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2 mol% Al-doped ZnO nanoparticles were consolidated into a ZnO nanocomposite with ZnAl,O4
nanoprecipitates by spark plasma sintering and its high-temperature charge transport and
thermoelectric properties were investigated up to 1073 K. The carrier concentration in the
nanocomposite was not dependent on the temperature, while the Hall mobility showed positive
temperature-dependence due to grain boundary scattering. The negative Seebeck coefficient of the
nanocomposite was linearly proportional to the temperature, and the density of the state effective mass
(mg*) was evaluated to be 0.33m, by using the Pisarenko relation. Drastic reduction of thermal
conductivity (k <2 W m~' K™") was achieved in the nanocomposite, and the maximum ZT of 0.34 was

obtained at 1073 K.

Introduction

Recently, thermoelectric research for power generation from
waste heat has been explosively renewed due to increasing global
concern for energy and environmental issues.' The waste heat
can be directly converted into electric power by the thermoelec-
tric generation and its efficiency is mainly governed by the
properties of thermoelectric materials. Since the first report on its
thermoelectric properties by Ohtaki’s group,* ZnO has attracted
considerable attention as a n-type oxide thermoelectric material
due to its abundance, non-toxicity, and low cost. The perfor-
mance of a thermoelectric material is determined by the dimen-
sionless figure of merit, ZT = S%¢T/k, where S, o, T and « are
Seebeck coefficient, electrical conductivity, absolute temperature
and thermal conductivity, respectively. Therefore, the reduction
of the thermal conductivity without significant loss of power
factor (S%0) is strongly demanded for the enhancement of the
thermoelectric performance.

In a ZnO thermoelectric materials system, phonon scattering
mechanisms, such as impurity scattering by dual doping and
grain boundary scattering by nanostructuring, have been
successfully applied to the thermal conductivity reduction.>”
Ohtaki et al reported the highest ZT of 0.65 at 1247 K in
7Zng.96Alp.02Gag 020 and it is the best ZT value in n-type bulk
oxide thermoelectric materials to date.® Kinemuchi er al.
observed drastic reduction of thermal conductivity (k <5 W m™~!
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K™") in undoped ZnO nanocomposites by the grain boundary
scattering,® and Jood et al. could reduce the thermal conductivity
even further (k < 2 W m~! K') in an Al-doped ZnO nano-
composite  containing  uniformly  distributed ZnAl,O4
nanoprecipitates.”

Despite the significant achievements in the thermal conduc-
tivity reduction, the high-temperature charge transport mecha-
nism in a ZnO nanocomposite has not yet been fully
understood. At room-temperature and below, the charge
transport mechanism in ZnO has been extensively investigated
for the transparent conducting oxide applications.®® Electrons
can be scattered by grain boundary, lattice vibration and
ionized impurity, and the main scattering mechanism is deter-
mined by the temperature and the carrier concentration in
ZnO."12 Because the thermoelectric phenomenon is governed
by the transport mechanisms of both electrons and phonons,
understanding the high-temperature charge transport mecha-
nism is of great importance for further improvement of ZnO
thermoelectric materials.

In this work, we report the high-temperature charge transport
and thermoelectric properties of a degenerately Al-doped ZnO
nanocomposite. The ZnO nanocomposite was prepared by the
spark plasma sintering of Al-doped ZnO nanoparticles. Charge
transport properties in the nanocomposite were characterized
up to 1073 K by using a Hall measurement system, and grain
boundary scattering was found to be the main electron scat-
tering mechanism. The relation between the charge transport
and thermoelectric properties in the nanocomposite was dis-
cussed and it could be interpreted by using the classical Pisar-
enko relation. Besides, the impacts of the nanostructuring on
the thermal conductivity in thermoelectric ZnO were also
discussed.
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Experimental
Synthesis

2 mol% Al-doped ZnO nanoparticles were synthesized via
a solution method wusing =zinc nitrate hexahydrate
(Zn(NOs),-6H,0), hexamethylenetetramine ((CH,)gNy), and
aluminum nitrate nonahydrate (Al(NO3)3-9H,0) as dopant
materials. The zinc nitrate hexahydrate and the hexamethy-
lenetetramine have been extensively used as agents for the
formation of ZnO nanoparticles.*'* 7.288 g (0.049 M) of zinc
nitrate hexahydrate, 35.048 g (0.5 M) of hexamethylene-
tetramine, 0.188 g (0.001 M) of aluminum nitrate non-
ahydrate were dissolved in 500 ml of deionized water in
a beaker, and then the above solution was heated to 80 °C for
1 h on a hot plate. When the reaction was completed, the
solution was cooled naturally to room temperature. The white
precipitate was separated by centrifuging, washed with
ethanol and deionized water, and finally dried in an oven at
100 °C for 6 h. The Al-doped ZnO nanoparticles were
consolidated into the nanocomposite by spark plasma sin-
tering. The nanoparticles (3.5 g) were loaded into a graphite
mold and placed into the sintering chamber. The mold was
heated up to 900 °C at the heating rate of 100 °C min~' and
held for 5 min in a vacuum. During the heating and sintering
process, a uniaxial constant pressure of 50 MPa was applied.
Then, the pressure was released, and the sample was furnace
quenched to room temperature. Graphite foils were used to
transmit electric current effectively to the sample during the
spark plasma sintering. After the sintering process, the
graphite foils were completely removed by using a diamond
cutter. The diameter and the height of the sintered body were
12.5 mm and 6 mm, respectively.

Characterization

The crystal structure of the Al-doped ZnO nanoparticle was
characterized by using an X-ray diffractometer (XRD, Rigaku,
D/MAX-3C) with Ni filtered Cu Ka radiation. The operation
voltage and current were kept at 40 kV and 45 mA, respec-
tively. Microstructural properties of the nanoparticle and the
nanocomposite were characterized by using a scanning trans-
mission electron microscope (STEM, Hitachi, HD-2300A)
operating at an acceleration voltage of 200 kV. To analyze the
elemental distribution in the nanoparticle and the nano-
composite, energy dispersive X-ray spectroscopy (EDS) line
scan and elemental mapping were performed during the STEM
measurement. Furthermore, a high-resolution transmission
electron microscopy (HRTEM) study was performed in
a JEOL JEM-4010 to investigate the second phase in the
nanocomposite. Electrical conductivity and Seebeck coefficient
were measured by using a thermoelectric property measure-
ment system (TPMS, Ozawa Science, RZ-2001i) with a four-
probe method. High-temperature charge transport properties
were characterized up to 1073 K by using a high-temperature
Hall measurement system (HT-Hall, Toyo Corporation,
ResiTest 8400) under a magnetic field of 0.57 T. Thermal
conductivity was measured by using a laser flash method
(NETZSCH, LFA-457).

Results and discussion

Microstructural properties of the degenerately Al-doped ZnO
nanocomposite

Fig. 1(a) shows the XRD pattern of the 2 mol% Al-doped ZnO
nanoparticles. The XRD pattern reveals that all peaks corre-
spond to a hexagonal wurtzite structure (JCPDS card no. 36-
1451). The lattice parameters calculated from the XRD pattern
are a = 3.265 A and ¢ = 5.229 A. These values are slightly
greater than the JCPDS values for undoped ZnO powder (¢ =
3.250 A and ¢ = 5.207 A). The increase in the lattice param-
eters of the Al-doped nanoparticles is related to the incorpo-
ration of AI** ions into Zn** sites and interstitial positions.!-1¢
No traces of any secondary phases or other impurities were
detected, indicating that the nanoparticles consist of a single
wurtzite phase. Fig. 1(b) represents a STEM micrograph of the
nanoparticles. This figure clearly shows that nano-sized ZnO
particles (average size: ~90 nm) were synthesized by the
solution method. The corresponding EDS elemental mapping
images of Zn, O, and Al are represented in Fig. 1(c)—(e),
respectively. These figures illustrate the distribution of the
individual elements of Zn, Al, and O in the nanoparticles,
showing that the Al dopant is uniformly distributed in the
nanoparticles.
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Fig.1 (a) An XRD pattern of the 2 mol% Al-doped ZnO nanoparticle.
(b) A STEM micrograph of the nanoparticles. (c), (d), and (e) are the
corresponding EDS elemental mapping results of Zn, O, and Al,
respectively.
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Fig. 2 (a) A STEM micrograph of the Al-doped ZnO nanocomposites
and EDS line profile of Zn, O, and Al. (b), (c), and (d) are the corre-
sponding EDS elemental mapping results of Zn, O, and Al, respectively.
ZnAl,O4 nanoprecipitates are marked by yellow circles in (d). (¢) A
HRTEM micrograph of a ZnAl,O, nanoprecipitate and the corre-
sponding FFT image (inset).

A STEM micrograph of the nanocomposite is shown in
Fig. 2(a). In comparison with other sintering methods, the spark
plasma sintering enables ZnO nanoparticles to be densely
consolidated into the nanocomposite with suppressed grain
growth due to the simultaneous application of pressure and
electric current on the nanoparticles in a short process time.”!”*?
The average grain size in the nanocomposite was ~200 nm and
the relative density was 94%. An EDS line scan was performed
along the yellow line in Fig. 2(a), and the resulting profile of Zn,
0O, and Al indicates formation of an Al-rich phase. This result
indicates that ZnAl,O,4 nanoprecipitates were formed during the
spark plasma sintering process. Fig. 2(b)—(d) show correspond-
ing EDS elemental mapping images of Zn, O, and Al, respec-
tively. In agreement with the EDS line scan result, the EDS
elemental mapping images in Fig. 2(b)—(d) also revealed that the
ZnAl,O4 nanoprecipitates (average size: ~100 nm, marked by
yellow circles in Fig. 2(d)) were produced in the nano-
composite.*” The crystal structure of the nanoprecipitate was
also proven to be ZnAl,O,4 by using the HRTEM micrograph in
Fig. 2(e) and its Fast Fourier Transformation (FFT) image in the
inset. The nanoprecipitates were distributed over the whole area
of the nanocomposite. The effect of the nanoprecipitates on the

charge and thermal transport in the ZnO nanocomposite will be
discussed below.

Charge transport properties of the degenerately Al-doped ZnO
nanocomposite

Electrical conductivities of the ZnO nanocomposite were inde-
pendently characterized by using TPMS and HT-Hall measure-
ments as shown in Fig. 3(a). They showed almost the same
tendency and quite similar values (4o < 6%). Rapid increase of
the electrical conductivity was obviously observed above
~723 K, while the increase of the electrical conductivity was not
significant below that temperature. The transition of the elec-
trical conductivity at around 723 K was also observed in a recent
article, but the authors regarded the increase of carrier concen-
tration as the origin of the semiconducting behavior at the
relatively high temperature.* However, the HT-Hall measure-
ment revealed that the carrier concentration in the nano-
composite was not strongly dependent on the temperature
(Fig. 3(b)). Regardless of the temperature, the carrier concen-
tration was almost constant. Its average value was 6.8 x 10"
cm~? and it satisfied the criteria of the degenerate ZnO semi-
conductor (n > 3.7 x 10" cm~)."! Considering the amount of Al
dopants (2 mol%), the carrier concentration in the nano-
composite was one order lower than the theoretical carrier
concentration (n = 7.4 x 10 cm?). Firstly, the formation of the
ZnAl,O, spinel phase observed in Fig. 2 can be one reason as
reported by Tsubota et al. (n = 7.2 x 10" cm~3 in 2 mol% Al-
doped Zn0O).?® Secondly, because the Hall measurement can
detect only in-grain carrier concentration, trapped electrons at
grain boundary interfaces can be the other reason for the
observed carrier concentration.'

Fig. 3(c) shows temperature-dependent Hall mobility of the
nanocomposite. The mobility showed weak temperature depen-
dence at relatively low temperature, but it rapidly increased
above 723 K. As expected from the carrier concentration in
Fig. 3(b), the temperature-dependent electrical conductivity was
mainly governed by the mobility. Because the electrical
conductivity in the nanocomposite was quite less than that
reported by Ohtaki et al. in conventionally prepared 2 mol% Al-
doped ZnO by solid state reaction between ZnO and Al,O3
powders,* grain boundary scattering can be regarded as the main
scattering mechanism in the electron transport. In a poly-
crystalline semiconductor, Seto established a thermionic emis-
sion model for the scattering by the grain boundary barrier,
where the barrier height (®g) can be obtained from the slope of
In(uT"?) vs. 1/T. Although it is invalid only for the non-degen-
erate case, this model has been widely applied to explain the
transport mechanism in degenerately doped oxide semi-
conductors.?®*** However, as clarified by Bruneaux et al.,*
Fermi-Dirac statistics should be considered for degenerately
doped semiconductors, and the temperature dependence of the
mobility can be expressed as shown in eqn (1):

u= ATexp(— ]‘f—T) (1)

where A4 is a pre-exponent factor, which is dependent on the
carrier concentration, effective mass and grain size, k is the
Boltzmann constant, 7 is the absolute temperature, and

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 14633-14638 | 14635


http://dx.doi.org/10.1039/c2jm31763j

Published on 17 May 2012. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 05/12/2013 04:46:13.

View Article Online

T 2804

§ *1(a) ~

0, 260 P )

.‘E‘ 2404 ‘

5 2204 ®

=

©

S 200 »

8 180 &)

©

8 160

£ P

ISl T m TPMS

o b4 @® HT-Hall
120

T
200 300 400 500 600 700 800 900 1000 1100
Temperature [K]

26

[ |
24 (C)
P 22 n
2 n
g 204 -
2> 181 u
3 u
g 164
= n®

14

gEemEmEn"
12

T T r T T T T T
300 400 500 600 700 800 900 1000 1100
Temperature [K]

19

Carrier concentration [10 /cms]

2 r T T T T T T T
300 400 500 600 700 800 900 1000 1100
Temperature [K]

Above 723 K
-12.6

-12.7 4

-12.8

-12.9

In(Mobility/T)

-13.0 4

-13.1

-13.2

0.0610 0.0615 0,0620 0.0625
T [1/K]

Fig.3 Temperature-dependent (a) electrical conductivity, (b) carrier concentration, and (c) mobility of the Al-doped ZnO nanocomposite. (b) A plot of
In(w/T) vs. 1/T from the grain boundary scattering model by Bruneaux et al. This plot indicates temperature-dependence of the grain boundary barrier in
the nanocomposite. The corresponding band structures of the nanocomposite are schematically represented in insets of (d). Dotted lines in the insets

indicate the grain boundaries.

& = Pg — (Er — Ec) is an activation energy related to the grain
boundary barrier height (@) and the energy difference between
the Fermi level and the bottom of the conduction band in the
neutral region (Er — Ec). The activation energy, @5, can be
achieved from the slope of In(w/T) vs. 1/T in Fig. 3(d). Below 723
K, it showed a negative slope of —40 meV. This result revealed
that the Fermi level is higher than the barrier height, ®g. The
difference between Er and Ec was estimated by using a free
electron model,?? eg = 37 n)**Hh*2m, = 183 meV for n = 6.8 x
10" cm~* and m, = 0.33m,. Consequently, the grain boundary
barrier height was found to be 143 meV. Despite its negative
activation energy, very weak positive temperature dependence of
the mobility was observed in this temperature range as shown in
Fig. 3(c), and it can be attributed to the non-negligible grain
boundary scattering as proposed by Prins et al.?¢

As temperature increased, the activation energy gradually
increased and eventually became a positive value (~33 meV). It
indicated that the degenerate Fermi level located between the
conduction band maximum of the ingrain neutral region and the
top of the grain boundary barrier. In this case, the grain
boundary barrier height was 216 meV. A possible explanation for
the temperature dependence of the grain boundary barrier height
could be made by considering a grain boundary model in ZnO
proposed by Gupta and Carlson. According to the model, the
formation of negatively charged zinc vacancies at the grain
boundary interface increases the barrier height.?” Therefore, the
evolution of the positive activation energy (®,) above 723 K can
be attributed to the changes in the space charge distribution
around the grain boundary interface and it can be regarded as the
reason for the transition in the electrical conductivity observed in

Fig. 3(a). The temperature-dependent activation energy for the
nanocomposite is schematically shown as band structures in
insets of Fig. 3(d).

Thermoelectric properties of the degenerately Al-doped ZnO
nanocomposite

The Seebeck coefficient of the degenerately Al-doped ZnO
nanocomposite was characterized by using TPMS and the result
is shown in Fig. 4(a). Negative Seebeck coefficients (—50 to —140
pV K- were observed in the nanocomposite over the whole
temperature range, and are in good agreement not only with the
experimental results reported in a bulk ZnO,?® but also with
recent calculation based on Boltzmann transport theory.?®
Unlike the case of the electrical conductivity, the effect of grain
boundaries in the nanocomposite on the Seebeck coefficient was
not significant. Interestingly, the negative Seebeck coefficient was
monotonously increasing with temperature. The linear relation-
ship between S and T has also been observed in the literature, but
the origin has not yet been reported.*” The Seebeck coefficient
can be expressed by using the Pisarenko relation in eqn (2):

82T . /023

5= 3gh? Ma (E) ’ &)
where & is Planck’s constant, ¢ is an electron charge and mg* is
a density of the state (DOS) effective mass at the Fermi level.
Because the carrier concentration in the degenerately doped
nanocomposite was not strongly affected by temperature as
shown in Fig. 4(b), the Seebeck coefficient should be linearly
proportional to the temperature when the DOS effective mass,
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mg*, is constant. Furthermore, the DOS effective mass can be
measured by the slope of Sr** vs. T. The straight slope in
Fig. 4(b) indicates that the effective mass in the nanocomposite is
0.332m,, and it is strikingly consistent with the result reported by
Kim er al® They measured the DOS effective masses in highly
doped ZnO thin films by using the method of four coefficients
(MFC), where Hall coefficient, Nernst coefficient, Seebeck
coefficient and electrical conductivity are used for the measure-
ment. The effective mass measured by the MFC method
increased with increasing carrier concentration, and it varied
within the range of 0.30-0.47m, when n is lower than 7 x 10%
cm>. In this experiment, we could exactly measure mg* in the
bulk ZnO nanocomposite by using only two parameters, namely
the temperature-dependent carrier concentration and the
temperature-dependent Seebeck coefficient. From these results, it
was manifested that the Seebeck coefficient in the degenerately
doped ZnO nanocomposite follows the classical Pisarenko rela-
tion without any extra effect induced by the nanostructure.

The effect of the nanostructure in the nanocomposite was
clearly corroborated in thermal conductivity (Fig. 5(a)). In this
figure, lattice thermal conductivity (k1) was determined by using
the Wiedemann-Franz law, k;, = x — LoT, where L is the
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Fig. 5 (a) Temperature-dependent thermal conductivity and (b)
dimensionless figure of merit of the Al-doped ZnO nanocomposite. The
inset in (a) shows a plot of the lattice thermal conductivity vs. 1/7. The
highest ZT of 0.34 at 1073 K was achieved in the nanocomposite.

Lorentz number (2.45 x 10~® V> K~2). The thermal conductivity
in the nanocomposite was at least 4-fold lower than those in
conventionally prepared Al-doped ZnO materials.**® The
thermal conductivity in the nanocomposite was 7.6 W m~' K-! at
room temperature and it monotonically decreased with
increasing temperature (kjgoox < 2.0 W m~' K~'). By using the
Callaway formula, Kinemuchi ez al. reported that the thermal
conductivity in a ZnO nanocomposite can approach below 5 W
m~' K~' at high temperature only if the grain size is less than
100 nm.®* However, we observed the drastic reduction of the
thermal conductivity in the nanocomposite whose grain size is
around 200 nm. Recently, Jood et al. reported a very low thermal
conductivity in a ZnO nanocomposite (kjgpoox < 2.0 Wm— K=1).7
Although the grain size in the nanocomposite was no smaller
than 1 pum, they could achieve the significant thermal conduc-
tivity reduction mainly due to the ZnAl,O4 nanoprecipitates and
intergranular nanograins. This kind of thermal conductivity
reduction by nanoprecipitates has also been widely reported for
other thermoelectric material systems.?*35 Therefore, the low
thermal conductivity in this oxide nanocomposite was achieved
not only by the nanograins in the nanocomposite, but also by the
ZnAl,O4 nanoprecipitates. Furthermore, a plot of the lattice
thermal conductivity vs. 1/7 shows a good linearity, as shown in
the inset of Fig. 5(a), indicating that Umklapp processes play
a dominant role in the phonon scattering.?*3¢-3#
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The dimensionless figure of merit, ZT, of the degenerately Al-
doped ZnO nanocomposite is shown in Fig. 5(b). The maximum
ZT of 0.34 at 1073 K was achieved in the nanocomposite and it is
a significantly enhanced value compared to Ohtaki et al.’s orig-
inal report (0.30 at 1273 K).* Because the ZT value is a collective
property of S, o, and k at a temperature, understanding the
effects of the nanocomposite on each parameter in ZT is of great
importance for further improvement. As discussed above, the
effects of the nanostructuring were mainly observed in the
transport properties of electrons (¢) and phonons (k) rather than
the Seebeck coefficient due to the scattering at the nanograin
boundaries and nanoprecipitates. It implies that the key factor
for the enhancement in ZT is how much we can increase g/ by
the nanostructuring. Therefore, the increase of o/, by control-
ling the grain size, nanoprecipitate and carrier concentration in
the nanocomposite, is strongly demanded for further enhance-
ment in ZT. Moreover, the increase of S by nanostructuring,
such as the carrier filtering effect by nanoprecipitates,®*** may
provide a new pathway for the enhancement in the ZnO nano-
composite system.

Conclusions

A degenerately Al-doped ZnO nanocomposite was successfully
fabricated by the spark plasma sintering of 2 mol% Al-doped
ZnO nanoparticles, and its charge transport and thermoelectric
properties were investigated. Firstly, the peculiar temperature-
dependence of the Hall mobility was characterized in the nano-
composite mainly due to the grain boundary scattering of the
electrons. Secondly, the carrier concentration was independent of
the temperature, and it was the origin of the linear relationship
between the Seebeck coefficient and temperature in the frame of
the Pisarenko relation. The interpretation of these results
provided us the density of the state effective mass (mg* = 0.33m,)
in the nanocomposite. Finally, we obtained a very low thermal
conductivity of less than 2.0 W m~' K! and it was due to the
enhanced phonon scattering at nanograin boundaries and
nanoprecipitates.
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