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Abstract

Thermoelectric properties, phase and microstructural investigation of (Zn,_,_,Al,Ga,)O, where x=0.02, y=0.04, 0.05
and x=0.03, y=0.01, 0.02 are studied at a high temperature of 1450 °C in this article. We have focused on the effects of
sintering atmospheres on thermoelectric properties, phase, and microstructure in the air as well in the argon atmosphere.
The Seebeck coefficient (S) and electrical resistivities (p) measured in air and argon atmospheres have an evidential large
difference. The air sintered Al, Ga co-doped ZnO has higher power factor (S*c) of the order 720.9 yW K~2 m~! and lower
electrical resistivity (p) of 5.803 m€2 cm for the nominal formula (Zn,_,_,Al,Ga,)O, with x=0.03, y=0.01 as compared
to the power factor 543.6 uyW K~2 m~! and electrical resistivity of the order 1.550 mQ cm at 692.2 °C sintered in the argon
atmosphere at the same temperature i.e. 1450 °C. The power factor of the air sintered sample with x=0.03, y=0.01is 1.4
times higher than the argon sintered sample with the same composition. The difference in power factors and electrical resis-
tivities are linked to sintering atmospheres. We will investigate the effects of sintering atmospheres of the co-doped ZnO
and will study thermoelectric properties, phase, and microstructures of the co-doped ZnO.

1 Introduction

Up to date, ZnO based materials are the best n-type thermo-
electric materials and are stable at high temperature because
of high electrical conductivities and higher Seebeck coeffi-
cient. ZnO is among one of the most favorable oxides which
have many thermoelectric properties. ZnO has many uses.
Its main use in electric power generators [1], sensors and
varistors [2, 3]. ZnO is a good thermoelectric material which
works in high-temperatures [4, 5]. The forbidden bandgap
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of ZnO is 3.5 eV [4]. Boron compounds [5, 6], Si—Ge alloys
[7, 8], Selenides and Tellurides [9, 10] have been tested to
work at high temperature. For thermoelectric refrigeration
superconductor cuprates [11] were also suggested but their
performance were affected by their lower carriers mobili-
ties [11, 12]. The only disqualification of ZnO is its high
lattice thermal conductivity (x;) [4]. ZnO has many uses and
applications in chemistry, physics and applied electronics.

So far, different research groups worked on doped ZnO
for improving its thermoelectric properties. Teehan et al. in
2011 studied the effect of In doping in ZnO on the electrical
resistivity and power factor and succeeded to obtain a power
factor of 22.1x 107 WK~2 m~! and electrical resistivity
of 2.1 mQ cm [13] In 2010 Berardan et al. studied ther-
moelectric properties of Al-doped ZnO both in air and N,
atmosphere and succeeded to achieve a higher power factor
3.9%x 107 uW K2 m~! and electrical resistivity 2 mQ cm
under N, prepared (Zn,_,Al,) [14]. Park et al. studied CeO,
and Dy,0; dual doped ZnO and achieved a power factor
4.46x107* W K> m™" at 800 °C [15]. Fan et al. achieved
a power factor (3.11-5.89)x 107> W K=2 m~! for In-doped
ZnO [16]. In 2016 Zhang et al. achieved a power factor
6.16x107* W m~! K2 at 673 K for textured Al/Ni-doped
ZnO [17].
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In the present work, we have sintered (Zn,_,_,Al,Ga,)
O, in air as well in an argon atmosphere. We have estab-
lished a relation between thermoelectric properties, phase
identification, and microstructure in the air as well in
argon atmosphere sintered at 1450 °C for 10 h. We dis-
cussed thermoelectric properties in terms of electrical and
thermal aspects. We also discussed effects of sintering
atmosphere on the c/a lattice ratio.

2 Experimental procedure (Preparation
and characterization of samples)

2.1 Samples preparation and characterization

Dual doped (Al, Ga) ZnO powders with ZnO (purity,
99%), Al,05 (purity, 99%) and Ga,O; (purity, 99.99%)
were mixed according to the compositions formula
(Zn,_,_,Al,Gay)O, with (0.02<x<0.04, 1 <y <0.05).
The mixed powders were put in four different con-
tainer and absolute ethanol was used to prepare slurries
of (Zn,_,_,Al,Gay)O ceramics, with (0.02<x<0.04,
1<y <0.05). To get homogeneous mixtures the slurries
were ball milled via ball milling machine at a milling speed
of 205 rpm for 15 h using ethanol as lubricant and zirconia
balls as grinders. The slurries of co-doped ZnO were put
in a DGX-92438 furnace kept at ~ 105 °C overnight. The
slurries were pressed into small pellets of thickness 2 mm
with a diameter of 12 mm. The small pellets were pressed
via a hand press at 8§ MPa. After finishing the pressing of
small pellets, all kits were cleaned via absolute ethanol.
The small pellets were sintered at 1450 °C for 10 h both
in the air as well in the argon atmosphere. The small pel-
lets were cut into column bars 12 mm X 2.0 mm X 2.0 mm
for measuring thermoelectric properties. The remaining
parts of the small sintered pellets were smashed into small
pieces for performing powder for X-ray diffraction and
Scanning electron microscopy purposes respectively. The
thermoelectric properties like electrical resistivity (p),
Seebeck coefficient (S) and power factor (S%c) were meas-
ured from 100 to 700 °C using LINSEIS Seebeck coeffi-
cient and Resistivity unit (LSR-3) machine. The absolute
Seebeck coefficient was obtained from relative Seebeck
coefficient.

The overall surface structures of all compositions were
studied by powder X-ray diffraction (XRD) via a Bruker
AXS D8 ADVANCE diffractometer using Cu Ka radia-
tion and scanning (a step width of 0.02°) over the angular
range 20°-80°. The XRD and SEM measurements were
performed at room temperature. Scanning electron micro-
scope (SEM- Hitachi- S-4800) was used to study surface

@ Springer

topography. The elemental analysis was confirmed via
(SEM- Hitachi- S-4800).

2.2 Measurements of thermoelectric properties (S,
P, power factor)

Thermoelectric properties of all compositions i.e. sintered
both in air and argon atmosphere of thickness 2 mm and
diameter of 12 mm were cut by the SYJ-160 Low-speed
Diamond cutter. To avoid any inconvenience, the air sintered
samples were silvered. To measure different thermoelectric
properties like electrical resistivity (p), Seebeck coefficient
(S) and power factor (S%6) were measured by using LINSEIS
Seebeck coefficient and resistivity unit LSR-3 (Germany).
The Seebeck coefficient obtained from the temperature dif-
ference between the upper and lower heaters of the LSR-3
machine. All samples were measured at steady state tem-
perature. The electrical resistivity, Seebeck coefficient and
power factor were studied from room temperature to 700 °C.
All the data measured via LSR-3 were transferred to a com-
puter system attached to the LSR-3.

3 Results and discussions

For the purpose to know better about the dual doped ZnO
structural properties, powder X-rays diffraction of both air
and argon sintered atmosphere were performed at 20°-80°
using Kua radiation. Figure 1 shows the observed peaks are
corresponding to the host ZnO, hexagonal wurtzite structure
and are matching with the PDF # 79-0205, reported data of
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Fig.1 Powder X-ray diffraction for the nominal formula

(Zn,_,_,Al,Ga), with x=0.02, y=0.04, 0.05 and x=0.03, y=0.01,
0.02



Journal of Materials Science: Materials in Electronics (2018) 29:9555-9563

9557

the host ZnO. The sharpest peaks are leaning towards the
lower values of “d” and show better crystallinity at (101)
direction, where (101) are the Miller indices (hkl). Some
unknown phases were detected about 20 =35°-37°. In the
inset of Fig. 1, an unknown phase has also been detected for
the composition with x=0.03, y=0.02, sintered in the air
atmosphere. In the argon atmosphere, there are no unknown
phases studied for the composition with x=0.03, y=0.02.
From XRD results we conclude that host material is
strongly affected by Al,O; and Ga,0O; concentrations. For
0.01 wt% of Ga, the dopant is critical to possess the high
amount of host ZnO. It is clear from Fig. 1 that with the
increase of dopant concentrations the (002) magnitude
decreases. This means that dopant concentrations are respon-
sible to disturb the crystallinity of the host material [18]. The
disturbance of the crystallinity of the host material may be
due to the difference of the ionic size between the host and
the dopants. The differences between the ionic sizes of the
host and dopants create stress and that is the reason that the
crystallinity of the host is disturbed. The average particle
size can be calculated by Debye Scherer’s formula [18] as,

~ 091
- pcosd 1)

where S is the broadening of the diffraction line, D is the
average size of the crystallite size, 4 is the wavelength of
the X-ray radiation and @ is the Bragg’s angle. The undoped
ZnO size is 27-36 nm, while the Al,O5 doped ZnO average
particle size is 10-36 nm [19]. This means that particle size
varies with dopants concentrations.

Fig.2 SEM images for

the nominal formula
(Zn;_x_yAl,Gay), with x=0.02,
y=0.04, 0.05 and x=0.03,
y=0.01, 0.02

Scanning electron microscope (SEM) images in Fig. 2
shows the surface topography and morphology of different
doped ZnO sintered in the air as well in the argon atmos-
phere. As from XRD results there exist some unknown
phases, these unknown phases are becoming lite black due
to the excess of Ga concentration. These unknown phases
are therefore responsible to increase the electrical resistivi-
ties. Figure 2a, b are sintered in air atmosphere. Figure 2a
with x=0.02, y=0.04 shows that surface is not uniformly
distributed and this non-uniform distribution is therefore
responsible for high electrical resistivity (p). Figure 2b with
x=0.02, y=0.05 an unknown phase has been observed,
indicated by a white arrow. This unknown phase is there-
fore responsible for high electrical resistivity. Figure 2b is
showing porous like structure and this porous structure of
the composition with x=0.02, y=0.05 is the reason for high
electrical resistivity. As Al concentration is same (x =0.02),
while Ga concentration values change from 0.04 to 0.05. The
electrical resistivity of both the above-mentioned samples
is high which may probably due to excess amount of Ga
concentration.

Figure 2c, d are sintered in argon atmosphere where
x=0.03, and y=0.01, 0.02. The surface of both argon sin-
tered samples are smooth and no unknown or secondary
phases were observed. The SEM results of Fig. 2b, c are in
good agreement with XRD results. In the XRD there exists
no unknown phase as well secondary phase. The absence
of secondary and unknown phases, therefore, results in a
lower electrical resistivity. The SEM results of Fig. 2b, ¢
are also supported by Fig. 5, i.e. the electrical resistivities
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Fig.3 Raman spectroscopy for the nominal formula (Zn,_,_,Al,Ga,),
with x=0.02, y=0.04, 0.05 and x=0.02, y=0.04, 0.05 sintered in
two different media

of the argon sintered samples are very low compared to air
sintered samples.

Figure 3a—d shows room temperature of different doped
Raman spectra for (Zn,_,_,Al,Ga,) ceramics, with x=0.02,
y=0.04, 0.05 and x=0.03, y=0.01, 0.03 in the range
200-1000 cm™!. Figure 3a—d clearly shows the difference
between to samples sintered at two different atmospheres
(air and argon). These findings are well correlated to our
XRD investigations. The peaks are more intense and sharp
in air sintered atmosphere compared to the peaks (c, d) and
spectra sintered at argon atmosphere, resulted in a lower
value of Seebeck coefficient and electrical resistivities. The
highest and sharpest peak occurs at 430 cm™'. Small shift-
ing of peaks along with the decrease of intensities at higher
concentration indicates the incorporation of Al and Ga.

Figure 4 confirms the the presence of compositions used
for preparing samples (elemental analysis). The figure con-
firms the compositions existence, which was obtained via
(SEM- Hitachi- S-4800) are pure. The elemental analysis
mapping also provides the % weight of oxygen, Zinc, Al,
and Ga. All values obtained from the elemental mapping are
shown in the Table 1.

Figure 5 shows resistivity of the nominal formula
(Zn,_,_,Al,Ga))O, with (0.02<x<0.04, 1 <y<0.05) as a
function of temperature. Undoped ZnO is a semiconductor
with a large band gap and has poor electrical conductivity
[14]. The addition of Al and Ga is to enhance the electrical
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conductivity of undoped ZnO [4]. Electrical resistivity
is a function of temperature and changes occur clearly in
resistivity with increasing temperature. The temperature
increases linearly with increases in temperature from 100
to 700 °C. As clear from the Fig. 4 the electrical resistivity
of the argon atmosphere is rather very low as compared to
the air sintered samples and the maximum value of argon
sintered atmosphere increases from 0.611 to 0.973 mQ cm
at 104.6 to 693.1 °C. The electrical resistiviries of air sin-
tered samples are clearly high and even the lowest resistivity
of the air sintered samples increases from 5.067 mQ cm at
123.1 °C to 5.803 mQ cm at 702.5 °C, which is significantly
high for the same composition (x=0.02, y=0.01) sintered
in the argon atmosphere. As observed from Fig. 5 the air
sintered samples electrical resistivities are significantly high
than the samples sintered in the argon atmosphere. For argon
sintered samples the electrical resistivities are low due to
the higher number of charge carriers. With the increasing
number of charge carrier concentration, the absolute value of
Seebeck coefficient will be decreased. From the Fig. 5, itis
evident that electrical resistivities of the air sintered samples
decreases with increasing temperature, showing semicon-
ductor behavior. Such situation in which electrical resistivity
of a semiconductor decreases with increasing temperature
is known as negative coefficient of temperature (NTC) [20].
This increase in electrical resistivities with increase in tem-
perature shows metallic behavior. The sample shows semi-
conductor to metallic transition (SMT) [21, 22]. Looking at
Fig. 5 the electrical resistivity of argon sintered atmosphere
there occur an increase in electrical resistivities, showing
metallic behavior of the samples.

It has been studied that electrical resistivities of argon
sintered samples are increasing with the increase of tem-
perature (Fig. 5), positive coefficient of temperature (PTC)
[22]. The number of carriers is low because the Fermi level
carriers cannot jump to the conduction band may cause the
possibility of decrease in electrical resistivities.

Figure 6 shows Seebeck coefficient depends on temperature
very clearly. The Seebeck effect occurs whenever there is a
temperature difference between two ends of a semiconduc-
tor. The Seebeck coefficient values of all the compositions are
negative over the whole temperature, indication n-type con-
duction [23].The negative values of Seebeck coefficient are
in good agreement; that conduction is dominated by electron
carriers [24]. The absolute value of Seebeck coefficient has
lower values for x=0.03, y=0.01, 0.02. The lower values of
Seebeck coefficient for the two mentioned samples is due to
the higher concentration and incomplete densification of the
particles inside the sample [25]. It should be noted that the
composition y=0.02, on the left side of Fig. 2a has a hetero-
geneous texture and possesses the highest Seebeck coefficient
value —225.18 uV K~! at 702.2 °C. With the increase of Ga
concentration, the number of carriers concentration increased
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Fig.4 Elemental analysis for the nominal formula (an_X_yAleay), with x=0.02, y=0.04, 0.05 and x=0.03, y=0.01, 0.02

Table 1 Weight % of Al, Ga, Zn and oxygen

— ] JEmpty: Argon —A— x=0.02, y=0.05
Compositions Zinc wt% Al wt% Gawt% Oxygen wt% Total 32 Filled: Air —B— x=0.02, y=0.04
—8— x=0.03, y=0.02

x=0.03, 50.97 229 159 4515 100 28 4 — —k— X=0.02, y=0.01
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and hence Seebeck coefficient decreased. The maximum value 4+ o 3 d\'
of Seebeck coefficient has been studied for the samples with 0 Y & % X % % 0
x=0.03, y=0.02 of the order —225.18 uV K~ at 702.2 °C. 100 200 300 400 500 600 700
The Seebeck coefficient can be expressed by Jokers relation T(C)
[26] as,
2 Fig.5 Electrical resistivity of the nominal formula (Zn,_,_,AlGa,),
S =ATm* (l) ’ (2)  with x=0.02, y=0.04, 0.05 and x=0.03, y=0.01, 0.02
3n
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-200 - \.\ Table 3 The lattice parameters f(?r (Zn ITXAleaY)O, with x=0.03,
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250 - Compositions a (;\) c (A) cla
) ) ) ) L) L) 1
100 200 300 400 500 600 700 x=0.03, y=0.01 3.23842 5.18785 1.6019
T(C) x=0.03, y=0.02 3.23033 5.17300 1.6013
. . x=0.02, y=0.04 3.22902 5.12595 1.5874
Fig.6 Seebeck coefficient of the nominal formula (Zn,_,_,Al,Gay), x=0.02, y=0.05 3.22590 513812 1.5927

with x=0.02, y=0.04, 0.05 and x=0.03, y=0.01, 0.02
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Fig.7 Power factor of the nominal formula (Zn,_,_;Al,Ga,), with
x=0.02, y=0.04, 0.05 and x=0.03, y=0.01, 0.02

where 7 is the charge carrier concentration, A is constant,
T is absolute temperature and m* is mass of the carriers at
Fermi level. For argon sintered the Seebeck coefficient is
very low compared to air sintered samples. The reason for
the lower value of Seebeck coefficient for argon sintered
samples is due to the higher number of charge carriers. The
higher the Seebeck coefficient and lower electrical resis-
tivity will yield a higher power factor. From SEM images
(Fig. 2a, b) the samples with x=0.02, y=0.4, 0.05 there
exists porous like structure and for such structures, there
will occur a strong decadence in the electrical conductivity
(o) and hence the power factor will result in lower values
shown in Fig. 7.
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From Fig. 2a, b the SEM images for x=0.02, y=0.04,
0.05, the electrical resistivity of the air sintered samples
is very high (Table 2). Figure 7a, b establishes a relation
between electrical resistivities and Seebeck coefficients for
both air as well argon sintered samples. For composition
with x=0.03, y=0.01, 0.02 (argon sintered), there exists
no unknown as well secondary phases (Fig. 2). The general
trend of lower Seebeck coefficient is the higher number of
charge carriers. As in argon sintered atmosphere, the See-
beck coefficient of the measured samples is low, which is
attributed to the higher number of carrier’s concentration.
The relation between Seebeck coefficient and electrical
resistivity has shown in Fig. 8a, b. Tables 1 and 2 are the
lattice parameters a and ¢ of (Zn,_,_,Al,Ga,)O ceramics, with
x = 0.02, 0.03 and y = 0.01, 0.02, 0.04, 0.05 sintered in
argon (Table 2) and air atmosphere (Table 3). From Tables 2
and 3 it is evident that lattice parameters c/a ration also
affected by different sintering media. As electrical resistiv-
ity, Seebeck coefficient and power factor all are temperature
as well sintering media dependent, similarly lattice constants
are also function of temperature. From Tables 2 and 3 it is
evident that lattice constants are sintering media dependents.

Figure 7 shows a relationship between power factor and
temperature. Power factor increases with increase in tem-
perature. Power factor, S26, shows the overall electrical
contribution of the material. As we have observed in the
SEM images that the Ga concentration with 0.04, 0.05 the
excess amount of Ga is responsible for the unknown phases,
the structure also looking very similar to a porous structure
and for a porous like structure, the electrical conductivity
will be low. The lower value of electrical conductivity is
therefore attributed to a lower power factor, S%c, where S is
the Seebeck coefficient and o is the electrical conductivity,
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Fig.8 a, b Relation between Seebeck coefficient and electrical resistivity of the nominal formula (Zn]_x_yAlXGay), with x=0.02, y=0.04, 0.05

and x=0.03, y=0.01, 0.02

reciprocal of electrical resistivity (p). The power factor
depends more on Seebeck coefficient as compared to electri-
cal resistivity [27]. The higher the Seebeck coefficient value
and lower electrical resistivity, the higher will be the result-
ant power factor. Power factor can be expressed [28] as,

P.F=S% 3)
where P.F stands for power factor, S is the absolute Seebeck
coefficient and o is the electrical conductivity. The sam-
ple for which x=0.03, y=0.01 shows the highest value of
power factor, its value increases from 246.9 yW K> m™' at
123.1 °C to 720.9 uW K~2 m~! at 702.5 °C. The same com-
position sintered in argon atmosphere resulting in a power
factor of the order 543.6 uW K=2 m~!. There is a clear dif-
ference between power factor obtained in air and in argon.
The reason for the lower value of power factor is due to

a 1.604
(@) 560+ -0- Power fator
-O= Cla lattice rato - 1.602
520 - z
A
rgon sintered L 1.600
480 +
_ - 1.598 °
F 49 L 1.506 C
: 8
X L
3 4004 -1.594 £
w &
o 360 o 15923
320 - - 1.590
280 - 1.588
1.586

T T T T T T T
0.040 0.045 0.050 0.055 0.060 0.065 0.070

Total concentration

the lower value of Seebeck coefficient studied in the argon
atmosphere. As the Seebeck coefficient observed in argon
atmosphere has lower value but its electrical resistivity is
very low as compared to those samples sintered in the argon
atmosphere.

The power factor of argon sintered samples is ~ 1.4 times
smaller than those of air sintered samples. The reason for the
lower power factor of argon sintered samples is the higher
number of charge carriers (n), the higher number of (n) will
restrict the Seebeck value (Eq. 2) as a result, the power factor
results in lower values.

Figure 9a, b shows that power factor (S%6), is a function
of c/a lattice ratio. The higher the c/a lattice ratio, the higher
will be the power factor [29]. Figure 9a establishes a rela-
tion between c/a lattice ratio and power factor sintered in
air atmosphere, while Fig. 9b shows a relation between c/a

(b) 800
o -m- Power factor - 1.620
-@- c/a lattice ratio
700 Air sintered -1.615
=~ 1.610
600 -
- - 1.605 2
NE ®
¢ 500 o—%, -1.600 8
3 8
2 - 1.595
L 400 4 ©
o =~ 1.590
300 - - 1.585
-~ 1.580
200

T T T T T T T
0.040 0.045 0.050 0.055 0.060 0.065 0.070

Total concentration

Fig.9 a, b Relation between power factor and c/a lattice ratio of the nominal formula (an_x_yAleay), with x=0.02, y=0.04, 0.05 and

x=0.03, y=0.01, 0.02
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Fig. 10 Variation of c/a lattice ratio with Al, Ga values for the nominal formula (an_x_yAleay), with x=0.02, y=0.04, 0.05 and x=0.03,

y=0.01, 0.02

lattice ratio and power factor for those samples sintered in
the argon atmosphere. We observed that for both sintering
atmospheres the power factor changes with change in c/a
lattice ratio.

Figure 10 reveals that c/a lattice ration for the samples
with x=0.03, y=0.01 has good values for both sintering
media (air and argon). Though the c/a lattice ratio for the
sample with x=0.03, y=0.02 is high than the sample with
x=0.03, y=0.01 but due to high electrical resistivity (p),
of the sample (x=0.03, 0.02), will result in a lower power
factor.

4 Conclusions

Al, Ga co-doped ZnO were mixed according to nominal
formula (Zn,_,_,Al,Ga,)O. All samples were sintered in
the air as well in the argon atmosphere. It has been proved
that power factor of air sintered compositions is higher than
those of argon sintered samples. The electrical resistivities
of argon sintered samples studied were found to be very
low than air sintered samples. The Seebeck coefficient and
power factor of air sintered studied have higher values com-
pared to argon sintered samples. The powder X-ray diffrac-
tion (XRD) of both air sintered and argon sintered atmos-
phere are different. In air sintered atmosphere the number of
unknown phases are greater in number than those of argon
sintered samples. The electrical resistivities of argon sin-
tered atmosphere samples are very low than those of air
sintered atmosphere. It has been observed that Seebeck coef-
ficient and electrical resistivity of argon sintered samples
have lower values than those of air sintered samples. The
power factors obtained for air sintered samples have higher

@ Springer

values than those samples sintered in the argon atmos-
phere. We conclude that phase, microstructure and ther-
moelectric properties of the co-doped ZnO both sintered
in air and argon atmosphere at 1450 °C, are different. It has
been studied that lattice parameters c/a ratios were affected
by different sintering atmospheres. Finally, for air sintered
samples 1.4 times higher power factor (than argon sintered
samples) 720.9 uW K2 m~! at 702.5 °C is obtained for
(Zn,_,_,Al,Ga )0 ceramics, with x=0.03, y=0.01.
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