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A B S T R A C T

Compositions in the (Zn0.98-yAl0.02Gay)O (y= 0.00, 0.01, 0.02, 0.03) series were fabricated via the conventional
solid-state sintering route under an argon atmosphere, and their phase, microstructure and thermoelectric
properties were investigated. Single-phase ceramics were formed for the compositions with y≤ 0.01. However,
an unknown secondary phase was developed along with the parent phases when y≥ 0.02 due to an over so-
lubility limit of Ga in Zn. For a particular value of Ga substitution for Zn, the (Zn0.98Al0.02)O ceramics had
decreased electrical resistivity (ρ) and an increased power factor (PF). In the present study, the highest power
factor of 5.518×10−4 W K−2 m−1 and lowest electrical resistivity of ~0.82 mΩcm were obtained for the
composition with y= 0.01, i.e., (Zn0.97Al0.02Ga0.01)O.

1. Introduction

In the recent years, thermoelectric technology has attracted great
attention, as it can directly convert heat into electricity. The efficiency
of thermoelectrics is improved by improving the materials, fabrication
techniques, and devices. Some of the previously reported highly effi-
cient thermoelectric compositions for power generation applications
including half-Heuslers [1,2] and other classes as lead telluride [3] and
germanium telluride [4]. However, ZnO has also been reported to be
one of the best thermoelectric material, as it has a high Seebeck coef-
ficient (S). Due to this tolerable value of S, the power factor of ZnO is
higher than those of other thermoelectric materials. Thermoelectricity
has a more than 150 year history, and it depends on three basic phe-
nomena: the Thomson effect, Peltier effect and Seebeck effect [5,6].
Heat can be converted directly to electricity by the Seebeck effect. The
main advantage of thermoelectric materials and devices is the absence
of moving parts [7]. Thermoelectric oxide materials are well known to
work at high temperatures, and they are stable at high temperatures,
nontoxic [8] easily availability and inexpensive [9]. Zinc oxide is
widely used in cement [10], gas sensors [11] and varistors [12,13].
Thermoelectric materials are useful for power generation due to their
thermal stability. ZnO is one of the most suitable thermoelectric ma-
terials due to its unique properties, such as a high Seebeck coefficient

and high carrier mobility values [14]. It is an n-type semiconductor
with a band gap of 3.3 eV and has a wurtzite structure [15]. The lattice
parameters of ZnO are a=3.2488 Å and c=5.2054 Å [16]. The high
lattice thermal conductivity (ҠL) is the main disadvantage of ZnO.

In 2011, S. Teehan studied the effect of In doping in ZnO on the ρ
and power factor and obtained a PF of ~ 22.1×10−4 WK−2 m−1 and a
ρ on the order of 2.1 mΩcm [17]. D. Berardan et al. studied (Zn1-xAlx)O
compositions prepared under air and under N2 and obtained a lower ρ
and a higher power factor for the samples sintered under N2. A ρ of
2mΩ cm and a PF of ~ 3.8×10−4 WK−2 m−1 were obtained for the
nominal formula (Zn0.98Al0.02)O with x=0.02 sintered under a N2 at-
mosphere [13].

In previous studies, different techniques and sintering atmospheres
have been implemented to reduce the ρ, but the reductions in electrical
resistivity have remained limited. S. Yang et al. obtained a power factor
of 5.3× 10−4 Wm−1 K−2 at 750 K for Zn0.98Al0.02O ceramics [18]. D.
B. Zhang et al. achieved a PF ~ 6.16× 10−4 Wm−1 K−2 for Ni, Al dual-
doped ZnO [19].

In the present study (Zn0.98Al0.02Gay)O ceramics were prepared by
the traditional solid-state reaction method. The thermoelectric prop-
erties of the (Zn1-x-yAlxGay)O ceramics were investigated between 100
and 700 °C.
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2. Methods and material

Compositions with the nominal formula (Zn1-x-yAlxGay)O with
x=0.02 and y= 0.00, 0.01, 0.02, 0.03 were processed via the solid-
state sintering route by using high-purity raw materials, namely, ZnO
(99%), Al2O3 (99%) and Ga2O3 (99.99%). The raw materials were
weighed in stoichiometric ratios and ball milled for 15 h using ethanol
as a lubricant and a zirconia ball as the grinding media. The slurries
were dried in an oven to obtain powders. The powders were pressed
into 12mm diameter disks and sintered under an argon atmosphere at
1450 °C for 10 h. Phase analysis of the sintered samples was carried out
by the X-ray diffraction (XRD) technique (D8 Bruker Toshiba Japan)
with 2θ=20–80ᴼ at a scan rate of 2° per minute and a step size of 0.02°
by using Cu-Kα radiation.

The microstructure of all the sintered samples was examined using
scanning electron microscopy (SEM, Hitachi S-480). The thermoelectric
properties, such as resistivity, SC and PF, were measured from 100° to
700°C by an LSR-3 machine. All the measurements were performed
from room temperature to 700 °C. The SC was obtained from the tem-
perature difference between the upper and lower heaters of the LSR-3
machine. The obtained results were automatically transferred to the
computer system by a 32-bit state-of-the-art software

3. Results and discussion

Fig. 1 shows the X-ray diffraction of all the sintered compositions in
the (Zn0.98Al0.02Gay)O (y=0, 0.01, 0.02, 0.03) series. Powder X-ray
diffraction of the (Zn0.98Al0.02Gay)O ceramics with different amounts of
Al and Ga are shown in Fig. 1. The sharpest peaks in the XRD patterns of
all the compositions corresponding to the hexagonal wurtzite structure
of the host ZnO and match with PDF#70-2551, corresponding to ZnO
(zincite, sys). The shifting of the sharpest peaks towards smaller d va-
lues shows better crystallinity in the (101) direction, where (101) de-
notes the Miller indices (hkl). A single-phase ceramic formed for the
compositions with y≤ 0.01. The low-intensity peaks labeled β ap-
peared for the compositions with y≥ 0.02, indicating the formation of
a secondary phase along with the parent phase. However, the nature of
the secondary phase could not be identified. This unknown secondary
phase might contain Ga. This result indicated that the solid solubility
limit for Ga in Zn was ~ 1mol%.

Fig. 2(a)-(d) shows the morphology and topography of Zn0.98-
yAl0.02GayO observed by a scanning electron microscope (SEM-Hitachi
S-4800). The results for all the compositions are in good agreement
with the XRD findings. In the XRD patterns, the two low-intensity peaks

represent the unknown phase labeled β for y≥ 0.02. These unknown
phase appearing at approximately 2θ=35° are due to the Ga content.
This observation revealed that the compositions with a higher amount
of Ga dopant showed high porosity. The number of dark grains was
increased with increasing Ga substitution. The granular size was
probably increased due to the Ga impurity (Fig. 2 c, d). The dark and
increased granular texture was observed for compositions
(Zn0.98Al0.02Gay) when y=0.00, 0.01, 0.02. 0.03. The Grass elemental
compositions of Zn0.98-yAl0.02Ga0.98O (y=0.00, 0.01, 0.02, 0.03)
are given in Table 1.

Fig. 3 presents the variation in the electrical resistivity (ρ) of (Zn0.98-
yAl0.02Gay)O (y=0.00, 0.01, 0.02, 0.03) ceramics. The ρ of all the
compositions increased with increasing temperature. Therefore, the
gradual increase in ρ with temperature has a positive temperature
coefficient (PTC) [20]. The ρ of the composition with y=0.03 has the
highest value and increased from 3.974mΩ cm at 101.4 °C to 4.277m
Ω cm at 692.7 °C. For the composition with y=0.02, a similar increase
in the ρ was also observed with increasing temperature. the ρ ranged
from 3.564mΩ cm at 101.1 °C to 3.993mΩ cm at 692.3 °C. Similarly,
for the composition with y=0.01, the ρ increased from 0.872mΩ cm at
101.6 °C to 1.194mΩ cm at 693.4 °C. The ρ of the composition with
y= 0 increased from 1.273mΩ cm at 102.1 °C to 1.598mΩ cm at
693.5 °C. A possible reason for the increase in ρ with increasing tem-
perature was the maximum number of charge carriers, which increases
the collision between the charge carriers. As a result, an increase in ρ
was observed in this situation, as the semiconductor behaves like a
metal. Doping elements such as Al and Ga have a greater atomic weight
than Zn. In this case, the semiconductor behaves more similarly to a
metal. This kind of semiconductor is called a degenerate semi-
conductor. In a degenerate semiconductor, the dopants create in-
dividually localized states. These localized states therefore donate
electrons or holes to the conduction or valence band, respectively. In
degenerate semiconductors, the number of charge carriers is still very
low compared to that in real metals, so the degenerate semiconductor
behavior in many ways is intermediate between a semiconductor and a
metal.

The composition with y=0.01 showed the lowest ρ among all the
compositions. This indicated that for single-phase ceramic, the ρ was
decreased with Ga substitution. However, the increase in ρ for the
compositions with y≥ 0.02 might be due to the formation of the un-
known secondary phase that might have higher ρ than the parent phase.

With increasing temperature, oxygen vacancies were produced, and
electrons were induced. The S of a semiconductor is higher than metals
and alloys. At high temperatures, the induced electrons become thermal
electrons, and hence, the ρ is increased due to electrons collision with
each other and lattice. These electrons are now called conduction
electrons (e*). There is a strong relationship between these conduction
electrons and oxygen vacancies V( *)o . According to the Kroger-Vink
notation given in Eq. (1) [21]

= +V V e* *o O (1)

where Vo represents oxygen vacancies, e * represents thermally acti-
vated electrons and V *O represents thermally induced oxygen vacancies.
The increase in the number of conduction electrons (e *) causing a
semiconductor-to-metallic transition (SMT) [22,23]. To convert elec-
tron and holes to conduction electrons, approximately 1.1 eV of energy
is required [24]. The conduction electrons play an important role in
affecting the S.

Fig. 4 shows the variation in the S of (Zn0.98-yAl0.02Gay)O (y=0.00,
0.01, 0.02, 0.03) as a function of temperature, referred to as the ther-
moelectric effect [25]. All the compositions showed a negative value of
S, indicating n-type conduction. The values of the S for all compositions
steadily decreased with increasing temperature. The inverse relation
between the S and the number of carriers is a general trend. The in-
crease in temperature increases the number of carriers in the valance
band. These charge carriers (thermally activated electrons) are now

Fig. 1. Powder X-ray diffraction of (Zn0.98-yAl0.02Gay)O ceramics (y= 0, 0.01,
0.02, 0.03).
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