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Abstract

Solid-state reaction (SSR) was used to synthesize samples of (Zn,_,In )O, with x=0.05, 0.02, 0.01, 0.005 and 0.00 respec-
tively. All compositions were sintered in an argon atmosphere and their thermoelectric properties, phase constituents, and
microstructures were investigated. Single-phase ceramic was formed for each composition with dense microstructure. In**
doping lowered the electrical resistivity of ZnO and in the present study, lower value of electrical resistivity p ~ 1.884 mQ-cm
and highest power factor (P.F) ~4.660x 10~ WK~> m~! at 693.4 °C respectively are obtained for the composition with
x=0.02. The electrical resistivities (p) of all compositions were regulated. The tuned and regulated (p) are expected to be

helpful for future thermoelectric devices.

1 Introduction

In the last 4 decades, a subsequent and rapid growth of a
revival ZnO as a semiconductor attained an inspiring poten-
tial candidate as energy applicant [1]. Thermoelectric mate-
rials are considered as useful tools for thermoelectric gen-
eration and are studied widely in the conversion of waste
heat into useful energy. The main advantage of the thermo-
electric materials is the conversion of waste heat energy to
useful electrical energy [1]. Owing to the above-mentioned
properties of thermoelectric devices; they are used in gas
sensors, aerospace and military, etc. on large scale [2, 3].
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Silicon and ZnO are the useful thermoelectric materials
used for electric power generation [4, 5]. ZnO is one of
the most suitable thermoelectric material which has higher
Seebeck coefficient [6]. ZnO is a promising candidate that
works at high-temperatures [7]. ZnO has unique physical and
chemical properties. ZnO is an n-type semiconductor with a
bandgap of ~3.37 eV at 300 K [8]. ZnO has higher Seebeck
coefficient compare to other thermoelectric materials. For a
good thermoelectric material, the higher Seebeck coefficient
(S8.C) and higher electrical conductivity (o) are necessary.
The higher S.C and higher ¢ yield the highest P.F. One of
the main disadvantages of ZnO is its high electrical resistiv-
ity. The room-temperature resistivity of ZnO is measured be
0.75 x 10° Q-cm at room temperature [9].

A small concentration of defects either in the form of
vacancy, interstitial, antisite or addition of numerous dopants
can significantly affect the conductivity in ZnO [10, 11].
In the recent past, Dutta et al. [12] completed a thorough
study of the role of defects in tailoring electrical and optical
properties of ZnO.

Material properties can be tuned by several techniques
such as pressure, and chemical doping, etc. [13, 16]. The
thermoelectric properties especial the electrical resistiv-
ity of ZnO has been reduced by donor dopants. Promis-
ing high temperature n-type thermoelectric properties of
Al-doped ZnO were first brought to the public sight by
Ohtaki et al. in 1996 [17]. Yang et al. [18] obtained a P.F
~5.3%107* Wm~! K=2 at 750 K for Al-doped ZnO ceramics
by field—assisted deforming technique. Augra et al. [19]
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obtained p ~8.54 x 107> Q m for Al-doped ZnO films pre-
pared by the pulsed laser deposition technique. Zhang et al.
[20] obtained a p ~2.14 mQ-cm at 1450 °C for Al-doped
7Zn0 (AZO). Berardan et al. [21] studied the influence of the
preparation conditions for Al-doped ZnO sintered in differ-
ent atmospheres, i.e. N, and air. The electrical resistivity was
lowered for the sample sintered in N,-atmosphere samples in
comparison to sample sintered in air obtained p ~2 mQ-cm
and P.F ~3.8x 107" WK~2 m™! for the sample sintered in
N,-atmosphere. Similarly, in another study, the electrical
resistivity was observed to be much lower for thin films of
Al-doped ZnO samples in Ar/H, atmosphere than air [22].
Recently, Mati et al. [23] obtained p ~1.997 mQ-cm and
P.F ~4.818x10™* WK™> m~! for Al and In dually doped
ZnO sintered using an inert argon atmosphere. More recently
Mati et al. [24] obtained much lower p ~1.550 mQ-cm and
higher P.F ~5.436x 10~* WK~2 m~! for Al and Ga co-doped
ZnO sintered in an argon atmosphere. The achieved p and
S.C were lower in magnitudes but P.F of the ceramics/com-
positions needs further improvement. This shows that the
different dopants and sintering atmospheres lower the p
and enhanced the P.F (S%c) of ZnO based ceramics, but the
reduction in p and enhancements in P.F were limited. In,0;
is also studied to be a promising thermoelectric material
[25].

In this article, the resistivity obtained for Znj ggIn, (,O is
much lower than the resistivities for other ZnO based materi-
als studied previously and give a benchmark to the novelty
of this study. Moreover, in this work attempts has been made
to achieve a higher Seebeck coefficient (S.C) as well as a
higher power factor (P.F) without disturbing thermal and
electrical properties of the In®* doped ZnO sintered in an
argon atmosphere.

2 Experimental procedure (preparation
and characterization of compositions)

The (Zn,_,In,)O (x=0.05, 0.02, 0.01 and 0.005) compo-
sitions were fabricated via conventional solid-state sinter-
ing route. The compositions were prepared by using ZnO
(99.5%) and In,05 (99%) as the raw materials. The raw mate-
rials were weighted in stoichiometric ratios and ball milled
in polyethylene mill jars using ethanol as lubricant and zir-
conia balls as grinding media for 15 h. The obtained slurries
were kept in a furnace tube (DGX-92438) at ~ 105 °Cover-
night. Finally, the dry powders were sieved through 140 pm
mesh, pressed into 10.0 mm X 2.0 mm X 2.0 mm rectangular
bars and sintered at 1450 °C in an argon atmosphere for
10 h. The phase analysis of the sintered samples was carried
out using X-ray diffraction (XRD) technique (D8 Bruker
Toshiba Japan) over an angular range 20 =20°-80° at a
scan rate of 2°/mint with a step size of 0.02° using Cu-K,
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radiation (wavelength A = 1.5418 A). The microstructure
of all the sintered samples was examined using Scanning
Electron Microscopy (SEM, Hitachi-S-480). The thermo-
electric properties such as p, S.C, and P.F were measured
in a temperature range 100-700 °C using LSR-3 machine
connected to a controlled computer system.

3 Results and discussions

Figure 1 shows the powder X-ray diffraction (XRD) patterns
of all the sintered compositions in (Zn,_,In,)O (x=0.05,
0.02, 0.01, 0.005 and 0.00) series. The main peak of the
XRD patterns of all the compositions matched the PDF#
70-2551 for the host ZnO that crystallized in hexagonal
wurtzite structure with peaks positions shifting towards the
larger interplanar spacing (d) due to the incorporation of the
bigger cation of In>* (0.80 A) for Zn?* (0.74 A) [26] in the
lattice of ZnO. No secondary phases were observed in the
entire composition range showing the formation of a solid
solution.

Figure 2a—d shows the morphology and topography
of all the sintered compositions in (Zn,_,In,)O (x=0.05,
0.02, 0.01 and 0.005) series. For all compositions a dense
microstructure with almost no porosity has observed. The
elemental compositions of the samples obtained from the
EDX analysis are shown in Fig. 3a—d. The results confirmed
the presence of In, Zn, and O. The weight percentage of
elemental composition of each ceramic composition changes
from x =0.05 to 0.005 are listed in Table 1.

The lattice parameters calculated from the XRD data for
(Zn;_]In,)O (x=0.05, 0.02, 0.01, 0.005 and 0.00) ceramics
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Fig.1 Powder X-ray diffraction (XRD) of the nominal formula
(Zn,_In,)0, with x=0.05, 0.02, 0.01, 0.005 and 0.00
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Fig.2 Scanning electron micro-
scope (SEM) of the nominal
formula (Zn,_JIn,)O, with
x=0.05, 0.02, 0.01 and 0.005
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Fig. 3 Elemental analysis (EDX) of the nominal formula (Zn,_,In,)O, with x=0.05, 0.02, 0.01 and 0.005

are given in Table 2. The host ZnO had wurtzite structure hav-
ing the lattice parameters of a=b#c, while the correspond-
ing angles were o= #v, where a=p=90° and y=120°. In
hexagonal wurtzite structure, the metal and oxygen ions direct
facing lead to an increase in the “c” parameter [27]. The c/a
ratio ~ 1.61 is very close to the c/a ratio ~ 1.633 of an ideal hex-

agonal wurtzite structure, indicating that single phase material

formed for each composition. The volume of the unit cell for
hexagonal wurtzite structure can be calculated by [23],

V = 0.866a%c M

There exist a strong ionic bond between Zn and O, and
the bond length (L) can be measured by using the relation
(28],
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Table1 Wt% of Zn, In and oxygen for (Zn,_.In,)O, with x=0.05,
0.02, 0.01 and 0.005

Elements Doping level (Zn,_,In,)O
x=0.05  x=0.02 x=0.01 x=0.005
Z, (mass %)  45.550°%  43.2404% 44.17.955%  45.46049%%
In (mass %)  00.94%'%  00.87099%  (0.570008%  (.340-004%
O (mass %)  53.5104%  55.8905% 55.250488% 54 ()0476%
Total 100 100 100 100
Tab.le 2 Relation between X o/a u
lattice parameter (a, c¢) and
i(;temall P)a(r)am?tir W 50(;5 0.00  1.60190  0.37989
n,_ In)O, with x=0.05,
0.02, 0.01, 0.005 and 0.00 0.05 160212 0.37986
0.02 1.60374  0.37960
0.01 1.60112  0.38002
0.005  1.60167  0.37993
3 2
a 1
L=1/%+ (- - ) c ©)
3 T\ H

where a and c are the lattice parameters, while p is the inter-
nal or positional parameter. The optimized bond length for
mono structure between Zn and O (ZnO) is 2.21 A [29].
The p in wurtzite structure can be calculated by using the
equation [30],

1o +025 3)

H

Figure 4 presents the variation of electrical resistivity (p)
as a function of temperature. The p increases with increase
in temperature from 100 to 700 °C. This temperature coef-
ficient of resistivity is positive in this range of temperature.
The p for the composition with x =0 was increased from
2.687 to 3.88 mQ-cm as the temperature increased from
101.6 to 692.9 °C. The p for the composition with x =0.005
was increased from 1.997 to 2.568 mQ-cm as the tempera-
ture increased from 101.6 to 692.9 °C. Similarly, for the
composition with x=0.01, the p increased from 1.908 to
2.471 mQ-cm as the temperature increased from 102.0 to
692.8 °C. For the composition, the p was increased from
1.884 to 2.466 mQ-cm as the temperature increased from
101.4 to 693.4 °C for the composition with x=0.02. The
p was increased from 3.379 to 4.380 mQ-cm as the tem-
perature increased from 101.3 to 693.7 °C for the composi-
tion with x=0.05. From this analysis, it is evident that the
p initially increased from 2.67 to 1.884 mQ-cm as the x
value increased from 0 (zero) to 0.02 and then increased
to 3.37 mQ-cm at 101.3 °C. The reason for the lower p of
undoped ZnO than the composition with x=0.05 is probably
due to the lowest number of conduction electrons. Another
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Fig.4 Temperature dependence of p for the nominal formula
(Zn,_In )0 with x=0.05, 0.02, 0.01, 0.005 and 0.00

reason could be the deterioration of the carrier mobility by
increased grain boundary scattering and defect scattering.
The reason for the increase in p with an increase in tem-
perature could be the maximum number of charge carriers,
results into the increase in collision among charge carriers in
the conduction band. Therefore, in such cases, the semicon-
ductor behaves like a metal [34]. According to Kroing—Vink
notation [31],

V, =V, +¢€ 4)
V,, is the oxygen vacancy, V,,* is thermal oxygen vacancy
and e* represents the thermally activated electrons or con-
duction electrons. The number of conduction electrons (¢*)
was increased leading a semiconductor to metallic transition
(SMT) behavior [33, 34]. For conversion of covalent elec-
trons and holes to conduction electrons about 1.1 eV energy
is required [35]. The conduction electrons play an important
role in affecting the Seebeck coefficient.

Figure 5 shows the variation in the Seebeck coefficients
(8.0) of (Zn,_In,)O (x=0.05, 0.02, 0.01, 0.005 and 0.00) as
a function of temperature. All the samples showed negative
S.C values indicating n-type conduction and their absolute
S.C values increased with increasing temperature due to the
thermal excitation of electrons. The S.C has an inverse rela-
tion with the number of charge carriers. When the number
of charge carriers increases there must be a decrease in the
S.C [34]. The undoped ZnO probably possessing a lower
number of conduction electrons, these lower number of con-
duction electrons are responsible for a higher S.C. The S.C
for undoped ZnO has a maximum value of — 168.28 pV K~
at 692.1 °C. The S.C value for x=0.005 increases from
—65.51 uV K™ to —106.92 uV K~! as the temperature
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Fig.5 Temperature dependence of S.C for the nominal formula
(Zn,_,Jn )0, with x=0.05, 0.02, 0.01, 0.005 and 0.00

increased from 101.6 to 692.9 °C. The S.C value for x=0.01
increases from —60.46 to — 103.57 uV K~! as the tempera-
ture increases from 102.0 to 692.8 °C. The S.C value for
x=0.02 increases from —56.62 to —107.20 uV K~! as the
temperature increased from 101.4 to 693.4 °C. The S.C value
for x=0.05 increases from —59.60 uV K~! at 101.3 °C to
—111.36 uV K~! at 693.7 °C. The S.C value increases line-
arly with increasing temperature according to Mott’s formula
[35]. If the number of charge carrier concentrations is high
then the value of S.C will be decreased as [36],

s= K (1o (Ne y 4
== (15 +1)) ®

where k is the Boltzmann constant, n is the charge carrier
concentration, NV, is the density of states and A represents the
transport constant. According to this, carrier concentration
(n) is inversely proportional to S.C value.

Figure 6 shows the P.F of (Zn,_,In,)O (x=0.05, 0.02,
0.01, 0.005 and 0.00) ceramics as a function of tempera-
ture. The P.F which depends on S.C and p, is responsible to
regulate the electrical properties and is therefore depended
on temperature. The higher value of S.C and lower values of
p results in a higher P.F. Power factor (P.F) is given by [37],

P.F = S% (6)

Since p is lower and S.C is higher for the composi-
tion with x =0 in comparison to x =0.05, therefore, it has
higher P.F value ~7.261x 10~* WK~2 m~! at 692.1 °C.
For x=0.005, the P.F increased from 2.149 x 107* to
4.451x107* WK™ m~! with an increase in temperature
from 101.6 to 692.9 °C. The P.F for x=0.01 increased
from 1.916x 107 to 4.340x 10™* WK™ m~! with an
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Fig.6 Temperature dependence of P.F for the nominal formula
(Zn,_,In )0, with x=0.05, 0.02, 0.01, 0.005 and 0.00

increase in temperature from 102.0 to 692.8 °C. The P.F
for the sample with x =0.02 increased from 1.702x 10~ to
4.660x 10~* WK m~! as the temperature increased from
101.4 °C to 693.4 °C. The P.F for x=0.05 increased from
1.051 %107 t0 2.831 x 10™* WK~2 m~! as the temperature
increased from at 101.3 to 693.7 °C. A higher P.F and lower
thermal conductivity (o) are necessary for the better perfor-
mance of a semiconductor.

Figure 7 presents the changes in S.C and p of (Zn,_,In,)
O, where (x=0.05, 0.02, 0.01, 0.005 and 0.00) as a func-
tion of In content. It is evident from the results showed in
Fig. 7 that S.C and p has an inverse relation. The highest
S.C and lowest p were observed for the composition with
x=0.02. For all compositions the S.C, P.F and p were meas-
ured at 700 °C.
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Fig.7 Relation between S.C and p for (Zn,_JIn)O, with x=0.05,
0.02, 0.01, 0.005 and 0.00

@ Springer



4818

Journal of Materials Science: Materials in Electronics (2019) 30:4813-4818

4 Conclusions

Indium-doped ZnO samples have been prepared using flow
of argon during sintering at 1450 °C. The as-prepared sam-
ples thermoelectric properties, phase, and microstructures
were investigated at high temperature ~700 °C under helium
atmosphere. A single phase with dense microstructure was
observed for each composition. The electrical resistivity (p)
of ZnO ceramics has lowered by In** doping. The lowest
p~1.884 mQ-cm and highest PF ~4.660x 10~* WK2m™! at
693.4 °C was obtained for the composition with x=0.02 i.e.
(Zng 91N 62)O.
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