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Thermoelectric properties of BagGacGesg with TiO, nanoinclusions
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The effects on thermal and electrical properties of adding small amounts of TiO, nanoinclusions to
bulk BagGa,sGes, clathrate have been investigated. The thermal properties were analysed using
the transient plane source technique and the analysis showed a significant decrease in thermal
conductivity as the volume fraction of TiO, increased from 0 vol. % to 1.2 vol. %. The
introduction of TiO, nanoparticles caused a shift in the peak value of the Seebeck coefficient
towards lower temperatures. The maximum value of the Seebeck coefficient was, however, only
little affected. The introduction of TiO, nanoparticles into the bulk BagGa;sGe; resulted in an
increased electrical resistivity of the sample, thus simultaneously reducing the charge carrier
contribution to the thermal conductivity, partly explaining the decrease in total thermal
conductivity. Due to the large increase in resistivity of the samples, ZT was only somewhat
improved for the material with 0.4 vol. % TiO, while the ZT values of the other materials were
lower than for the reference BagGa,sGesy material without TiO, nanoparticles. The combined
results are consistent with a scenario where the nanoparticle introduction causes a light doping of
the semiconductor matrix and an increased concentration of phonon scattering centres. © 2072

American Institute of Physics. [http://dx.doi.org/10.1063/1.4748152]

INTRODUCTION

The conversion of chemically stored energy into useful
mechanical or electrical energy has been at the centre of atten-
tion for scientists since the start of the industrial revolution in
the 19th century. Today the focus is put on a more efficient
use of the available fuel. This is largely due to increasing
energy prices and global environmental concerns. There is no
single answer to these challenges, but a small part of a more
energy-efficient and environmentally friendly future society
could be the use of thermoelectric materials for waste heat re-
covery. Thermoelectric materials can convert a temperature
gradient into electrical current through a non-destructive
solid-state process. For long these materials have had too low
conversion rates relative to their cost to be considered for
large scale commercial applications and have thus been used
only in very specialized applications, e.g., in the space indus-
try where functionality and reliability are most important.
Today the situation is changing and thermoelectric generators
are becoming part of the plans for the future of, e.g., the auto-
motive industry. Since the mid 1990s, when Slack presented
the concept of the phonon glass electron crystal (PGEC)' and
Dresselhaus er al. showed that reducing the dimensions of
thermoelectric materials has great potential to vastly improve
their thermoelectric properties, > great progress has been
made in the field. The potential of a thermoelectric material is
governed by its Seebeck coefficient (S), electrical conductivity
(0), and thermal conductivity (x). These properties can be
combined in a dimensionless figure-of-merit, ZTzTSza/K,
where T is the absolute temperature. The larger ZT is, the
more efficient the material. Therefore an efficient thermoelec-
tric material should have a large Seebeck, high electrical con-
ductivity and low thermal conductivity. This, of course, is not
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easily achieved since all these properties are interrelated.
Large efforts are made to find paths around these interrela-
tions, e.g., by selectively lowering the phonon part of the ther-
mal conduction without affecting the electrical conductivity.
This can be done using complex crystal structures or by creat-
ing heterostructures, achieved, e.g., by introducing nanopar-
ticles of one material into the bulk matrix of another
thermoelectric material to reduce the phonon mean free path
in the composite material.* An additional effect of introducing
nanoparticles has been suggested to increase the Seebeck
coefficient by filtering low energy electrons through a mecha-
nism of bending the band structure at the interface between
the nanoinclusions and the bulk phase and thus creating an
energy barrier which only electrons with high enough energy
can surpass.’ The efficiency of this concept is currently under
debate and more studies of such systems are needed.®™

It has been reported that introduction of TiO, nanopar-
ticles has a positive effect on the ZT value of Baj,Co4Sb;,
filled skutterudites,9 and it is therefore of interest to investi-
gate if a similar effect can be obtained for other high
performing thermoelectric materials. The BagGa;sGesq
clathrate has received much interest as a high performance
n-type thermoelectric material with the highest reported
ZT =1.35 at 900 K."*"'® In this paper, the effects on the ther-
moelectric properties of BagGa;sGe;( clathrate achieved by
the addition of TiO, nanoparticles are evaluated.

EXPERIMENTAL METHODS
Preparation of materials

A batch of 30 g of BagGa,4Ge;( clathrate was prepared
from high purity elements; Ba, Ga, and Ge (Sigma-Aldrich)

© 2012 American Institute of Physics
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by direct solid state reaction at high temperature. To achieve
high phase purity, a 2.5 wt. % of excess Ba was added as pro-
posed by Saramat et al.'* The elements were mixed in a
glove box with a high purity argon environment and placed
in alumina crucibles, which were subsequently placed in a
sealed quartz tube. The quartz tube was first evacuated and
then placed in a furnace (Thermolyne 21100 tube furnace
with Eurotherm controller). The reaction vessel was first
heated to a temperature of 1050 °C to ensure melting and the
temperature was then lowered to 963 °C for crystal growth
and kept there for 38 h, similar to a previously described
method.'” The vessel was then cooled (100°C/h) to room
temperature. The prepared material was removed from the
crucible and ground to a fine powder using a Retsch MM400
mixer mill.

Three materials were prepared by mixing parts of the
BagGa;sGes( clathrate powder with different amounts of
TiO, nanoparticles, amounting to 0.4 vol. %, 0.8 vol. %, and
1.2 vol. % of TiO,, respectively. The TiO, nanoparticles,
from Sigma-Aldrich (prod. #637262), had the rutile structure
and a broad particle size distribution with an average diame-
ter below 100nm. The particles were mixed with the
BagGa,sGes( powder, using the mixer mill, with the purpose
of crushing possible agglomerates of TiO, particles and dis-
persing them evenly in the clathrate powder matrix. The
powders were then compacted using the spark plasma sinter-
ing (SPS) technique (Dr. Sinter 2050, SPS Syntex Inc.,
Japan) placing the powder in graphite dies and applying a
temperature of 700 °C and a pressure of 100 MPa. The sin-
tered bodies were cylinders of 12 mm diameter and 6—7 mm
thickness. Each cylinder was cut in half so that two discs of
2-3mm thickness each were obtained from each material
and these pairs were subsequently used for thermal conduc-
tivity measurements by sandwiching the transient plane
source (TPS)-sensor between them. After the thermal con-
ductivity measurements, the discs were cut into rectangular
bars of 10 x 3 x 3 mm> on which measurements of Seebeck
coefficient and electrical resistivity were performed.

Characterization of materials

The milled clathrate powder was analysed with x-ray
diffraction to confirm crystal structure and phase purity using
a Bruker XRD D8 Advance instrument. Data were collected
within 20 angles 20°-60° wusing Cu K, radiation
(A=1.542 A) and uniform step size with a scanning time of
15 min. Analysis was also made on the sintered bodies to
assess possible phase changes that might occur during sinter-
ing. For this measurement, a scanning time of 20 min was
used.

The thermal conductivity (k) of the sintered bodies was
measured with a Hot Disk TPS 2500 S instrument. This is an
instrument that uses the TPS technique.”® The instrument
uses a sensor made up of a double spiral of a conducting ma-
terial connected to a highly sensitive voltmeter. The spiral
acts as both sensor and heater. A constant current is sent
through the spiral during the measurement, which raises the
sensor temperature by a few degrees. The heat then dissi-
pates into the sample and from the resulting temperature
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transient, monitored by the sensor, the thermal conductivity
is calculated. The temperature of the sensor is measured by
monitoring its resistance and relating it to the temperature
through the temperature coefficient of resistance (TCR). The
sensor has the shape of a very thin disc, with the metal dou-
ble spiral protected on each side by a thin electrically insulat-
ing layer, in this case mica, and is sandwiched tightly
between the two discs of the sample specimen. A particular
limitation of the current version of the sensor is caused by
the use of nickel in the double spiral. Nickel exhibits a
change in its electrical properties in the vicinity of its Curie
temperature that occurs at 358 °C around which measure-
ments do not give physically meaningful values between 300
and 420°C, as described elsewhere.?! Measurements were
performed at temperatures ranging from 100 to 650°C and
were repeated 5 times at each temperature. The results pre-
sented are averages of the five measurements at the respec-
tive temperature. All measurements were conducted under
helium atmosphere.

The Seebeck coefficient (S) and the electrical resistivity
(1/0) of the sintered bodies were measured using an ULVAC
ZEM-3 instrument. The measurements were performed
between 100 and 650 °C in low pressure He atmosphere. The
resistivity is measured with a standard 4-point probe method
by sending a step current through the sample rod and at the
same time using two probes to measure the voltage differ-
ence along the length of the rod. This way the resistance of
the sample can be calculated and with known sample dimen-
sions the electrical resistivity is obtained. The Seebeck coef-
ficient is acquired by heating one end of the sample rod,
creating a temperature gradient, and then measuring the gen-
erated potential between the probes. For each measurement
temperature, three different temperature gradients were used
to minimize the measurement error. The measurements were
made during both increasing and decreasing temperature
ramps to assess the presence of possible hysteresis effects.

The electrical property measurements were comple-
mented by Hall measurements at 300K and 400K using a
physical property measurement system (PPMS), from Quan-
tum Design, employing the ACT module with horizontal ro-
tator. For these measurements, a five wire setup and a
magnetic field direction at both 0° and 180° were employed.

RESULTS AND DISCUSSION
Structural characterization

The XRD diffractogram of the prepared clathrate pow-
der matched very well that previously reported.”> The con-
centration of the commonly observed germanium impurity
phase was very low. After sintering, some of the samples
had small cracks and were somewhat brittle. The XRD anal-
ysis of the sintered samples (see Fig. 1) showed the appear-
ance of small peaks due to germanium formed during the
sintering process. The magnitude of these peaks increases
with increasing TiO, content. The very small addition of
TiO,, in the combination with its small particle size, made it
not possible to detect the TiO, phase with the XRD instru-
ment used and possible decomposition products due to the
sintering could not be discerned either.
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FIG. 1. X-ray diffractograms of the BagGa;sGe;, powder used for making
all of the composites, the sintered BagGa;¢Ges reference material, and all
of the sintered BagGa;sGesy materials with TiO, included. The asterisk
marks the germanium (111) peak found as an impurity in some of the sin-
tered materials.

Electrical properties

The electrical resistivity of the studied materials was
found to greatly increase with the concentration of added
TiO, nanoparticles as shown in Fig. 2. This is expected,
partly because the electrical conductivity of TiO, is very
poor and partly as a result of an increased number of scatter-
ing interfaces. The reference sample free from TiO, and the
0.4 vol. % TiO, sample both show the typical behaviour of
heavily doped semiconductors where the intrinsic transition
appears to be present somewhat above 650 °C. The materials
with higher amounts of TiO, show a more complex semicon-
ducting behaviour, having a local maximum in resistivity at
500°C, indicating that the intrinsic transition occurs at a
lower temperature compared to the reference sample and the
0.4 vol. % sample. The lower intrinsic transition temperature
in turn points toward a lower charge carrier concentration
consistent with the reduced overall electrical conductivity
observed. Fig. 3 shows the measured values of the Seebeck
coefficients of the studied materials. The material with 0.4
vol. % TiO, shows a slight increase in absolute values of the
Seebeck coefficient compared to the reference clathrate ma-
terial without TiO,, in a similar trend as that observed for the
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FIG. 2. Electrical resistivity of BagGa;sGeso materials with different
amounts of TiO, nanoparticles. The sample labelled Ref is the BagGa;sGesq
material without TiO, included.
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FIG. 3. Seebeck coefficient of BagGa;sGesyy materials with different
amounts of TiO, nanoparticles. The sample labelled Ref is the BagGa,sGesq
material without TiO, included.

resistivity and with apparent maxima somewhat above
650°C. The two materials with higher TiO, content show
maxima in Seebeck coefficient at 500 °C, the same tempera-
ture as their local maxima in resistivity, consistent with a
reduction in the concentration of charge carriers as discussed
above. The results of the Hall measurements performed at
27°C and 127 °C have been converted to charge carrier con-
centrations and are presented in Fig. 4. From these measure-
ments, it can be seen that the addition of TiO, to the
BagGa,4Ges clathrate has a complex effect on the charge
carrier concentration where the material with 0.4 vol. %
TiO, shows a higher carrier concentration than the reference
whereas the materials with higher amounts of TiO, show
lower carrier concentrations. These results are in general ac-
cordance with the observed effects on the electrical resistiv-
ity and the Seebeck coefficient and explains why the
resistivity is only slightly increased for the 0.4 vol. % sample
while significantly more so for the samples with higher con-
centrations of TiO,. Judging from the similar behaviour of
the reference sample and the 0.4 vol. % TiO, sample, and
the samples with 0.8 and 1.2 vol. % TiO,, respectively, there
seems to be a threshold somewhere in the vicinity of 0.4
vol. % TiO,, above which the combined effects of additional
TiO, particles in the BagGa;sGesy matrix on the charge

Fa 4.0x1 020 T T T T T T T

20 |

2
)
X
—_
o

Charge carrier concentration (cm

1.0x10%°

00 02 04 06 08 10 12
Amount of TiO, added to the Ba,Ga, Ge, matrix (vol%)

FIG. 4. Experimental charge carrier concentrations for all BagGa;sGeso
samples at 27 °C and 127 °C, as a function of TiO, content in the matrix.
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FIG. 5. The thermal conductivity of BagGa;sGes, materials with different
amounts of TiO, nanoparticles. The sample labelled Ref is the BagGa,;sGesq
material without TiO, included.

carrier concentration and mobility affect the material proper-
ties unfavourably, i.e., the electrical conductivity is greatly
reduced while the thermopower has reached an optimum af-
ter which it slowly declines. The high carrier concentration
found for the 0.4 vol. % material is believed to be due to a
partial reduction of the TiO, that results in doping of the
clathrate, with Ti donating electrons to the material in a simi-
lar fashion to that observed for TiO, in Mg2Si.23 Presum-
ably, it is not possible to reduce the larger quantities of TiO,
which is why those materials have lower carrier concentra-
tions, proposing that TiO, in excess of the threshold has a
reversed effect on the doping level.

Thermal conductivity

In Fig. 5, the thermal conductivity of the four materials
is presented showing a general trend of decreasing thermal
conductivity with increasing amount of TiO, inclusions
added, as expected. A minimum in thermal conductivity was
found around 500°C for all samples except the pure
BagGa,4Ge;p reference. The accuracy of the measurements
is somewhat lower at higher temperatures, but it is still clear
that the addition of TiO, nanoparticles effectively reduces
the thermal conductivity of the material. Using the

161

i
P

-
o
1

o
o]
1

—=—Ref
—e—0.4vol% TiO,

—4—0.8 vol% TiO,
—v—1.2vol% TiO,

o
(]
1

-
IS
1

Lattice thermal conductivit

T T T T T T T
100 200 300 400 500 600 700
Temperature ("C)
FIG. 6. Lattice thermal conductivity of BagGa,sGeso materials with different

amounts of TiO, nanoparticles, as calculated using Wiedemann-Franz law.
The sample labelled Ref is the BagGa,sGeso material without TiO, included.
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FIG. 7. The figure of merit, ZT, of BagGa;sGeso materials with different
amounts of TiO, nanoparticles. The sample labelled Ref is the BagGa;sGesq
material without TiO, included.

Wiedemann-Franz law, the relative contributions of charge
carrier and lattice parts to the thermal conductivity can be
obtained as presented in Fig. 6. It can thus be seen that the
largest influence on the thermal conductivity comes from the
reduced electrical conductivity. However, the change in ther-
mal conductivity cannot be explained exclusively by the
reduced electrical conductivity. Especially, the minimum in
thermal conductivity of the 0.4 vol. % sample that appears at
500 °C has no corresponding minimum in the electrical con-
ductivity. This suggests instead that the TiO, nanoparticles
provide some additional phonon scattering mechanism that
causes the dip in thermal conductivity at 500 °C.

Figure of merit, ZT

When combining the measured data of electrical and
thermal properties of the studied materials into the figure-of-
merit, as presented in Fig. 7, it can be seen that the material
with 0.4 vol. % TiO, added yielded the highest ZT within
the temperature range of 300-650 °C. This is mainly due to
the reduced thermal conductivity since the effects of reduced
electrical conductivity and improved Seebeck values more or
less cancel each other. It is furthermore found that a very
high amount of TiO, raised the electrical resistivity of the
samples to such high levels that the decrease in thermal con-
ductivity and somewhat improved thermopower were not
sufficient to improve the overall thermoelectric efficiency
over that of the reference material. It is also interesting to
note that the best sample has a peak ZT value at 500 °C,
whereas the reference sample appears to have its peak ZT
above 650°C. This decrease in ZT optimum is due to the
mixed mechanisms causing the reduction in thermal
conductivity.

CONCLUSIONS

In summary, the method evaluated has produced materi-
als with lower thermal conductivity than the reference. The
nanoinclusions that were introduced into the BagGa;sGesg
matrix tend to mainly affect the electronic transport proper-
ties of the material, which is believed to be the main reason
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for the reduction in thermal conductivity. It was seen that the
addition of TiO, can have different effects on the charge car-
rier concentration of the material, depending on the amount
used. An apparent threshold around 0.4 vol. % TiO, was
found, below which the charge -carrier concentration
increases with increasing TiO, addition, and above which it
decreases. This suggests that there are at least two different
opposing mechanisms that cause the TiO,, and whatever
products that might form during sintering, to alter the charge
carrier concentration. These effects, together with grain
boundary effects on charge carriers and phonons, result in
improved ZT values upon addition of a small amount of
TiO, nanoinclusions, in this case 0.4 vol. %, while a higher
nanoparticle concentration worsen the ZT value. However,
an important observation made in this study is that the com-
bined change in electrical and thermal properties makes the
maximum in ZT appear at lower temperature. In this way,
the temperature for maximum ZT can be altered to better
suit its application.
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