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Study and development of ZnO-based oxides

for thermoelectric applications
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Abstract

The effects of Al and Mn single and double substitution on structure, composition, and
thermoelectric properties of ZnO have been investigated in three series of compounds; Zn, Al O,
Zn, Mn O (x =0, 0.02, 0.04, 0.06, 0.08) and Zn, , Al Mn O (x =0, 0.01, 0.02, 0.03, 0.04) prepared
by thermal decomposition method. The thermal decomposition technique is efficient in preparing the
samples. Although the method is very simple, the obtained samples show relatively high
homogeneity. XRD studies show that the lattice structure is not affected by the substitutions,
however, properties of the materials are significantly changed. Al and Mn have opposite effects on
electrical conductivity and Seebeck coefficient of ZnO. Al substitution leads to an increase in
electrical conductivity while Mn substitution increases absolute value of Seebeck coefficient. Double
substituted samples seem to exhibit the effects from both ions though the increase in absolute value
of Seebeck coefficient is less significant comparing to that observed in Mn single substituted samples.
Nevertheless, the change in electrical conductivity is more pronounced and dominant in the power
factor calculation. Thus, the most conductive sample in this work, Zn, ,Al, ,,0, shows the highest
power factor of 1.03 x10“WK “m 'at 800K. On the other hand, the double substituted samples have
lower conductivity which results in lower power factor. The best double substituted sample obtained
in this work is Zn, ,sMn, ,,Al, ,,O which gives a power factor of 4.79 x 10° WK ’m ' at the same

temperature.
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3 9 I A JE g 1
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: v 2 4 e R &
Al NOUHINUNTIBNUNEINVANNTINNTD TUNTUNUN Zn A28 Al U ZnO Hae181UE 52
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Yo9Isazan 1z 1T lumsmsona1saiee1e 0819 lsnamluaudtelinua Al @unsounui
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Relative intensity (a.u.)

2 Theta (Degree)

FJ
51l 9 suluvumaAeuUuTITONFU0IE157I0E19 Zn, ,ALO (x = 0.02, 0.04, 0.06, 0.08)
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(Riyadi ttagaade, 2007; Deka tagnale, 2007)
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x=10.08

x=0.06

Relative intensity (a.u.)

>
[
o
g

——

-

4

20 30 40 50 60 70 80
2 Theta (Degree)

51l 10 sUupuMsREAUUT ITOnFURIEIHI8619 Zn, Mn,O (x = 0.02, 0.04, 0.06, 0.08)

*ZnA1204
x=0.04 J A A o
S
s x=0.03 JLUL A ) U G
>
-
9 x=0.02 | I S A
c
[(}]
2 _
A R J_UL A [ S
&
x=0 UJL | L.
' T ' T ' T ' T ' T '
20 30 40 50 60 70 80

2 Theta (Degree)

9
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3.2508 -] # ~ n . . 4
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Unit cell volume (A)®
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UANANAUDENFARUINOUT VI Mn A19NU WaNIIIUATICUAWINAUANITAANAUIITLDNDY (3‘]_]
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(3 ' M Y= A < 1 ' dy 9 a
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Normalized Absorption (a.u.)
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spectroscopy (EDS)
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A, 2016; Shinde LagAMUE, 2006; Han LiagAtUe, 2002; Tuomisto LA, 2006; Plugaru g

A, 2012)
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ARTICLE INFO ABSTRACT

Keywords: The effects of Al and Mn single and double substitution on structure, composition, and thermoelectric
C. Electrical Property properties of ZnO have been investigated in three series of compounds; Zn; ,Al,O, Zn; Mn,O
Thermoelectric (x=0,0.02,0.04,0.06,0.08) and Zn; »,Al;Mn,O (x=0,0.01,0.02,0.03,0.04) prepared by thermal decomposition
Oxides

method. While the lattice structure is not affected by the substitutions, properties of the material are. Al and Mn
have opposite effects on electrical conductivity and Seebeck coefficient of ZnO. Al substitution leads to an
increase in electrical conductivity while Mn substitution increases absolute value of Seebeck coefficient. Double
substituted samples seem to exhibit the effects from both ions though the increase in absolute value of Seebeck
coefficient is less significant comparing to that observed in Mn single substituted samples. Nevertheless, the
change in electrical conductivity is more pronounced and dominant in the power factor calculation. Thus the
most conductive sample in this work, ZngogAlg.020, shows the highest power factor of 1.03x10™* WK~ m™!at
800 K. The best double substituted sample is ZngogMngoiAlgo1O which gives a power factor of

Thermal decomposition method

4.79x107° WK 2 m™! at the same temperature.

1. Introduction

The ability to directly convert heat to electricity, and vice versa, has
made thermoelectric technology very interesting. Many researchers
have tried to improve the efficiency of thermoelectrics through
improving the materials, the fabrications, and the devices [1].
Material is one of the very important components in this technology
and its efficiency is governed by the figure of merit, ZT, which is
calculated from 5T or °T where S is the Seebeck coefficient, o is the
electrical conduct'{vity, ppKis the electrical resistivity, « is the thermal
conductivity and T is the absolute temperature. Several groups of
materials show promising thermoelectric properties including alloys
[2], chalcogenides [3], and oxides [4,5]. Among all, oxides have
advantages on the toxicity and the stability especially at high tempera-
ture [6,7]. ZnO is a promising thermoelectric material because it has
high Seebeck coefficient [8]. However, electrical conductivity and
thermal conductivity of ZnO are not suitable for thermoelectric
applications and still need improvements. Several studies reported
the attempts to enhance thermoelectric efficiency of ZnO by substitut-
ing other elements such as Al [4,9-11], Ga [12—15], Bi[16], In [17], Fe
[18,19], Ni [20,21], Sb [22] and Sn [23].
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As different substituting elements could have different effects on
each thermoelectric parameter, an interesting strategy is to simulta-
neously substituting more than one element in the system in hope that
their positive effects would increase the ZT. Few studies on double-
substituted ZnO have been reported. While the best ZT obtained from
doping ZnO with one element is 0.44 at 1000 K in Al-substituted ZnO
[9]. Ohtaki et al. [24] showed that Zng g6Alg 02Gag 020 gave a ZT value
of 0.65 at 1247 K. Kim et al. [25] also reported that Al and Ni double-
substituted ZnO gave a ZT value of 0.60 at 1000 K.

While several substituting elements have been reported to increase
electrical conductivity of ZnO, studies on those that increase absolute
value of Seebeck coefficient are very scarce. Among the few, Ghosh
et al. [26] reported the experimental and theoretical studies on Seebeck
coefficient of Mn-doped ZnO thin film where it was found that the
unbalancing of up spin and down spin electrons in the conduction band
and the hopping contribution caused by partially filled Mn d orbital
result in the increase of absolute value of Seebeck coefficient almost
linearly. It is the focus of this current research to simultaneously
substitute Al and Mn in ZnO in hope that their combined positive
effects would increase the overall efficiency.
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2. Experimental
2.1. Sample preparation

Thermal decomposition method was used to prepare Zn;_AlO,
Zn;_Mn,0O (x=0, 0.02, 0.04, 0.06, 0.08) and Zn;_»,Al,Mn,O (x=0,
0.01, 0.02, 0.03, 0.04). In a typical synthesis, a stoichiometric mixture
of Zn(CH3COO0),-2H,0 (Carlo Erba, 99.5%), Mn(CH3COO),-4H,0
(Acros Organic, 99+%) and Al(NO3)>-9H50 (Panreac, 98—102%) was
dissolved in dimethylformamide (Carlo Erba, 99.9%) to form a clear
solution. After the solutions were dried at 70—100 °C, the obtained
products were calcined at 350 °C for 4 h, reground, pressed into pellets,
and subsequently sintered at 1400 °C for 5 h in air.

2.2. Characterizations

Simultaneous thermal analyzer (TGA-DSC), Model TGA/DSCI1,
Metter Toledo was used to investigate thermal decomposition of the
dried samples. The sample was put in an Al,O3 crucible and heated
from 25 °C to 1000 °C with a heating rate of 10 °C/min in air.

FT-IR spectra of the samples were obtained using Fourier trans-
form infrared spectrometer model Tensor 27 Hyperion, Bruker. The
samples were mixed with dry KBr and pressed to form pellets for the
measurements. Spectra were collected in the range 4000—400 cm™*
with a resolution of 4 em™!. Powder X-ray diffraction of the samples
were studied using Bruker D2 Phaser X-ray diffractometer with Cu Ka
radiation (A\=0.15406 A) with 30 mV and 10 mA. Unit cell parameters
were calculated by the Le Bail structure refinement method performed
with TOPAS software. Scanning electron microscopy, (SEM: Hitachi
model: SU5000) equipped with energy dispersive spectroscopy (EDS:
Horiba 50 mm?) was used to study sample morphology and elemental
compositions.

X-ray absorption near edge structure (XANES) is analyzed in the
range of manganese absorption edge. Mn-K edge XANES were
measured on polycrystalline samples using MnO, Mn,03, and MnO,
as the standard. All measurements were conducted at the SUT-
NANOTEC-SLRI XAS Beamline (BL5.2) at Synchrotron Light
Research Institute (SLRI), Nakhon Ratchasima, Thailand. Seebeck
coefficient and electrical conductivity of the sintered samples were
simultaneously measured on ULVAC-RIKO ZEM-3 under He atmo-
sphere. Charge carrier concentration was obtained by Hall measure-
ment at room temperature using four-point probes in the van der Pauw
configuration. The measurement system consists of Keithley 237
source measure unit, Keithley 196 digital multimeter, Agilent 34970
data acquisition, 34903A switching unit and 0.9 T electromagnet. All
units and data acquisition are controlled by a personal computer.

3. Results and discussion

The thermal decomposition of the Zng goAlp 04Mng o4O dried solu-
tion was studied by thermogravimetric analysis (TGA) as a representa-
tive of all samples as shown in Fig. 1. The obtained TGA thermogram is
very similar to that of Zn(CH3C0O0),-2H,0 which was used as a
starting reagent. Thermal decomposition of Zn(CH3COO)»-2H>0
usually consists of two steps corresponding to the loss of two water
molecules at about 80 °C and the loss of acetate groups at 270 °C
[27,28]. Theoretically, the two weight losses should be 16.4% and
46.5%, respectively. The first weight loss observed here is only 5.45%
which is much smaller than that of Zn(CH3COO),-2H50. The difference
was, however, expected as the sample was dried at 100 °C for 5 h prior
to TGA analysis. The second step corresponding to the loss of acetate
group occurs at about 300 °C with the weight change close to the
theoretical value. No weight change is observed at temperature higher
than 350 °C suggesting that the decomposition has been completed.
This temperature was therefore chosen in the calcination process.

Chemical composition of the samples and Zn(CH3COO),-2H,0O
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Fig. 1. Thermogravimetric analysis of the Zng 92Al 04Mng 04O died solution.
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Fig. 2. FT-IR spectra of Zn(CH3C00),-2H,0, dried solution, calcined, and sintered
sample of Zng g2Alp 04Mng 040.

starting reagent was studied by FT-IR (Fig. 2). The similarity between
the spectrum of the dried sample and that of Zn(CH3COO),-2H,0 is
obvious which suggests that the dried sample contains mostly
Zn(CH3C00)5-2H50. The thermal decomposition route is different
from the sol-gel method. In a typical sol-gel method, reactions between
organic components occur in order to form a loose network with metal
cations homogeneously distributed in it. In that case, the FT-IR spectra
of the gel and the starting materials usually differ [29]. In this thermal
decomposition method, neither the chemical reaction nor the gel
formation occurred. However, dissolving starting materials in DMF
homogenously mixed each cation in the atomic level which helped
them react easier to form the product. Nevertheless, the thermal
decomposition route has been proven successful in preparing many
complex oxides at relatively low temperatures [30—33]. The calcined
sample shows much fewer absorption bands in the measured range
indicating a much smaller amount of organic components. While the
absorption bands corresponding to O-H stretching in water from air
(around 3500 cm™') and absorptions corresponding to stretching
vibration of an acetate group (around 1300-1450 cm™) are still
present in the calcined sample, the bands at 400-600 cm™ become
significantly more intense. These absorption bands at low wave number
are characteristics of metal-oxygen bonds. The absence of absorption
related to organic species and the intensified M—O related bands in the
sintered sample indicate that all organic species have been decomposed
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Fig. 3. X-ray diffraction patterns of Zn;_,AlyO samples.

and the oxide product has been formed.

X-ray diffraction patterns of sintered Zn; ,Al,O (x=0.02, 0.04, 0.06,
0.08), Zn;_Mn,0O (x=0.02, 0.04, 0.06, 0.08) and Zn;_»Al,Mn,O
(x=0.01, 0.02, 0.03, 0.04) are shown in Figs. 3-5, respectively.
Diffraction patterns of the major phase in all samples can be indexed
as the wurtzite structure with P63mc space group (JCPDS data file No.
36-1451) suggesting that substituting Al and Mn do not change the
structure of ZnO. For Al-substituted samples, the secondary phase is
observed and indexed as ZnAl,O, whose intensity also increases with
Al content. The presence of ZnAl,O, secondary phase shows that the
solubility limit of Al in ZnO has been reached. The reported value of
such limit in literatures is in between 0.3% and 4% (x=0.003 to x=0.04
in the formula). The discrepancy is possibly a result of different
preparation techniques [34-36]. Although it is difficult to conclude
the exact value of the limit in this work, the presence of the secondary
phase in Zng 9gAlg.01Mng 010 sample indicates that it is lower than 1%.
XRD patterns of all Mn-substituted samples are clear of impurity
phases. The results are consistent with the reported solubility limit of
Mn in ZnO which is between 6% and 20% (x=0.06 to x=0.2 in the
formula) [37,38]. XRD patterns of Al, Mn double substituted samples
show the presence of the main wurtzite phase with small amount of
ZnAl,0,4 secondary phase as expected.

Cell parameter a and c¢ were calculated using Le bail refinement
method on TOPAS software and plotted against the doping content as
shown in Fig. 6. Substituting AI** for Zn®* in the lattice causes a
decrease in unit cell parameters because the ionic radii of AI>* (0.39 &)
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Fig. 4. X-ray diffraction patterns of Zn;_,Mn,O samples.
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Fig. 5. X-ray diffraction patterns of Zn;_»,Al,Mn,O samples.
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Fig. 6. Cell parameter a (a) and c (b) and unit cell volume (c) of Zn;_,AlO, Zn;_,Mn,O,
Zn; 5, AL,Mn,O.

is smaller than that of Zn>** (0.60 A) [11,39]. Changes in cell para-
meters in Al-substituted series are quite small as only small amount of
Al is actually replacing Zn. Replacing Mn for Zn, on the other hand,
increases cell parameters of the samples. As Mn>* (ionic radii is not
reported for tetrahedral coordination but is only 0.58 A in 5-fold
coordination) and Mn** (ionic radii=0.39 A in tetrahedral coordina-
tion) are both smaller than Zn?*, the substituted Mn in these samples
are most likely in 2+ state (ionic radii=0.66 A in tetrahedral coordina-
tion) [40]. The linear relation in Fig. 6 also confirms that Mn solubility
limit has not been reached as the increase in cell parameters is
continuous.

Substituting Al and Mn in ZnO does have some effects on the
sample morphology (Fig. 7). The grain size as observed from SEM
images of Al containing sintered samples are in the range of few
microns. The sample with higher Al content seems to have slightly
smaller grain size (Fig. 7b) which is a result of the pining effect [41].
The inhomogeneity of these samples are clear as they contain several
small precipitates. EDS results indicate that majority of the samples are
Al-substituted ZnO while the precipitates are Al rich, most probably
ZnAl,O4 phase, which is also observed in XRD patterns. On the other
hand, doping Mn increase grain size of the samples. Han et al. [42]
suggested that Mn exists in the grain boundary and promotes the grain
growth by forming the continuous grain boundary phases which
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increase mass diffusion during the growth. Comparing to Al, Mn
distributes much better in the sintered pellet although some Mn-rich
regions are still present in sample with higher Mn content (Fig. 7d).
The contrast between Al and Mn distribution in the samples is clearly
observed in Fig. 8 where only Al-rich precipitates are present. Our
results are different from those recently reported by Hoemke et al. [43]
who prepared similar samples with formula Zngo_(Mn,Aly g0
(x=0.01, 0.02, 0.05, 0.1) and found Mn-rich precipitates in both grains
and grain boundary region. The major difference between these two
sets of samples are the preparation method. The thermal decomposi-
tion route used in this work might play important roles in obtaining
more homogeneous samples.

Mn K-edge XANES was used as a tool to study oxidation state of Mn
in the samples (Fig. 9). Edge energy and spectra feature of the
standards are similar to those reported in literatures [44,45]. Edge
energy of the samples (green dash line) are close to that of MnO (red
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dash line) which contains Mn?* but slightly shifts toward Mn,O3 (blue
dash line). As the slight shift might be a result of other factors rather
than oxidation state such as structural factors [45-47], it is concluded
that Mn in the samples is mainly in 2+ oxidation state. However,
although it is difficult to judge oxidation state of the focused elements
based solely on the edge position, the continue shift of edge energy
from samples with x=0.02 to x=0.08 leads us to believe that there
possibly be a small amount of Mn with oxidation state higher than 2+
in the samples as well. The pre-edge peaks are related to the transition
of Mn 1 s electrons to unoccupied states above the Fermi level and their
high intensity as observed here suggests that Mn is in tetrahedral
environment [47] which confirms the presence of Mn in wurtzite
lattice. Additionally, for structure with tetrahedral coordination, the
single pre-edge peak is also an indicative of Mn>* specie as Mn>* will
give rise to two pre-edge peaks [48]. Mn K-edge XANES spectra of 1%
and 2% double substituted samples (green dash line) (Fig. 10) are
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Fig. 8. EDS elemental mapping of Zng 92Aly 04Mng 040 sintered sample.

similar to those of Mn-substituted samples. However, edge energy of
the 3% and 4% double substituted samples (green dash line) clearly
shifts and are closer to that of Mn,O3; (blue dash line) and MnO»
(purple dash line) standard. Thus Mn in these two samples is in 3+ and
mixed 3+/4+ states. As the spectral features of these samples are
different from that of Mn,O3; and MnO, standard, the samples should
not contain neither oxides as impurity. Lack of other impurity peaks in
the XRD patterns also indicates that Mn®>* and Mn** in these samples
might also be in the wurtzite lattice. However, other possibility is that
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they form impurity phases which are either too small in quantity or are
not crystalline enough to be detected by XRD. Further studies are
required to clarify this matter.

Resistivity of the samples at various temperatures is shown in
Fig. 11. Substituting heterovalent AI** into ZnO is well known to
decrease the sample resistivity [49]. In fact, the sample with 2%Al
shows metallic behavior. However, the low solubility limit of Al in ZnO
gives rise to the insulating ZnAl,O, impurity phase whose presence
increases the resistivity. Therefore, increasing Al content results in the
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Fig. 9. (a,b) Normalized K-edge XANES spectra of Zn;_Mn,O (x=0.02, 0.04, 0.06, 0.08) samples and standards, (c) Pre-edge spectra.

increased resistivity and samples with higher Al content only show
semiconducting behavior. While electronic property of Al doped ZnO is
well established with several reports in literatures [50,51], the reports
on Mn-doped ZnO are inconsistent. In this work, the Mn substituted
samples have much higher resistivity than ZnO. In fact, the conductiv-
ity of the samples at lower temperature was very small and could not be
measured with the currently used technique. Hall measurements at
room temperature indicate that Mn®* decrease carrier concentration of
the samples. While carrier concentration of Zng 9gAlg 02O is as high as
1.5x10%° ecm™3, that of Zng geAlg02Mng 120 is only at 9.4x10'7 em™.
Many studies indicated that substituting Mn>* increase resistivity of
ZnO because Mn acts as a deep donor and suppress the intrinsic defects
which are usually responsible for the conduction in ZnO [52-56]. On
the other hands, some works reported the slight decreases in resistivity

in Mn-doped ZnO [57,58]. Cao et al. suggested, based on XPS results,
that Mn?* in the structure capture oxygen and create more oxygen
vacancies which contribute to the conduction [59]. In addition,
Hoemke et al. [43] who prepared the very similar samples have
concluded, based on the Seebeck coefficients, that Mn is a neutral
impurity and do not affect carrier concentration in ZnO. It should be
noted that both the preparation and measurement conditions have
effects on the obtained results and might be one reason of the
inconsistency [59,60]. The difference of resistivity observed in samples
with different Mn content is very small and could be caused by the
presence of Mn*"/Mn**as observed in XAS results or the sample
microstructure. Resistivity of the double-substituted samples can be
explained based on the coexisting effects from both Al and Mn
substitutions which result in the increased resistivity with increasing
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Fig. 10. (a,b) Normalized K-edge XANES spectra of Zn;_»,Al,Mn,O (x=0.01, 0.02, 0.03, 0.04) samples and standards, (c) Pre-edge spectra.
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doping content.

The negative value of Seebeck coefficients in all samples indicates
the n-type behavior (Fig. 12). In general, Seebeck coefficient is strongly
correlated to the electrical conductivity of the samples and samples
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with low resistivity usually have low absolute value of Seebeck
coefficient. However, deviation from this correlation has been reported
in doped ZnO and other oxides system though the reasons are still
unclear [61-63]. Seebeck coefficient of Mn-doped ZnO thin film has
been studied by Ghosh et al. [26] who suggests that the unfilled Mn d
orbital causes the unbalance spin up and spin down electrons in the
conduction band enhancing the Seebeck coefficient. The Seebeck
coefficient enhancement in Mn substituted ZnO is also obvious in this
work though the relationship between the value and Mn content is not
as clear. Absolute values of Seebeck coefficient of the double sub-
stituted samples increase with increasing doping content which is
consistent with the observed trend in electronic resistivity. However,
double substituted samples show unexpectedly low absolute value of
Seebeck coefficient indicating that the same explanation on the effects
of Mn?* on Seebeck coefficient of ZnO could be directly applied neither
in the samples with Mn®* nor the samples with more than one
substituting atoms. Power factor of the obtained samples were calcu-
lated from S%c (WK™2 m™') and summarized in Fig. 13. Although both
electrical resistivity and Seebeck coefficient affect the power factor, the
first has considerably greater effect. The high power factor is obtained
mainly from the samples with low resistivity regardless of their low
absolute values of Seebeck coefficient. Among all samples prepared in
this work, that with 2%Al exhibits the lowest resistivity thus the highest
power factor followed by ZnO and 1% double substituted sample,
respectively. The results are consistent with those reported in [43].

4. Conclusion

Series of Al-substituted ZnO, Mn-substituted ZnO and Al, Mn
double substituted ZnO polycrystalline samples have been prepared
by thermal decomposition method. While the low solubility limit of Al
in ZnO leads to a presence of impurity in sample with Al content as low
as 0.02, all Mn-substituted samples were clear of any second phase.
Changes in lattice parameters and Mn K-edge XANES suggest that Mn
is mainly 2+ in Mn-substituted ZnO but evidence of Mn®* and Mn**
existence was observed in some double substituted samples.
Thermoelectric properties of all samples have been investigated. Al
and Mn substitution have opposite effects on thermoelectric properties
of ZnO. Electrical conductivity of ZnO is improved by Al substitution
while the Seebeck coefficient is significantly improved by Mn substitu-
tion. Double substituted samples seem to show effects from both Al and
Mn. Nevertheless, the effect of electrical conductivity is dominant
which results in the highest power factor being observed in the most
conductive sample, Zn ¢gAlg,020.
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