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1. Introduction

One of the most actively pursued
research areas at the present days is the
development of different forms of energy
production technologies, particularly
thermoelectric (TE) power generation [1].
A tremendous quantity of waste heat may
be transformed into usable energy, for
example, the heat from automobiles,
various technological processes, and
anthropogenic  impacts help to  boost
manufacturing  efficiency and  enhance
living circumstances[2].

TE power production depends on the
Seebeck effect, which mainly includes the
production of electromotive force (voltage)
between both the opposite edges of a metal
rod underneath a particular difference in
temperature. As soon as connecting an
electric circuit to this metal rod, an electric
current passes through the circuit to
produce electric power. In this way, heat
may be transformed into electricity[3-5].

The  materials  required for TE
applications must be nontoxic, produced
from naturally plentiful elements, and have
excellent chemical and thermal stability
[6]. These stand in as the primary benefits
of oxide-based thermoelectric  materials
above conventional TE materials [7]. One
of them is zinc oxide (Zn0), ZnO belongs
to group II-VI of semiconductors, which
has always been a fascinating division of
semiconductors. The crystal structure of
I1-VI compounds often takes the form of a
cubic or hexagonal structure. The majority
of these compounds may be found in a
variety of band gaps and lattice constants.
(Zn0O) has a large band gap (3.4eV) and a
self-activated hexagonal wurtzite structure
[8-10]. Un-doped ZnO displays n-type
conductivity because of inherent flaws in
the ZnO lattice [11, 12]. ZnO is an
excellent thermal conductor with a high

580 K 2i=(mKA2)

thermal capacity in terms of its thermal
characteristics The TE characteristics and
performance of ZnO may be altered by
doping or co-doping by creating additional
electrons, for example, by swapping Zn**
ions with group Ill ions such as aluminum
Al [13]. Alhas utilized the dopant element
because it is a plentiful, low-cost substance
with a modest ionic radius [14-16].

In this article, we show how to use the
solid-state reaction method at 1000°C to
Synthesis  (Zn;-,AL,)O ceramics with x

ranging from 0.005 to 0.03. Calculations
were made on the electrical conductivity o,
Seebeck coefficient S, and power factors
PF  of  thermoelectric  materials  at
temperatures ranging from 300 to 573K.

2. Experimental technique

By using the traditional solid-state
reaction method, we used high-purity ZnO
(99.5% pure powder) and Al (99.5% pure
powder) as raw materials for the synthesis
of (Zn-x»Al)O pellets, where x ranges
from 0.005to 0.03. These powders were
mixed by adding a small amount of
(CH3),Co to start the mixing process, and
inserting an agate and pestle for five hours
To obtain a homogeneous compound with
a nanostructure, After that, the resulting
powders were compressed for 10 minutes
at a pressure of 10 tons. Then the result
was sintered in a Muffle Furnace at
1273K for three hours.

XRD  measurements were used to
investigate the phase composition and
crystal structure of Al-doped ZnO samples.
Cu—K154060A and a generator of
30mA and 40kV were utilized in the XRD
equipment. The XRD scanning ranged
from 10° to 80°. Scanning electron
microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) JSM-6460LV
module were used to characterize the
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surface morphology and the stoichiometric
ratio of each element, respectively, from
chosen materials.

The van der Pauw technique was used
to calculate the Hall coefficient and carrier
concentration of the samples with an
applied magnetic field of 1 T.

The Seebeck coefficientS, electrical
conductivitys, and thermoelectric  power
factor PF were measured at 300 — 573 K.
The Van der Pauw four-probe method was
used to measure electrical conductivity as a
function of temperature at a pressure of
1073 mbar. To compute the Seebeck
coefficient the pellet had one end
connected to a hot side (heater) and the
other end connected to a cold side. The hot
and cold sides' temperatures were gradually
raised from room temperature to 573K at
regular intervals of 5°C, and they were
measured using a thermocouple. (type-K
E©Sun ECS820C).

3. Results and Discussion

XRD patterns were used to examine
the crystal structures of the samples. Figure
(1) displays all samples characterized by
hexagonal structure and can be seen to
agree well with the JCPDS 36-1451. The
dominant peak represents the plane (101)

at an angle of 36.2° with a small peak of

Al at the plane (200) agreed well with the
JCPDS 04-0787, this might be a result of

the low Al concentration as shown in
Figure (1), which is fully absorbed into the
ZnO crystal and impossible to detect. It is
dispersed atomically throughout the ZnO
crystal or limited to the grains of ZnO
nanocrystals [17]. The lattice constant
parameters (a and c) are listed versus the
Al content as shown in Table 1 and Figure
2 Increasing the lattice parameters that
attributed to substitution of Al atomic
radius ~0.143A for the larger Zn atomic
radius ~1.38A. These findings indicated
the solid-state reaction method was a
sensible technique for Al atoms to enter the
crystal lattice of (Zn0);_,Al, successfully
[18] .The Scherrer equation can be used to
calculate the average grain size [19],

where.

091

= B Cosf

pis the full width of half maximum of the

peaks in radian, A is the X-ray wavelength,
and 6 is Bragg's angle [20].

,D is the average particle size,
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Figure 1: The XRD diffraction spectra of the pure ZnO, pure Al and (Zn(;_)Al,)O pellets, with
x = 0.005,0.01,0.015,0.02,0.025, and 0.03.

Table 1:Lattice parameters and particle size  for the  (Zn-xAlL)O pellets, with x =
0.005,0.01,0.015,0.02,0.025, and 0.03

a(4) .
x (Zn0),_,Al, 200 | FWHM | d(A) .| ¢ | D(nm)
=b(d)

0.005 | (Zn0)poesAlosos | 36.39 | 0.236 | 2.487 | 3.267 | 5.335 | 60.763

001 | (Zn0)ooeAlyn, | 36.12 | 0.098 | 2.486 | 3.198 | 5.222 | 70.455

0.015 | (Zn0)possAloors | 36.06 | 0.118 | 2.458 | 3.213 | 5248 | 70.889

0.02 | (Zn0)oosAles, | 35.88 | 0.098 | 2502 | 3.219 | 5257 | 84.923

0.025 | (Zn0)gorsAlgoss | 36.18 | 0.098 | 2.482 | 3.235 | 5.283 | 84.995

003 | (Zn0)posAlges | 3657 | 0.157 | 2.937 | 3.257 | 5.320 | 85.088
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Figure 2: Lattice parameters a (A) and c(A) as a function of Al content.

Scanning electron microscopy (SEM)

images of the (Zn;_,)AL,)O pellets are shown
in Figure 3a—d. X-ray diffraction and scanning
electron microscopy were seen to be in good
agreement. Figure 2 demonstrates having a flat
surface, The growth of the grains is still by
pinning the grain boundaries and, as a result,
reducing their mobility [21]. Figure 4 and Table

SEN MAG: 100 kx Det: InBoam MIRA3 TESCAN
WD: 4.95 mm Bl: 7.00

View field: 2.08 ym _Date{m/dly): 12/22122

| T |

500 nm

SEM MAG: 100.0 kx

WD: 5.31 mm BI: 7.00

Det: InBeam

500 nm

View field: 2.08 ym Date{m/dly): 12122122

!

2, show the EDX spectra of selected area on the
(Zn0),_,Al, surface illustrate the distribution
of the individual , AL, and O elements inside the
nanoparticles, demonstrating the homogeneous
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Flgre3 SEM images of the (Zn;_x)Al,)O sample with x = 0.005, 0.01, 0. 015 0. 02 0.025,and 0.03.

the distribution of the individual , Al, and
O elements inside the nanoparticles,
demonstrating the homogeneous dispersion
of the Al dopant.

Figure 4 shows the equivalent EDX
elemental mapping patterns of
Zn,0,and Al. These graphs demonstrate
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Figure 4:EDX images of the (Zn;_,)Al,)O. sample with
x = 0.005,0.01,0.015,0.02,0.025, and 0.03.

Table 2: EDX elemental composition results
(Zn0),_,AL, pellet.

Sample Element | Weight% | Atomic%
(Zn_x»Al)0

Zn0, 99544 005 0 34.69 66.81
x = 0.005 Al 3.57 4.08
Zn 61.74 29.10
Zn0 90Alg 1 0 30.11 61.97
x =0.01 Al 3.96 4.83
Zn 65.93 33.20
Zn0g.ogsAlgo1s 0 30.12 61.91
x = 0.015 Al 4.09 4.98
Zn 65.80 33.10
Zn0gogAly o2 0 33.99 65.73
x = 0.02 Al 451 5.17
Zn 61.50 29.10
Zn0g 9754l 025 0 26.90 57.70
x = 0.025 Al 5.26 6.69
Zn 67.84 35.61

Zn0g ;AL 03 0 30.33 58.90
x = 0.03 Al 11.83 13.62
Zn 57.84 27.48

Figure5  presents the  temperature

dependence of the electrical conductivity
o. The Al atom has three valence electrons,
whereas, the Zn atom has only two,
replacing Zn?*with  Al3*introduces one
more electron into the lattice. The addition
of Al in the lattice results in the addition of

donor levels to the band structure. This
additional electron is excited from donor
energy levels into the conduction band,
which  raises the sample's electrical
conductivity[22].  All  the  investigated
samples showed a semiconducting
behavior over the whole  measured
temperature  range[22, 23], i.e. the
electrical conductivity  increases  with

increasing temperature [24]. The maximum
electrical ~ conductivity is 55000s/m  for
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Figure 5: The electrical conductivity of the (Zn;_,,AL,)O pellets, with
x = 0.005,0.01,0.015,0.02,0.025, and 0.03.

Figure 6 presents the Seebeck
coefficient S of the sintered samples. The S
phenomenon happens when there is a
significant temperature differential
between the hotter and colder ends of a
semiconductor. The fact that the Seebeck
coefficient values are always negative over
the whole temperature range and for all of
the samples which demonstrates that the
semiconductor in question is of the n-type
kind, which has electrons as the
predominant form of charge carrier. [15,
25, 26]. Figure 5 makes it abundantly
evident that there is a correlation between a
rise in temperature and an increase in the
absolute values of S [18].The S has a
correlation that is inversely proportional to

the number of carriers. (Eq. 1)[27, 28]. The
electrons at the Fermi level will move into
the conduction band as the temperature
rises. The highest S was studied for the
composition with x =0.02 ~—450ulV/K
at 680K. The S can be expressed as:

(+2)

22nm*kT)*2
+1n e (D

Where (k,e,r, m",h,n ) is
Boltzmann’s constant, the electron charge,
scattering factor, effective mass, Planck
constant, and carrier concentration [29].

S

k
e
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Figure 6: The Seebeck coefficient of the (Zn,_,,AL,)O pellets, with
x = 0.005,0.01,0.015,0.02,0.025, and 0.03.

The van der Pauw method was used to
find the value of (n) in a magnetic field
with an intensity of 1 tesla. In order to
determine the carrier concentration, the
following formula was used[30]:

_ IB (2)
" edVyl
The symbols "B" "I "Vy" and "d"

respectively, are wused to designate the
magnetic field, direct current, Hall voltage,
pellet thickness, and electronic charge,

respectively. Additionally, the pellet
carries an electrostatic charge. The Hall
coefficient Rymay be expressed using the
formula provided below [30, 31].

Ry = — 3)

"™ ne
The link that exists between n and Ry is
illustrated in Table(3) for each pellet.

Table 3: The physical characteristics of the
(Zn(1-xAl,)0O pellets, for x = 0.005,0.01,0.015,0.02,0.025, and 0.03 at 300K .

(Zna-1Al)0 x S(uv/K o (s/m) Ry(cm3c™1) nx (cm)=3
Z1n00 90540005 0,005 -4.60067 305.9658 8.48233 7.36826E+17
Zn04 954l 001 43089 8902125 4.94741 -1.26329E+18
7104 ossAlyo1s 0015 -3.69128 929.6679 2.4402 -2.56126E+18
Zn0,55Al0; 002 487584 177.0284077 2.42268 -2.5798E+18
Zn04975Al 025 0025 3.77248 2151.388 1.16005 5.38771E+18
Zn0,.4,Aly 3 003 -3.80872 1637.178 3.97992 157038E+18
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Figure 7 displays the power factor
(PF = S?%0) the letters PF and S stand for
power factor and  absolute  Seebeck

coefficient, respectively, while o stands for
electrical conductivity [12], of the sintered
samples as a function of temperature. The
PF is dependent upon S and o. [32]. A
higher PF is going to be the result of
increases in both S and o. The PF changes
as the temperature changes, The
performance of a thermoelectric material
was measured by its PF, hence this value is
the efficiency of a thermoelectric material

and thus serves as a sign for thermoelectric
materials. A thermoelectric material's PF is
the component responsible for regulating
its comprehensive electrical characteristics.
The higher PF  (Zng_x)Al,)0 with

x =0.02, ~1300(=) at 580K, this

mk?
resulted from the comparatively high S
content of the sample and had the highest
PF values when compared to other samples

described in earlier studies [33-35].
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Figure 7: The power factor of the (Zn(;_,)AL,)0. pellet with
x = 0.005,0.01,0.015,0.02,0.025, and 0.03.

4. Conclusion

The n-type (Zn(1-x)Al,) 0 with
x = 0.005 — 0.03 was synthesized using
a solid-state technique, which is a quicker,
simpler, and more cost-effective interfacial
reaction. The study examined the samples'

structural, morphological, electrical, and
thermoelectrical properties. It was
determined via analysis of structural
characteristics  that all  samples are
hexagonal structures. The present study
shows that the Seebeck coefficient was

negative for all samples of (Zn_,AL)O,
and it also demonstrated an enhanced
power factor This method of synthesis, in
conjunction with the donor dopant activity
of AI3* in ZnO, has not only led to an
increase in carrier concentration (and thus
an increase in electrical conductivity), but
it has led to a decrease in grain growth, and
this is of much more significance. Finally,
we can conclude that the process of
sintering a thermoelectric material at a
temperature of 1273 K plays a significant
role in improving the thermoelectric
properties of the material.
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