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ABSTRACT

ZnO is widely studied for several applications such as a photocatalyst, a working
electrode for dye-sensitized solar cells and for thermoelectric devices. This work studies the
effect of an increase in the number of carriers by doping ZnO with Al and Ga. The 6.25 mol%
of Al-doped ZnO, 6.25 mol% of Ga-doped ZnO, and 12.5 mol% of (Al,dGajoped ZnO
nanoparticles were prepared using combustion method. The prepared samples were then
characterized by X-ray diffraction, transmission electron microscope, energy-dispersive X-ray
spectroscopy and UV-visible spectroscopy techniques. Moreover, density functional theory
(DFT) was also employed for computational studies of Al and Ga doped ZnO. Optimized
structures, density of states (DOS) and band structures of these materials were calculated using
Vienna Ab initio Simulation Package code. Frons study, Al and Ga are found to play an
important role in morphology and optical properties of the ZnO, changing the band gap and
Fermi level of ZnO. Then, the prepared samples were characterised for their thermoelectric
properties, and modelling of thermoelectric properties of ZnO, Al-doped ZnO, Ga-doped ZnO
and (Al, Ga)-co doped ZnO was performed using BoltzTraP code. Furthermore, the Seebeck
coefficient, electrical conductivity, relaxation time, electronic thermal conductivity and power
factor were studied. The experimental and computational results are pointing in the same
direction, that the thermoelectric properties of the ZnO are changed by doping: the
semiconducting ZnO transfornrgo metallic ZnO when doped with Al and Ga. This leads to
ZnO showing new thermoelectric properties, in particulaiGhaeloped ZnO and (Al, Ga)-co
doped ZnO: they provide high electrical conductivity and power fadtberefore, it is
expected that these good properties might promote the ZnO to be a potential candidate for

applications, especially in high efficiency thermoelectric devices.

Keywords. Thermoelectric properties, DFRI-doped ZnO,Gadoped ZnO, (Al-Ga)-co
doped ZnO



1. Introduction

ZnO is a semiconductor which is che@mpsynthesize using various methods such as
hydrothermal, combustion, microemulsion and sol-gel. Because of the very
simple routes to prepare the ZnO, there are a number of research efforts trying b iapply
various applications: solar celfs|, photocatalysts for degradation react , transistors
and gas senso. In addition,in the last two decades the ZnO has attracted attention for

its prospects to be usedthermoelectric devicgd0-14]]. An advantage of ZnO thermoelectric

devices is that semiconductors are commonly known themory to provide a larger Seebeck
coefficient than metals. However, semiconductors have smaller electrical conductivity than
metals. Thus, ZnO is a potential candidate for efficient thermoelectric devices. There is an
exploration route to improve thermoelectric properties of By@oping it with other atoms,
so that one could engineer the band structure and improve thermoelectric properties of the host
material]

Briefly about the thermoelectric properties, the dimensionless figure ofZmasidefined
to be a thermoelectric performance indicator, where ZT %T{%& and S is the Seebeck
coefficient, giving the voltage difference between two points per unit temperature diferen
o is the electrical conductivity, T the temperature atide thermal conductivity, wherke= ke
+ k1 where ke is the electronic thermal conductivity ands the lattice thermal conductivity or
phonon thermal conductivi}

In 1997, Tsubota et §L1] reported that the power factor at 10@0of the ZnO is about

4x10* Wm*K-2which is less than that aZno.esAlo.050; it is about 13x10 Wm*K2 Here, it
is interesting to note that Al doping increases the power factor at higher temperature, compared
to the pure ZnO. In the same direction as in the report of Ohtaki @J.the ZT of
Zno.ogAl0.020 of around 0.2 was observed. Howevbere is an observed disadvantage:Tsubota
et aI. foundd that there is decrease in magnitude of the Seebeck coefficient wisen Al i

added into the ZnO structure. Moreover, an increase in electrical conductivity and theedecreas

in magnitude of the Seeback coeffidiamen Al atoms were added into the ZnO are also shown
by Qu et al and Jantrasee et . In addition to Al doping, Ga is also used for doping
ZnO. Khuili et al. \ gave a computational result in 2016 that electrical conductivity of the
Al-doped ZnO and Ga-doped ZnO shows larger values than that of the pure ZnO.

From this point, it is realized that adding other atoms into the host ZnO structure, especially
Al and Ga, might enhance the thermoelectric performance of ZnO because introducing Al and
Gain ZnO increassthe carriers density in the system, which is expected to increase electrical

conductivity, because of electrons added in the ZnO. A following interesting question is on



how the thermoelectric properties of ZnO will be affected if the Al and Ga atoms are together
doped into the ZnO; that isp-doping of Al and Gan ZnO. Thus, this work studies the effe

of the Al and Ga doping on the structural, optical and thermoelectric properties of the ZnO host
structure via experimeal and first-principles calculation approaches. In the experiment,
combustion method is chosen to synthesize the ZnO, Al-doped&@a@yped ZnO and (Al,
Ga)-doped ZnO because this synthesis is very simple and faster than other methods. Moreover,
the density functional theory (DFT) study with generalized gradient approximation (GGA) is
employed for computational study.

2. Experimental details

2.1 Synthesisdetails

The ZnO,Zn1xAlxO, Zn1xGa© and Zn1-2xAlxGaO (x = 0.0625) nanoparticles were
synthesized using a combustion method. Firstly, Zr(@M). was dissolved in deionized (DI)
water. Next, AINOg.9H,O solution was added into the ZnO solution with continuous stirring
for the preparation oZn1xAlxO. After that, dissolved citric acioh ethanol and dissolved
polyethylene glycol (PEG) in ethanol were mixed into the previous solution while being stirred
continually. Then, the final solution was continuously stirred and heated at 220 °C. After the
solution transform to gel, it was heated into an oven at 350 °C for an hour, combustion process.
After cooling downassynthesized powder will be obtained. The next step is that the precursor
would be calcined at 500 °C in normal atmosphere for 8-hours with heating°Gmitute.
In case ofZn1xGaO, GaNOo.xH20 solution would be added instead of the A9H.O
solution and, both GajDy.xHO and AINOe.9H.O were added for the
Zn1-2Al1xGaO.

2.2 Characterizations

Having calcined, the produced powders were characterized for their structure and
examined for composition elements using X-ray diffraction technique (XRD, PANalytical,
EMPYREAN) and energy-dispersive X-ray spectroscopy analysis (EDX, SEC, SNE-4500M),
respectively. Then, the transmission electron microscopy (TEM) photographs and selected area
electron diffraction (SAED) were studied via the transmission electron microscopy (FEl,
TECNAI G? 20). Additionally, the optical band gap of prepared samplas examined by
using UV-Vis spectroscopy (ShimadzUV-3101PC)in absorbance mode under ultraviolet
and visible spectra radiation. Finally, synthesized powa@shot pressed and polished as bulk.
Then, the Seebeck coefficient and electrical conductivity of prepared samples were found using
TRC-ZTM2.



3. Computational details

First of all, a 22x2 supercell of ZnO was used as initial model. This system contains
32 atons, i.e. sixteen zinc atoms and sixteen oxygen atoms. In case of density of states (DOS),
band structure and phonon calculation, Vienna Ab initio Simulation Package (\@Wth
Projector-augmented plane wave pseudopotential method (I@\/Were employed under
the generalized gradient approximation (GGA) of the scheme of PeBdeke-Ernzerh
(PBE) to treat exchange and correlation energy. In this calculatiore\M0Qtoff energy for
plane waves as used, and the orbitals of ZAfdp?) and O(3 p*) were treated as valence
electrons. After that, Zn atom was replaced by Al and Ga atoms for Al-doped ZnO and Ga-
doped ZnO, respectively. Moreover, two atoms of Zn were substituted by one atom of Al and
one atom of Ga for (Al,Ga)-co doped ZnEr Al and Ga, electrons in ARs') and Ga(%?)
orbitals were treated as valence electron®x3 k-point meshsin the Brillouin zone were
employed in optimization while X33x7 of k-point grids were utilized to calculate DOS and
band structures. The study of thermoelectric propertieP1 of k-point grids were used

for the calculation of thermoelectric properties under the semi-classical Boltzmann transport
theory in BoItzTra, 19-21]

4. Results and discussion

In the first step, total energy of Al and Ga substitution on Zn and O sites is calculated
to examine which host atortisese doping atoms could replace. The calculated total energy of
Al and Ga doping on the ZnO structure is presentd@bie 1 Here, the substitution of Al and
Ga atoms on the Zn sites shows a smaller total energy, compared to the O sites. This shows
that the added Al and Ga might replace the Zn sites. Therefore, this work will study the pure
ZnO andZn-site substitutioly Al and Ga named as undoped ZD;.,Al O, Zn1 xGaO and
Zn12AlIxGaO (x = 0.0625).



Table 1 Total energy of the host site replacement with Al and Ga atoms.

Structures Added atom Replaced atom Total energy (eV)

Al-doped ZnO
Al Zn -148.327
Al o] -133.823
Gadoped ZnO
Ga Zn -144.831
Ga O -133.640

After that, supercell of eigtttmes primitive cell of the ZnOAl-doped ZnO, Ga-dople
ZnO and Zn12AlxGa©O are modelled and optimizedrig. 1(a€) shows the optimized
structures. Lattice constants of these structures are givetbia 2 Comparing lattice constant
of undoped ZnO to that of doped ZnO shows that the zinc-site substitution with Al and Ga
atoms leads to distortion in the host structure. This is because of an ionic-radius inequality, that
is 74.0, 53.5 and 62.0 pm for ZnAl®* and G&", respectively. This result is according to the
XRD results from the experiment, as showifrig. 2-3,because there are observed peak shifts
in the XRD patterns after Al and Ga are added into the ZnO structure. These shifting peaks
indicate the distortion in the struectufollowing Bragg’s equation of 2dsirg = ni where d is

the plane distancé,the incidence angle of incident X-ray beam, n the integefldhd wave
length of incident X-ray2].

Table 2 Computed lattice parameters of supercell-size structures of the ZnO, Al-doped ZnO,
Gadoped ZnO and (Al, Ga)-co doped ZnO.

L attice parameters

Structures

a (A) c (A alpha () beta() gammaf)
ZnO 6.5082 10.4717 90.0000 90.0000 120.0403
Al-doped ZnO 6.4987 10.4840 90.0005 89.9995 120.0361
Gadoped ZnO 6.5149 10.5063 89.9999 90.0001 120.0358

(Al, Ga)-co doped ZnO  6.5031 10.5256  90.0005 89.9995 120.0354




Overall, the ZnOAl-doped ZnO, Ga-doped ZnO and (Al, Ga)-co doped ZnO were
successfully synthesized using the combustion method in the expexiipant All prepared
samples show hexagonal wurtzite structure of ZnO (ICDD: 36-1451) as the main phase, as seen
in Fig. 2 Comparing theassprepared and calcined samples, calcination makes the observed
peaks sharper. That is, the heat treatment leads to more regulac awamgement.
Nonetheless, an existence of the added Al and Ga contents is confirmed by the EDX analysis,
as shown irFig. 4 The presented data is an elemental composition as a relative percentage.

In addition to success in the doping Al and Ga on the ZnO structure, nanopatrticles are
obtained as well, as seenhiy. 5 From the TEM images it follows that particle size changes,
from an average size around 80-100 nm to 20-40 nm, by the added Al and Ga contents. The
smaller particle size and shapdge might be causduny the reduced structural formation,
compared to the updoped ZnO. This is because the added atoms might inhibit the wurtzite
structural formation of Zn and O, leading to some defects in the structures, and decrease the
particle size. Moreover, the crystal planes of the ZnO wurtzite structure are observed in all
prepared samples, as seen in SAED patterRgyirb.

Moving to the calculation aspectg. 6shows the total DOS (TDOS) of the undoped
ZnO, Al-doped ZnO, Ga-doped ZnO and (Al, Ga)-co doped ZnO, computed using 13x13x7 k-
point grids. Comparing TDOS of the doped to the undoped ZnO, theeshii$ of the valence
band maximum from 1.13 eV for the ZnO to 1.32 eV for@sedoped ZnO, 1.40 eV for the
co-doped system and 1.41 eV for the Al doping. This might affect the band gap and band edge
of the materials, and it also might affect their thermoelectric properties (TE). However, more
details concerning the optical properties will be discussed later. In addition, upwards shift of
the Fermi level (B is also observed. In the ZnO, theiEEpositionedat the highest states of
valence band, while in the doped system tHedates in the conduction band, according to the
report of Jantrasee et al. and Khuili et} This point indicates that adding Al and Ga
atoms in the ZnO structure leads to shift of Fermi level upwards, because ?thsitZn
substitution with Af* and G&" is the n-type doping; i.e. more free electrons will be gergrate
from donor states, resulting in the shifting of thestate to higher level (in the conduction
band). This point is important because the Fermi level affects the TE pro@ies

Partial DOS and projected DOS, as showrign 6-10,will be considered next. For the
undoped ZnO, the maximum state is occupied by Zn and O carriers, d-orbital electrons of Zn
and p-orbital electrons of O, according to the report of Hachimi @I.Aﬁer that, when Al
and Ga atoms are added into the ZnO structure, there are new states observed above the 1.13

eV, as previously seen in the total DOS. FromRige 1Q the interaction in the highest states



of doped systems results from d-orbital for Zn, o-orbital for O, p-orbital for Al and d-brbita
for Ga. Moreover, comparing the projected DOS graphs of Zn and O in the doped systems to
that for the undoped system, the Zn and O show different DOS, especially in the top of valence
band. Therefore, it could be claimed that new states in the top of valence band come from
interaction of Al and Ga with the nearest neighbor atom, Zn and O. Here, it is seen that adding
Al and Ga on the ZnO could engineer DOS of the ZnO, which might lead to appreciating its
optical and TE properties. This result is according to the report of Khuili @I.

Another evidence presenting the difference of the ZnO and doped ZnO is their band
structure. Here, the band-up structures of supercell models are computed using band-up code
] and shown irFig. 11-12 Three-dimensional plots have the wave vector on the x axis,
the e-er on the y axis and, the electron density on the z axis; represented by color from the
minimum value of blue (zero) to the maximum value of red. Here, ZnO shows direct band gap
because the maximum valence band and minimum conductiorabaatithe samnie point, in
agreement with the literature, e.g. Honglin et al. and Mohamad ﬁ:l Gap between
valence band and conduction bang) (B 0.76 eV. Moreover, there is light electron density at
the top of valence band. It is possible that electron hoping probability from the valence band to
the conduction band in pure ZnO may be smaller itméme doped ZnO. This is due to the fact
that all doped systems show heavy electron density on the top of valence band, almost twice as
large as the electron density. Additionally, not only the ZnO, but also all doped materials show
the direct band gap behavior. As for the band gap width, §he @60, 0.53 and 0.64 eV for
the Al doping, Ga substitution and co-doped ZnO structures, respectively.

Then, the band gap of prepared samples will be discussed next. Graphs of photon
energy andd )? are illustrated irFig. 13,whereq is the absorption coefficient,the Plank’s
constant and the photon frequency. This plot follows an equation/of= k(z -Eg)"? when
k and n are constagitwhere n would be 1 and 4 for direct and indirect band gap materials,
respectivel} From the results, ZnO shows the band gap of 3.18 eV while,tifetie
doped systems is 3.18, 3.15 and 3.16 eV for Al-doped ZnO, Ga-doped ZnO and (Al, Ga)-co
doped ZnO, respectively. Comparing the DFT band structures to the optical band gap obtained
from the experiment, there is a considerable difference of obtained band gaps from these two
approaches. The large underestimate of the valug abtdined from the DFT study is cadse
by unrealistic interaction force of electron-electron, electron-nucleus and nucleus-nucleus
interaction, due to limitations of the DFT calculation. However, the DFT is employed in this
work because less resources are required in calculation compared to Hartree-Fock

approximation. Although the obtained band gap from the first-principles calculation is not



equal to the experimental resuitcan provide important evidencesistts what happens when
the Zn sites are replaced by Al and Ga atoms, such as partial DOS, projected DOS and
electronic band structures. However, an essential point of the band gap of these material is that
band gap of the doped ZnO is wider than that of the undoped ZnO. From this point, it is good
for the photocatalyst application of the ZnO because narrower band gap after Al and Ga adding
could support photocatalytic performance under the Sun radiation. Thus, it is possible that the
Al and Ga doping of the ZnO structure could organize the electron-occupied energydevel a
band structure of the ZnO which might lead to the change in optical and thermoelectric
properties of the ZnO. Since electrons are fermithesprobability of occupying any energy
level is given by Fermi-Dirac distribution, the electron distribution will be a function ofsthe E
and the Seebeck coefficient depends on both ghen# E of semiconductor materia.
Thus,if there is change in bothy Bnd K when the Al and Ga were added into the ZnO, as
shown in the calculation results, it is possible that Al and Ga doping on the ZnO might improve
the TE properties of the ZnO.

Nevertheless, there is an option to correct the band gap in first-principles calculation
This is by adding Hubbard parameter for d-orbital elements. The Hubbard parameter will be
added to adjust the interaction of d-orbital electrons. Here, the Hubbard parameieasf U
9.0 eV (U=10.0 eV and J= 1.0 eV) and 7.0 eV is employed for Zn and Ga, respectively
following the report of Jantrasee et and Dong et aI. In this work, the GGA+U
using k-point meshes of 21x21x21 for the ZnO and 13x13x7 for the doped systems will be
employed to calculate thermoelectric properties of undoped ZnO and doped ZnO because the
Fermi level of the doped systenssat conduction band already for 13x13x7 k-point grids.
DOS of these systems are calculated and showigifi4-15 From the DOSIt is seen that the
Er of the materials sits near the conduction band. The appearance p@itfteEthe minimum
conduction band indicatéisat these materials should be n-type semiconductors due to majority
carriers being electrons, they generate donor states in the forbidden band, resulting in shift of
Er from the middle gap for undoped semiconductors to the near conduction band for n-type
materials. The next step is to use the output data from these calculations for the thermoelectric

properties.
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Thermoelectric properties calculated using BoltzTraP code for the ZnO and doped ZnO
are shown irFig 16 From the graphs, the zinc oxide shows the negative value with magnitude
of Seebeck coefficient around 242 pV/K. This result is in accordance with the experimental
reports of Tsubota et al. and Qu et} Then, electronic thermal conductivity tends to
slightly increase with increasing temperature, corresponding to the reported results of Qu et al.
. Comparing the doped ZnO to the pure ZnO, magnitude of the Seebeck coefficient of the
doped systems is obviously smaller than that of the pure ZnO, while electric conductivity per
relaxation time and electronic thermal conductivity per relaxation time of the doped ZnO are
higher than that of the pure ZnO. It is clear that Al and Ga doping of the ZnO could improve
electrical conductivity of the ZnO, according to the report of Khuili et al. and Qu @I.

3

synthesized undoped ZnO and doped ZnO are showigirl7 The ZnO illustrates negative

Moving to consider experimental parts, the plots of the thermoelectric properties of the

value of the Seebeck coefficient with magnitude in range from about 70 tQ\1/R8
Comparing the doped to the undoped ZnO, the decrease in magnitude of the Seebeck
coefficient of the ZnO with temperaturerease is observed, while all the doped ZnO materials
show a larger magnitude with increasing temperature. Moreover, the doped ZnO shows
negative value of the Seebeck coefficient, similar to the undoped ZnO. However, the magnitude
of the Seebeck coefficient of the Al-doped ZnO is smaller than that of ZnO. From this point,
the observed experimental results are in accordance with the obtained computational results.

In case of the electrical conductivitythe ZnO shows trend to increase with increasing
temperature, which is the same trend to the Al-doped ZnO; this trend is according to the
calculated result and report of the Qu et. Nonetheless, the value of the electrical
conductivity of the Al-doped ZnO ®&bit larger than that of the ZnO. For Ga-doped ZnO and
(Al, Ga)-doped ZnO, their electrical conductivity decreases with temperature increasing from
room temperature to 1000 K. However, it is still much larger than for the ZnO and Al-doped
ZnO. Both Ga-doped ZnO and (Al, Ga)-doped ZnO show a much appreciated electrical
conductivity because their electrical conductivity is very large compared to undoped ZnO and
Al-doped ZnO. From this result one can infer that Ga doping and cooperation of Al and Ga
could change semiconductor ZnO to be a metallic ZnO withdigh

Considering the electrical conductivity of the prepared samples and the calculation
result, obtained using BoltzTraP codgt], it is assumed that at the same temperature, their

electrical conductivity would be the same. In this work, difference of the temperature of the
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experiment and calculation is different up to 6.0 K. Therefore, electrical conduetioftyhe

DFT calculation will be as shown Fig. 18(up) After that, the relaxation timeof materials

in Fig. 16 could be calculated using the electrical conductivity fieign 18(up) Then, the
relaxation time will be obtained as seerFig. 18(down) Here, it is seen that the ZnO slow

the largest value of the relaxation time. Their relaxation time is decreasing with temperature
increasing from 5.77 to 1.77x19s for the temperature from 300 to 1000 K. This might be
because heating could lead carriers to have smaller relaxation timeel@Ration time is not

much smaller than that in the report of Ozgur et al., the reported 17s16or carrier
concentration of the order of f@m3|32]. In case of doped ZnO, their relaxation time is much
smaller, compared to the ZnO. It might be due to their metallic behavior. This is because there
are more electrons there than in the undoped ZnO.

Next, the electronic thermal conductivity will be obtained from th&d/t, using the
values ofzin Fig. 18(down) The obtainedeare shownn Fig. 19(up) Additionally, thexe is
calculated using Wiedemann-Franz lawxef LoT where L is the Lorenz factor (2.45x40
V?/K?), ¢ the electrical conductivity and T the tempera@} Theo isin Fig. 18(up)

Here, the obtained. from two approaches almost equal. From the results, it is seen that ZnO
and Al-doped ZnO show very low electronic thermal conductivity while Ga doping and co
doping have the large.. Thus, Ga doping and (Al, Ga)-co doping on the ZnO could promote
both electrical and electronic conductivity of the ZnO because both properties come from
electron motion, conducting both electricity and heat.

Finally, ability to transform heat to electrical energy of the prepared materials is studied
via power factor P , where P ¢S whae S is the Seebck coefficient andhe electrical
conductivity.Fig. 20(up)shows the graphs of power factor of the synthesized ZnO and doped
ZnO. Here, the power factor of the ZnO drops with temperature i;reaEh points out that
ability of ZnO to convert heat to electrical energy will decrease when it isaidagher
temperature. Nevertheless, an appreciated result is observed in the doped ZnO. The all doped
ZnO materials show greater power factor with temperature increase, especially Ga and (Al,
Ga)-co doped ZnO. This point is very interesting because it points out that Ga doping and (Al,
Ga)-co doping on the ZnO can improve the power factor of the ZnO and it gives much better
results than only Al-doped ZnO. In case of Ehg. 20(down) it is showing the power factor
obtained results from the DFT calculation. The massive power factor of the ZnO is observed.
This might be due to the fact that the Seebeck coefficient of the ZR@.id6is very large
compared to the doped systems, about 10 times. Additionally, to calculate the power factor, the
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Seebeck coefficient will be squared. Thus, the power factor of the ZnO should be about 100
times larger, compared to the doped ZnO. However, the possible reason that the power factor
of the ZnO is not 100 times larger than that of the doped ZnO is that electrical conductivity of
the doped ZnO is greater than the undoped ZnO. However, the difference of the calculation
and experimental results might come from the assumption that electrical conductivity of the
DFT calculationis equal to that of the experiment. Another reason is the temperature difference
of the calculation results and the experimental result as mentioned above. Moreover, the
employed parameters calculatiors, such as Habbard parameter U and number of k-points,
might effect to the obtained results as well. Nonetheless, it cannot be denied that calculation
approach is still important becaugecan provide predictive guidelines and answer many
guestions about experimental results.

From the thermoelectric properties obtained in this study of the undoped and doped
ZnO, it is possible that more electron carriers in the ZnO, when Al and Ga were added, results
in metallic behavior of the ZnO. The number of electron carriers is similar to Electron Sea,
leading to metallic behavior of the ZnO. Metals always show higher electrical conductivity
than the semiconductors, while the magnitude of Seebeck coefficient of the semiconductor is
greater than that of the metals. From this study, ZnO semiconductor, which shows large values
of Seebeck coefficient and very small electrical conductivity per relaxation time, transforms to
metallic ZnO, with smaller Seebeck coefficient, and with huge electrical conductivity and large
power factor, when Al and Ga were doped into the structure. This is due to the fact that the
Seebeck coefficient depends on the voltage difference of two points per temperature difference
as mentioned above, and V=IR where V is the potential difference between two points, | the
current flowing through the resistance andhR resistance, obeying Ohm’s law. Thus, the
higher electrical conductivity is, the smaller is the Seebeck coefficient. This causes a decrease
of the Seebeck coefficient and ZT when Al and Ga are added into the ZnO. From this point, it
is clear that adding Al and Ga could change thermoelectric properties of the ZnO from the
semiconductor behavior to the metallic behavior with the very large electrical conductivity and

power factor.

5. Conclusions

In this work, structural, optical and thermoelectric properties of the ZnO, Al-doped
ZnO, Ga-doped ZnO and (Al, Ga)-co doped ZnO were studied via experimental and first-
principles calculation approaches. In experiment, nanoparticles of ZnO, Al-doped ZnO, Ga-

doped ZnO and (Al, Ga)-co doped ZnO are synthesized using combustion method. The results
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from the XRD and SAED analysis confirm that main phase of the prepared sasbles
wurtzite structure without any secondary phases observed. Additionally, the DFT study with
GGA approximation is used via VASP code for calculating the supercells of these materials.
From the study, it is seen that the Al and Ga adding on the ZnO structures enables one to
engineer the ZnO’s band structure. There are new states at top of valence band which come
from interaction of valence electrons of Zn, O, Al and Ga atoms. The change in band structures
and DOS of the ZnO after Al and Ga are added into the structures indicates that the dopant
systems would show the impressive optical and thermoelectric properties. In this work, the
synthesized Ga-doped ZnO and (Al, Ga)-co doped ZnO materials could significantly improve
the thermoelectric properties of the ZnO, especially electrical conductivity and power factor.
Here, it is possible that they would be potential candidates to be thermoelectric materials for
high performance thermoelectric devices, because they could be synthesized using not very
complex routs, and they can provide a very high power factor. Additionally, another observed
benefit is that the calculated results agree well with experimental results. Therefore, great
properties observed in the calcaldtesults of the ZnO and doped ZnO could be examined in

the real materials, not only in the simulation.
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LIST OF FIGURE CAPTIONS

Fig. 1 2x2x2 supercell of (a) ZnO, (b) Al-doped ZnO, (c) Ga-doped ZnO and (d) (Al, Ga)-co
doped ZnO where grey balls as the zinc atoms, red the oxygen, blue the aluminum and
green the gallium.

Fig. 2 XRD patterns of as-prepared and calcined samples.

Fig. 3 XRD patterns in range from 35.75 to 37.25 degree of 2theta of samples calcined at
500°C.

Fig. 4 Elemental composition of (a) undoped ZnO, (b) Al-doped ZnO, (c) Ga-doped ZnO and
(d) (Al, Ga)-co doped ZnO calcined at 5T

Fig. 5 (left) TEM images and (right) SAED patterns of undoped ZnO, Al-doped ZnO, Ga-
doped ZnO and (Al, Ga)-co doped ZnO calcined at’&00

Fig. 6 Total DOS calculated using the GGA scheme of the PBE of (a) ZnO, (b) Al-doped ZnO,
(c) Ga-doped ZnO and (d) (Al, Ga)-co doped ZnO where Fermi leyeis(kt 1.13,

3.82, 3.67 and 4.39 eV, respectively.

Fig. 7 Total and partial DOS calculated by the GGA approximation of the ZnO where the E
is at 1.13 eV, along dash line.

Fig. 8 Total and partial DOS of (a) Al-doped ZnO and (b) Ga-doped ZnO whenstise E
addressed by dash line, locating at 3.82 and 3.67 eV for the Al-doped ZnO and Ga-
doped ZnO, respectively, computed by the DFT with GGA method.

Fig. 9 Obtained total and partial DOS from the calculation of DFT with GGA approach of (Al,
Ga)-co doped ZnO with the dash line eRE4.39 eV

Fig. 10Projected DOS calculated by the GGA approximation of (a) ZnO, (b) Al-doped ZnO,
(c) Ga-doped ZnO and (d) (Al, Ga)-co doped ZnO.

Fig. 11Band structures, computed by the GGA scheme, of (a) ZnO, (b) Al-doped ZnO and (c)
Gadoped ZnO.

Fig. 12Band structure of (Al, Ga)-co doped ZnO obtained from the first-principles calculation
method with GGA approximation.

Fig. 130ptical band gap of (a) ZnO, (b) Al-doped ZnO, (c) Ga-doped ZnO and (d) (Al, Ga)-
co doped ZnO: experimental results.

Fig. 14DOS and band structure of primitive ZnO calculated using HSE calculation.

Fig. 15DOS calculated using GGA+U approach of (a) 21x21x21 k-point meshes of ZnO and,
13x13x7 k-point meshes of (b) Al-doped ZnO, (c) Ga-doped ZnO and (d) (Al, Ga)-
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doped ZnO where the 5 at 1.96, 3.82, 3.63 and 4.37 eV for the ZnO, Al-doped ZnO,
Ga-doped ZnO and (Al, Ga)-co doped ZnO, respectively.

Fig. 16(a) Total DOS and partial DOS ar{tl) projected DO®f the (left) Zn and (right) O of
the ZnO computed using k-point meshes of 21x21x21 using GGA+U scheme.

Fig. 17 Thermoelectric properties calculated by BolzTraP code of (a) Seebeck coefficient, (b)
electrical conductivity divided by relaxation time and (c) electronic thermal
conductivity per relaxation time of ZnO, Al-doped ZnO, Ga-doped ZnO and (Al, Ga)-
co doped ZnO.

Fig. 18 Thermoelectric properties of (a) Seebeck coefficient and (b) electrical conductivity o
of prepared materials.

Fig. 19(up) Electrical conductivity ¢ and (down) relaxation time: calculation part.

Fig. 20Electronic thermal conductivity obtained from (up) BoltzTraP code and (down)
Wiedemann-Franz law: calculation part.

Fig. 21Power factor of ZnO, Al-doped ZnO, Ga-doped ZnO and (Al, Ga)-co doped ZnO: (up)
experiment part and (down) DFT part.
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Fig. 9
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Fig. 15
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Fig. 20
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Fig. 21
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