, S, of (Zn

1−yMg
y
)0.98Al0.02O

(y=0, 0.02, 0.1) are shown in Fig. 4 and Fig. 5, respectively.The thermal conductivity of solid materials consists of the
lattice thermal conductivity, kph , and the carrier thermal We have already reported that the addition of a small amount

of Al2O3 in ZnO increased the s values and changed the sconductivity, kel ;
behavior from semiconducting to metallic.15–17 The enhance-

k=kph+kel ment of s by Al-doping can be explained by valence control
theory. The s value of Zn0.98Al0.02O decreased with increasingIn order to specify kph and kel in the overall value of k, kel

was calculated from s by using the Weidemann–Franz law, amount of added MgO, but the behavior of s remained
metallic. The S values of all the samples are negative, indicatingkel=L sT (L is the Lorentz number).24 The lattice thermal

conductivity of (Zn
1−yMg

y
)0.98Al0.02O (y=0, 0.02, 0.1) n-type conduction. The |S| value of ZnO decreased upon Al-

doping. However, the addition of MgO to Zn0.98Al0.02O scar-obtained by subtracting kel from k is indicated in Fig. 3 as a
function of inverse temperature. It is known that kph is cely altered the temperature dependence of the Seebeck

coefficient.proportional to 1/T above the Debye temperature (usually
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Table 1 Transport properties of (Zn
1−yMg

y
)
1−xAl

x
O at room

temperature

x y n/1025 m−3 mH/cm2 V−1 s−1 k/W m−1 K−1
0.02 0 7.2 81 43
0.02 0.02 6.4 59 20
0.02 0.5 4.8 50 14
0.02 0.1 6.6 22 8.1
0 0.1 0.17 29 7.2
0.02 0.1 6.6 22 8.1
0.05 0.1 4.3 35 9.3
0.1 0.1 3.3 27 7.2

Fig. 7 Arrhenius plots for the electrical conductivities of ZnO (#),
Zn0.98Al0.02O ($), (Zn0.9Mg0.1)1−xAl

x
O for x=0.02 (6 ), 0.1 (%)

Fig. 6 XRD profiles of (Zn0.9Mg0.1)1−xAl
x
O (x=0, 0.02, 0.05, 0.1)

Fig. 8 The Seebeck coefficients of ZnO (#), Zn0.98Al0.02O ($),
Although the addition of MgO reduced k, the s value was (Zn0.9Mg0.1 )1−xAl

x
O for x=0.02 (6), 0.1 (%)

also affected. We have further measured the Hall coefficients
to analyze the electrical transport properties. The carrier
concentrations, n, the Hall mobilities, mH and the thermal
conductivities, k, at room temperature are summarized in
Table 1 for (Zn

1−yMg
y
)
1−xAl

x
O. The values of both mH and k

were inversely correlated with the amount of MgO, while n
was independent. The decrease in mH should therefore be
responsible for the suppression of s caused by the addition of
MgO. The almost unchanged value of n may explain the
unchanged S value. These results would lead to a conclusion
that the scattering centers introduced by the addition of MgO
scattered not only phonons but also carrier electrons to
some extent.

(Zn
0.9

Mg
0.1

)1−x
Al

x
O system. Although the addition of MgO

to ZnO-based oxides was successful in reduction of k, s of
Fig. 9 The thermal conductivities of ZnO (#), Zn0.98Al0.02O ($),

these materials was also considerably affected. We thus further (Zn0.9Mg0.1 )1−xAl
x
O for x=0 (+), 0.02 (6 ), 0.1 (%) as a function of

investigated the optimization of the Al-doping for inverse temperature
(Zn0.9Mg0.1)O by varying the amount of Al, since at this
composition MgO completely dissolves in ZnO, giving the
lowest k in the (Zn

1−yMg
y
)0.98Al0.02O system. of the Seebeck coefficients of (Zn0.9Mg0.1)1−xAl

x
O (x=0.02,

0.1), Zn0.98Al0.02O and ZnO is shown in Fig. 8. The |S| valueThe XRD profiles of (Zn0.9Mg0.1)1−xAl
x
O (x=0, 0.02, 0.05,

0.1) are shown in Fig. 6. As seen when varying the Mg content, slightly increased with increasing amount of the doped
Al2O3 .only two phases were detected in the samples; the ZnO phase

and the spinel phase (ZnAl2O4 or MgAl2O4 ). However, in this The temperature dependence of the thermal conductivity is
shown in Fig. 9 for (Zn0.9Mg0.1)1−xAl

x
O (x=0, 0.02, 0.1),case, the amount of the spinel phase increased with increasing

Al2O3 content, strongly suggesting the formation of the Zn0.98Al0.02O and ZnO. The reduction of k from ZnO to
Zn0.98Al0.02O was almost negligible. The doping of Al2O3 isZnAl2O4 phase. Neither the Al2O3 phase nor the MgO phase

was detected by XRD. therefore considered to be ineffective in suppressing k of ZnO
based materials.Arrhenius plots of the electrical conductivity for

(Zn0.9Mg0.1)1−xAl
x
O (x=0.02, 0.1), Zn0.98Al0.02O, and ZnO Values of n and mH for ZnO at room temperature were

0.052×1025 m−3 and 67 cm2 V−1 s−1 , respectively. On theare shown in Fig. 7. At x=0.02, s is considerably smaller than
for Zn0.98Al0.02O. Moreover, s was slightly suppressed, rather other hand, those for (Zn0.9Mg0.1)O at room temperature were

0.17×1025 m−3 and 29 cm2 V−1 s−1 , respectively. It should bethan enhanced, by increasing the amount of the doped Al2O3 .
As shown in Fig. 6, the peaks belonging to the spinel phase noted that n increased but mH decreased upon addition of

MgO. Further Al-doping of (Zn0.9Mg0.1)O provided carrierincreased with increasing the amount of doped Al2O3 .
Because both MgAl2O4 and ZnAl2O4 have high electrical electrons, but left mH unchanged. However, the n values slightly

decreased, rather than increased, with increasing amount ofresistivity, the suppression of s can be attributed to the increase
in the amount of the spinel phase. The temperature dependence doped Al2O3 . The excess Al atoms (x>0.02) therefore did not
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Conclusions

Transport properties and thermoelectric performance of
(Zn

1−yMg
y
)
1−xAl

x
O investigated in the present study revealed

that the addition of MgO to ZnO is effective in reducing k via
suppression of kph . The s values of Zn0.98Al0.02O, however,
also decreased with increasing addition of MgO, whereas the
S values were almost unchanged. The results of the Hall
measurement indicated that the decrease in s is ascribed to
lower carrier mobilities. The excess doping of Al2O3 into
(Zn0.9Mg0.1 )O was unsuccessful in recovering the lowered s,
and consequently, S2s remained smaller than that of
Zn0.98Al0.02O. Although the figure of merit stayed lower thanFig. 10 The power factors of ZnO (#), (Zn0.9Mn0.1)0.9Al0.1O (+),
that of the Al-doped ZnO, the significant reduction of k was(Zn

1−yMg
y
)0.98Al0.02O for y=0 ($), 0.02 (6 ), 0.1 (%)

realized by introducing the point defects into the ZnO lattice.
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