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bstract

he as-sintered Zn1−xAlxO (0 ≤ x ≤ 0.05) samples crystallized in the ZnO with a wurtzite structure, along with a small amount of the cubic spinel
nAl2O4. The addition of Al2O3 to ZnO gave rise to a decrease in grain size, ranging from 7.3 to 2.7 �m and in relative density, ranging from
9.2 to 90.1% of the theoretical density. In the Zn0.97Al0.03−yTiyO samples, as the amount of TiO2 increased, the grain size of ZnO grains and
econd phases, such as Zn TiO and ZnAl O , as well as density increased. The co-doping of Al and Ti led to a significant increase in both the
2 4 2 4

lectrical conductivity and the absolute value of the Seebeck coefficient, resulting in an increase in the power factor. The highest value of power
actor (3.8 × 10−4 W m−1 K−2) was attained for Zn0.97Al0.02Ti0.01O at 800 ◦C. It is demonstrated that the Al and Ti co-doping is fairly effective for
nhancing thermoelectric properties.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Thermoelectric materials have attracted significant interest
s useful materials in the field of thermoelectric power gener-
tion and cooling devices. The performance of thermoelectric
aterials can be evaluated by the figure-of-merit (Z) defined

s Z = σα2/κ, where σ, α, and κ are the electrical conductiv-
ty, Seebeck coefficient, and thermal conductivity, respectively.

ith respect to high-temperature operation in air, metal oxides
re generally advantageous owing to their excellent thermal and
xidation resistance. In particular, several p-type oxide systems,
uch as NaCo2O4 and Ca3Co4O9, have been extensively stud-
ed so far.1–6 Development of new oxide materials is still the

ost important issue for practical applications of thermoelec-
ric power generation.
In this work, we have selected as a candidate material ZnO-
ased compounds. ZnO is an n-type semiconducting oxide with
wide direct band gap of 3.3 eV and has the wurtzite structure.7
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ecently, it becomes an outstandingly promising oxide mate-
ial as a high-temperature thermoelectric material above 700 ◦C
ecause of its high melting temperature (1800 ◦C), good chem-
cal stability, high electrical conductivity, and high Seebeck
oefficient.8,9 It is well known that the addition of dopants is
feasible route to optimizing the thermoelectric performance.

n the present work, we studied the microstructure and high-
emperature thermoelectric properties of the Zn1−x−yAlxTiyO
abricated by a solid state reaction.

. Experimental

All Zn1−x−yAlxTiyO (0 ≤ x ≤ 0.05, 0 ≤ y ≤ 0.02) samples
ere fabricated by a solid state reaction starting from the high-
urity ZnO, Al2O3, and TiO2 powders. The mixture of the ZnO,
l2O3, and TiO2 powders and ethyl alcohol was milled for 6 h
sing a planetary mill (FRITSCH pulverisette 6) and ZrO2 as
rinding media. The resulting slurries were dried at 80 ◦C in an

ven for 24 h. The mixed powders were calcined in a mullite
rucible at 1000 ◦C for 5 h. The calcined powders were milled
n the planetary mill for 6 h and dried at 80 ◦C in an oven for
2 h. The dried powders were pressed using a hand press at a

mailto:kspark@sejong.ac.kr
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ressure of 98 MPa to prepare pellets of 5 mm thick and 20 mm
iameter. The green compacts were heated at 1400 ◦C for 20 h
n air and then furnace cooled.

The porosity of the as-sintered Zn1−x−yAlxTiyO samples was
easured by the Archimedes principle. The crystalline structure

f the as-sintered samples was analyzed with X-ray diffraction
XRD) (Rigaku RINT2000) using Cu K� radiation at 40 kV
nd 100 mA. The microstructure of the as-sintered samples was
nvestigated by using a scanning electron microscope (SEM)
Hitachi S4700). In order to identify the distribution of con-
tituent elements in the as-sintered samples, secondary electron
mages (SEI) and elemental maps were acquired using an elec-
ron probe microanalysis (EPMA) attached on the SEM. In order
o measure the thermoelectric properties as a function of temper-
ture, the electrical conductivity (σ) and the Seebeck coefficient
α) were simultaneously measured over the temperature range
rom 450 up to 800 ◦C. The specimens for the measurements of
hermoelectric properties were cut out of the sintered bodies in
he form of rectangular bars of 2 mm × 2 mm × 15 mm with a
iamond saw and polished with SiC emery papers. Four grooves
ere put on the rectangular bars. Pt wires were wound along

he grooves. The holes (1.0 mm diameter) in the middle of the
wo end grooves of the specimens were machined. The insulated
eads of the two Pt/Pt–Rh (13%) thermocouples were embedded
n the two holes, and the temperature at the holes was measured.
lectrical conductivity was measured by the direct current (d.c.)

our-probe method. For thermopower measurements, a temper-
ture difference in the specimen was generated by passing cool
r gas over one end of the specimen placed inside a quartz pro-

ection tube. The temperature difference between the two ends
n specimens was controlled to be 4–6 ◦C by varying the flowing
ate of Ar gas. The thermopower (�E) measured as a function
f the temperature difference (�T) gave a straight line. The See-
eck coefficient (α) was calculated from the relation α = �E/�T.

. Results and discussion

The as-sintered Zn1−xAlxO (0 ≤ x ≤ 0.05) samples crystal-
ized in the ZnO with a wurtzite structure, along with a small
mount of the cubic spinel ZnAl2O4. The ZnAl2O4 phase was
ormed by the fact that the added Al2O3 (2–5 mol%) did not fully
issolve in the ZnO crystal lattice because of its limited solu-
ility. The solubility of Al2O3 in ZnO is quite small, 0.01%.10

he amount of the ZnAl2O4 increased with an increase in Al
ontent. It has been reported that the ZnAl2O4 phase possesses
very low electrical conductivity.11 In the Zn0.97Al0.03−yTiyO

amples, the substitution of Ti for Al gives rise to an increase
n Zn2TiO4 and a decrease in ZnAl2O4. For example, the XRD
atterns of the as-sintered Zn0.97Al0.03O, Zn0.97Al0.025Ti0.005O,
nd Zn0.97Al0.01Ti0.02O are shown in Fig. 1(a)–(c), respectively.
hese results for the presence of the Zn2TiO4 and ZnAl2O4
hases in the sintered bodies are confirmed by SEI and elemen-
al maps (Fig. 2).
Fig. 3 shows the SEM images from the surface of the as-
intered Zn1−x−yAlxTiyO samples. In the Zn1−xAlxO samples,
t is apparent that the addition of Al2O3 to ZnO gives rise to

decrease in the grain size, indicating that the added Al2O3

i
t
t
Z

ig. 1. XRD patterns of as-sintered (a) Zn0.97Al0.03O, (b) Zn0.97Al0.025Ti0.005O,
nd (c) Zn0.97Al0.01Ti0.02O samples.

etarded the grain growth during sintering. This is attributed to
he pinning effect caused by the ZnAl2O4 particles on grain
oundaries and to the dragging effect between the added Al2O3
nd grain boundaries, resulting in a reduction in the mobility
f grain boundaries.12,13 Fine ZnAl2O4 particles below ∼1 �m
n size are frequently dispersed on the grain boundaries of the
nO matrix. In addition, the incorporation of Al2O3 to ZnO

eads to a decrease in the density, ranging from 99.2 to 90.1%
f the theoretical density. This is because the added Al2O3 acts
o lower the grain-boundary mobility, thus enabling the pores to
tay attached to the moving grain boundaries during sintering. A
imilar behavior was reported for Bi-doped ZnO.13,14 The grain
rowth of ZnO in the presence of Bi2O3-rich phase has been
indered.

In the Zn0.97Al0.03−yTiyO samples, it was found that the
rain size and density of the ZnO matrix increased with increas-
ng Ti content, indicating that sintering was promoted by the
ddition of TiO2. This is because the added TiO2 acceler-
tes the mass transport of the Zn0.97Al0.03−yTiyO samples. For
xample, the average grain sizes of the Zn0.97Al0.025Ti0.005O
nd Zn0.97Al0.01Ti0.02O samples were 4.1 and 7.6 �m, respec-
ively, and the porosities of the Zn0.97Al0.025Ti0.005O and
n0.97Al0.01Ti0.02O samples were 3.5 and 1.5%, respectively.
iO2 is commonly used as the additive for enhancing the grain
rowth.15–17 Most of the ZnAl2O4 and Zn2TiO4 particles exist
n the grain boundaries of the ZnO matrix. The size of the two
articles increased with TiO2 content. The grain size and poros-
ty of all the prepared Zn1−x−yAlxTiyO samples are given in
able 1.

The electrical conductivity as a function of temperature for
he Zn1−x−yAlxTiyO samples is shown in Fig. 4. It is clear that the
lectrical conductivity increased with increasing temperature,
ndicating semiconducting behavior. In the Zn1−xAlxO samples,
he addition of a small amount of Al2O3 to ZnO leads to an

ncrease in the conductivity. This is mainly attributed to the fact
hat the substitution of trivalent Al3+ for divalent Zn2+ increases
he electron concentration of the system. The conductivity of
n0.95Al0.05O is slightly higher than that of Zn0.97Al0.03O. This
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Fig. 2. SEI and elemental maps of as-sintered Zn0.97Al0.01Ti0.02O sample.

Fig. 3. SEM images from the surface of as-sintered (a) Zn0.98Al0.02O, (b) Zn0.9

Table 1
Grain size and porosity of the prepared Zn1−x−yAlxTiyO samples

Porosity (%) Grain size (�m)

ZnO 0.8 7.3
Zn0.98Al0.02O 2.1 4.3
Zn0.97Al0.03O 4.5 3.8
Zn0.95Al0.05O 9.9 2.7
Zn0.97Al0.025Ti0.005O 3.5 4.1
Zn0.97Al0.02Ti0.01O 2.5 5.7
Zn0.97Al0.015Ti0.015O 1.9 6.7
Zn0.97Al0.01Ti0.02O 1.5 7.6
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7Al0.03O, (c) Zn0.97Al0.025Ti0.005O, and (d) Zn0.97Al0.01Ti0.02O samples.

s because although the higher Al content gives rise to an increase
n the conductivity, it results in a decrease in the density and
rain size and in an increase in the amount of the ZnAl2O4
hase having a very low electrical conductivity. The decrease
n the density and grain size is responsible for a decrease in
he time between electron scattering events of charge carriers,
hus decreasing the conductivity. It is also important to note
hat the substitution of Ti4+ for trivalent Al2+ in Zn0.97Al0.03O

ignificantly increases the electrical conductivity because of an
ncrease in the electron concentrations, grain size, and density
f the system. It is therefore believed that the co-doping of Al
nd Ti is fairly effective in achieving high conductivity.
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Fig. 4. Electrical conductivity as a function of temperature for (a) ZnO, (b)
Zn0.98Al0.02O, (c) Zn0.97Al0.03O, (d) Zn0.95Al0.05O, (e) Zn0.97Al0.025Ti0.005O,
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Fig. 6. Temperature dependence of the power factor for (a) ZnO, (b)
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f) Zn0.97Al0.02Ti0.01O, (g) Zn0.97Al0.015Ti0.015O, and (h) Zn0.97Al0.01Ti0.02O
amples.

Fig. 5 shows the temperature dependence of the Seebeck coef-
cient for the Zn1−x−yAlxTiyO samples. The sign of the Seebeck
oefficient is negative over the whole temperature range for all
he samples, indicating that the major conductivity carriers are
lectrons. In the Zn1−xAlxO samples, the absolute value of the
eebeck coefficient decreased with increasing Al content mainly
ecause of an increase in the electron concentration. This result
ualitatively agrees with that based on the broad-band semi-
onducting model.18 According to the broad-band model, the
alue of the Seebeck coefficient in common semiconductors
ecreases with increasing carrier density. Based on a simpli-
ed broad-band model, the Seebeck coefficient of the extrinsic

-type semiconductors with negligible hole conduction devices
an be expressed as follows:11 α = −(k/e)[ln(Nv/n) + A], where
is the Boltzmann constant, n the electron concentration, e the

ig. 5. Temperature dependence of the Seebeck coefficient for (a) ZnO, (b)
n0.98Al0.02O, (c) Zn0.97Al0.03O, (d) Zn0.95Al0.05O, (e) Zn0.97Al0.025Ti0.005O,

f) Zn0.97Al0.02Ti0.01O, (g) Zn0.97Al0.015Ti0.015O, and (h) Zn0.97Al0.01Ti0.02O
amples.

b
i
d
i
t

l
f
Z
t
t
8
Z
f
b
m
p
m

4

s
a

n0.98Al0.02O, (c) Zn0.97Al0.03O, (d) Zn0.95Al0.05O, (e) Zn0.97Al0.025Ti0.005O,
f) Zn0.97Al0.02Ti0.01O, (g) Zn0.97Al0.015Ti0.015O, and (h) Zn0.97Al0.01Ti0.02O
amples.

lectric charge of the carrier, Nv the density of state, and A is a
ransport constant typically 0 ≤ A ≤ 2. In spite of the decrease
n the Seebeck coefficient owing to an increase in the electron
oncentration, the absolute value of the Seebeck coefficient is
till moderate as high as 180–191 �V K−1 at 800 ◦C.

In particular, it must be stressed that the absolute values of the
eebeck coefficient for the Ti-doped Zn0.97Al0.03−yTiyO sam-
les are much higher than those for the Ti-free Zn1−xAlxO
amples. The absolute values of the Seebeck coefficient for
he Ti-doped Zn0.97Al0.03−yTiyO samples range from 205 to
31 �V K−1 at 800 ◦C. These results indicate that the conduction
echanism in the Zn0.97Al0.03−yTiyO samples is not explained

y the conventional broad-band model. We do not have detailed
deas to fully explain this behavior at present. To elucidate the
etailed nature of the electrical conduction, further investigation
s required, i.e., exact carrier concentrations, the Hall mobility,
he effective mass, and the defect structure of the samples.

The temperature dependence of the power factor (σα2) calcu-
ated from the data in Figs. 4 and 5 is plotted in Fig. 6. The power
actor increased up to 800 ◦C. The power factors of the Ti-doped
n0.97Al0.03−yTiyO samples are extremely high, compared to

he Ti-free Zn1−xAlxO samples. Zn0.97Al0.02Ti0.01O showed
he highest value of power factor (3.8 × 10−4 W m−1 K−2) at
00 ◦C. In addition to their high power factors, the Ti-substituted
n0.97Al0.03−yTiyO ceramics have several inherent advantages

or use in thermoelectric devices, i.e., excellent chemical sta-
ility under oxidizing atmospheres at high temperatures. Sum-
arizing the aforementioned results, it may be believed that

olycrystalline Zn1−x−yAlxTiyO could be promising for ther-
oelectric applications at high temperatures.

. Conclusions
Polycrystalline Zn1−x−yAlxTiyO (0 ≤ x ≤ 0.05, 0 ≤ y ≤ 0.02)
amples were fabricated by a solid state reaction method. The
s-sintered Zn1−xAlxO (0 ≤ x ≤ 0.05) samples crystallized in the
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nO with a wurtzite structure, along with a small amount of the
ubic spinel ZnAl2O4. The amount of the ZnAl2O4 increased
ith an increase in Al content. The grain size decreased with

ncreasing Al content because of the pinning effect caused by
he ZnAl2O4 particles on grain boundaries and to the dragging
ffect between the added Al2O3 and grain boundaries. The added
l2O3 gave rise to a decrease in the density, ranging from 99.2

o 90.1% of the theoretical density. In addition, the substitu-
ion of Ti for Al in Zn0.97Al0.03O led to an increase in Zn2TiO4
nd a decrease in ZnAl2O4. The grain size and density of the
n0.97Al0.03−yTiyO samples increased with increasing Ti con-

ent, indicating that sintering was promoted by the addition of
iO2.

In particular, the electrical conductivity (σ) and the abso-
ute value of the Seebeck coefficient (α) for the Ti-doped
n0.97Al0.03−yTiyO samples were much higher than those for

he Ti-free Zn1−xAlxO samples. The higher electrical conduc-
ivity was caused by the increased extra electrons, grain size, and
ensity of the system. The power factors (σα2) of the Ti-doped
n0.07−yAl0.03TiyO samples were extremely high, compared to

he Ti-free Zn1−xAlxO samples. Zn0.97Al0.02Ti0.01O showed
he highest value of power factor (3.8 × 10−4W m−1 K−2) at
00 ◦C. It is strongly believed that the co-doping of Al and Ti is
airly effective for enhancing thermoelectric properties.
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