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Introduction

ABSTRACT

High purity In,O3; nanopowders were subjected to different thermal treatments
to investigate the role of defects on the lattice thermal conductivity. The pow-
ders were first treated by spark plasma sintering (SPS) at 700 °C and annealed in
air between 700 and 1300°C. X-ray diffraction measurements show that the
samples are single phase, and the diffraction peaks become sharper with
increasing of annealing temperature, indicating improvement in crystallinity
and increase in grain size. The In,O3; nanopowders were also treated by SPS
sintering at different temperatures without subsequent annealing. On the con-
trary, the average grain size of In,Oj3 treated by SPS has no obvious change with
the increase in sintering temperatures. Positron annihilation measurements
reveal large amounts of monovacancies and vacancy clusters in the In,O;
nanocrystals. The monovacancies gradually recover and the vacancy clusters
transform into smaller vacancies with increasing annealing or sintering tem-
peratures. The lattice thermal conductivity increases with the increase in
annealing or sintering temperature, which shows close correlation with the
recovery of vacancy defects after heat treatment. This gives us strong evidence
that vacancy defects play an important role on the suppression of lattice thermal
conductivity in nanostructured thermoelectric materials.

application in waste heat recovery and solid-state
cooling [1-3]. The utilization of waste heat energy by

Based on the principles of Seebeck effect, Peltier  this technique has potential contribution to the relief
effect and Thomson effect, thermoelectric (TE) mate-  of the dependence on fossil fuels and the improve-
rials can convert temperature difference into electric =~ ment in environmental pollution. The performance of
voltage and vice versa. They have found potential =~ TE materials is evaluated by the dimensionless

Address correspondence to E-mail: chenzq@whu.edu.cn

https:/ /doi.org/10.1007 /s10853-018-2544-5 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-018-2544-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-018-2544-5&amp;domain=pdf
https://doi.org/10.1007/s10853-018-2544-5

12962

figure of merit ZT = 6S’T/x, where S, T, ¢ and « are
Seebeck coefficient, absolute temperature, electric
conductivity and thermal conductivity, respectively.

It is clear that high ZT thermoelectric materials
should possess simultaneously large Seebeck coeffi-
cient, high electric conductivity and low thermal
conductivity. However, these three parameters are
not independently controllable, and they are deter-
mined by the detailed characteristics of a system,
such as carrier concentration, crystalline structure
and energy band. [4, 5]. So far, the effective way to
increase the dimensionless figure of merit is the
reduction in thermal conductivity rather than the
improvement in power factor (¢S%). The total thermal
conductivity x is the sum of lattice thermal conduc-
tivity x, and electronic thermal conductivity kg as:
K = kL + kg, within which the electronic thermal
conductivity is related to the electric conductivity by
the Wiedemann—Franz law (kg = LoT, where L is the
Lorentz constant).

One effective way to decrease the thermal con-
ductivity is to minimize the lattice thermal conduc-
tivity xp, which is the only independently
controllable parameter. This can be accomplished by
several approaches, such as the alloy scattering by
substituting host atoms with guest dopants, or the
“rattle” scattering in skutterudites and clathrates [6].
In case of alloy scattering, it can efficiently increase
ZT by enhancing the phonon scattering. The scatter-
ing factor A of the guest atom is related to the mass
difference of the host and guest atoms as follows
[7-9]:

A:%x(l—x)(AﬁMY, (1)

where Qg is the volume of the unit cell, v is the lattice
sound velocity, x is the fraction of the guest atom, AM
is the atomic mass difference between the guest and
host atoms, and M is the average mass of the cell. It
can be seen that the mass difference AM plays a key
role on the reduction in the lattice thermal conduc-
tivity, and the larger the mass difference, the larger
will be the reduction in k;. The maximal mass dif-
ference can be achieved by introducing vacancies on
one or more lattice sites; therefore, the maximal
phonon scattering by mass fluctuation can be
achieved. Up to now there are several reports which
suggest possible effects of vacancy defects on the
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thermoelectric in various materials
[10-16].

It was found that nanostructured thermoelectric
materials can also efficiently reduce the lattice ther-
mal conductivity [17-20]. This is supposed to be due
to the phonon scattering at nanoscaled interfaces,
which is especially effective for the mid- to long-
wavelength phonons, since the grain size is smaller
than the phonon mean free path. On the other hand,
due to the high fraction of interface region in the
nanostructured materials, there are large amounts of
defects in these regions, which may also act as pho-
non scattering centers. However, up to now it is still
difficult to confirm the contribution of these interfa-
cial defects to the reduction in lattice thermal con-
ductivity in nanostructured materials, since there is a
lack of appropriate probe which is particularly sen-
sitive to the defects in the interface region.

Oxide-based semiconductors are regarded as
promising thermoelectric materials because of their
superb structural and chemical stability [21]. They
can operate at high temperatures in oxygen-contain-
ing atmosphere. Among the oxides, indium oxide
(In,O3) is a wide band gap semiconductor, which is
one candidate for the thermoelectric materials [22].
By co-doping with Zn and Ce, a ZT value of 0.4 at
1050 K has been achieved in In,O3 with grain size of
50 nm [23]. A higher ZT value of 0.7 can be obtained
when the grain size is further decreased to 20 nm
[23]. This suggests that either grain boundary or
defect scattering are responsible for the increase in
ZT value in naostructured In,Os. The role of defects
may play a more important role on the reduction in
lattice thermal conductivity, since the phonon mean
free path will decrease significantly when the oxides
work at temperatures higher than 1000 K, and the
contribution of grain boundary scattering decreases
drastically.

In order to verify the role of vacancies on the lattice
thermal conductivity, a proper method to character-
ize the atomic-scaled defect is necessary. Positron
annihilation spectroscopy (PAS) has been proved to
be a very sensitive probe to investigate vacancy
defects in materials [24, 25]. Positrons are trapped
preferentially by vacancy defects where electron
density is lower than the perfect bulk crystal. Posi-
tron annihilation parameters at vacancy defects are
different from those in the bulk state. Therefore,
identification of vacancies is very straightforward. A
longer positron lifetime or narrower Doppler
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broadening of the annihilation radiation than the
defect-free bulk state thus indicates existence of
vacancy defects. Positrons are particularly sensitive
to the interfacial defects in nanocrystals. This is
because that the grain size is usually smaller than the
positron diffusion length (typically about 100 nm).
The defect-rich grain boundaries are effective posi-
tron trapping centers, so almost all the positrons will
diffuse to these regions and annihilate there. In this
sense, positron is a self-seeking probe for the inter-
facial defects, which greatly enhances the sensitivity
of positron to interfacial defects. Several works have
been published about PAS studies in various nano-
materials [26-33].

In this paper, we studied the effect of thermal
treatment on the interfacial defects in In,Os;
nanocrystals. Positron lifetime, X-ray diffraction
(XRD) and scanning electron microscope (SEM) were
measured for a comprehensive understanding of the
structure and defect characteristics of In,Os3
nanocrystals after thermal treatment. The electrical
properties and thermal conductivity were also stud-
ied. An intimate correlation between the phonon
thermal conductivity and vacancy defects has been
observed.

Experiment

Pure In,O3; nanopowders were purchased from Bei-
jing DK nanotechnology Co. LTD with purity
> 99.9% and grain size of about 20 nm. The powders
were hand milled in an agate mortar with pestle for
about 2 h, then part of the powders were treated by a
spark plasma sintering (SPS) process at 700°C for 5
min under pressure of 80 Mpa. After sintering, the
samples were further annealed in vacuum in a fur-
nace at 700, 900, 1000, 1100, 1200 and 1300 °C for 2 h,
respectively. The other part of powders were treated
by a SPS process at six temperatures of 500, 600, 700,
800, 900 and 1000°C for 5 min under pressure of 80
Mpa.

Positron lifetime measurements were performed
using a conventional fast—fast coincidence system
with a time resolution of 220 ps in full width at half
maximum. A*Na positron source with activity of
about 20 pCi was deposited on a Kapton foil with
thickness of about 7.5 pm and was then covered by
another identical Kapton foil. The source was sand-
wiched between two identical samples pellets for
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measurements. Two lifetime spectra with total counts
of 10° for each were measured for every sample after
different treatment to ensure the reliability of the
measurements. X-ray diffraction (PANalytical Xpert
Pro) measurements were conducted using Cu Ka
radiation (4 = 0.15418 nm). Scanning electron micro-
scopy (FEI SIRION) was used to investigate the
morphology of the specimens after sintering and
annealing at different temperatures. Electrical resis-
tivity p and Seebeck coefficient S were measured by a
standard four-probe method (ZEM-3, Ulvac Riko,
Inc.) under a low-pressure inert gas (He) atmosphere.
The thermal conductivity x was calculated from the
measured thermal diffusivity (D), specific heat (C,),
and density (d) by the formula k = DC,d. The thermal
diffusivity D was measured by the laser flash diffu-
sivity method using a Netzsch LFA-457 system. The
relative bulk density d was measured by the Archi-
medes method, and the specific heat C, was mea-
sured by a power compensation differential scanning
calorimeter (DSC Q20, TA Instruments, USA) in an
Ar atmosphere.

Results and discussion
Effect of thermal annealing treatment

Figure 1 shows the XRD patterns measured for the
In,O3 nanocrystals after SPS treatment at 700 °C and
annealed at different temperatures. The samples all
show cubic bixbyite-type structure of In,Os (JCPDS
Card No. 06-0416) without impurity phase within the
detection limit of XRD. The peaks grow higher and
become narrower with increasing annealing temper-
ature. This implies that the crystallinity of the sample
becomes better after annealing. The average grain
size of the annealed In,O; samples is estimated by
Scherrer’s formula [34]:

thl = K/l/ﬁ Cos 9, (2)

where Dyy is the grain size perpendicular to the (hkl)
plane, K is the shape factor (usually taken as 0.9), 4 is
the X-ray wavelength, f is the linewidth at half
maximum intensity of the XRD peak (every observed
peak in the spectra was fitted with a Gaussian func-
tion), and 0 is taken as the Bragg angle [34]. The
contribution of instrumental broadening in f has
been taken into consideration using the standard
method. The average grain size of In,O; as a function
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Figure 1 20 scan of XRD patterns for SPS sintered In,O;
nanocrystals after annealing at different temperatures.

of annealing temperature is shown in Fig. 2. There is
no obvious grain growth after annealing the SPS-
treated sample up to 1000°C with an average grain
size of about 35 nm. With increasing annealing tem-
peratures above 1000°C, the grain size shows con-
tinuous increase and reaches about 72 nm after
annealing at 1300 °C.
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Figure 2 Variation of the grain size of SPS sintered In,O3
nanocrystals after annealing at different temperatures.
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The morphology of fractured cross section of the
samples annealed at some selected temperatures
(700, 900, 1100 and 1300°C) was examined by the
scanning electron microscope. The corresponding
SEM images are shown in Fig. 3a—d. The average
particle size of the In,O3 samples annealed at 700 and
900°C is about 80 nm, which is about two times of
the grain size calculated from XRD patterns. This
indicates that most particles are small clusters of
In,O3 crystalline grains. After annealing at 1100°C,
the particle morphologies become inhomogeneous.
The smallest particle has a diameter of about 50 nm
which is consistent with the grain size estimated from
the XRD pattern, while the largest one has a diameter
of about 500 nm. The larger particles seem to be
clusters composed of dozens of small grains. After
annealing at 1300°C, significant reorganization of
crystallites can be observed, as shown in Fig. 3d. The
particle size ranges from 1 to 3 um which is much
larger than the estimated grain size, indicating fur-
ther agglomeration of grains after annealing at
1300°C.

A detailed study of the microstructural defects in
the In,O3; nanocrystals was performed by positron
lifetime measurements. All the measured positron
lifetime spectra were resolved into two components
by the computer program PATFIT [35], and the
contribution of the background and source compo-
nent (positron annihilation lifetime and intensity in
Kapton foils) was subtracted. Figure 4 shows posi-
tron lifetime 7, 12, intensity I, and the average life-
time 7,y of 771 and 1, as a function of annealing
temperature. The average positron lifetime 7,, is
calculated by the following formula:

Tav = T111 + T215. (3)

The shorter positron lifetime 7, is generally attributed
to the free annihilation of positrons without trapping
by defects [36, 37]. However, in some disordered
systems, annihilation of positrons in smaller vacan-
cies such as monovacancies may also contribute to ;.
The reported positron lifetime in perfect In,O; lattice
(bulk lifetime 1) is about 183 ps [38]. In our result, 71
is obviously longer than the bulk lifetime t,. This
suggests that 7, is a weighted average lifetime of free
and trapped positrons. As shown in Fig. 4, the longer
lifetime component 7, also decreases monotonically
from about 435 to 277 ps with increasing annealing
temperature. The ratio of /7, has the highest value
of 2.37 for the sample annealed at 700°C. This
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Figure 3 SEM image of SPS
sintered In,O3 nanocrystals

after annealing at a 700°C; b
900°C; ¢ 1100°C; d 1300°C.
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suggests that 7, is due to positron trapping at some
larger vacancies, such as vacancy clusters, since it is
much longer than the bulk lifetime of 183 ps.
According to the two-state positron trapping
model [39], the measured lifetime 7; should be rela-
ted to the trapping rate x by the following equation:

1
= 4
A (4)

1

where J, is the inverse of positron bulk lifetime 1,
and the positron trapping rate « is proportional to the
defect concentration Cyq (k = uCqy, where p is the
trapping coefficient). It can be seen from Fig. 4 that
the lifetime 1, shows continuous decrease with
increasing annealing temperature, and the average
lifetime also shows similar decrease. This suggests
that the positron trapping rate most probably
decreases after annealing. According to Eq. (3), if we
suppose that positrons are trapped by only one type
of defects (two-state trapping model), i.e., the lifetime
71 is purely the free annihilation lifetime of positrons,
then it should be shorter than 7, and it will increase
with annealing temperature due to the decrease in
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positron trapping rate k. However, in the present
paper, 11 is longer than 1,, and it shows decrease
from about 234 ps to about 196 ps with increasing
annealing temperature from 700 to 1300 °C as shown
in Fig. 4. The opposite trend of 7; confirms that it is a
mixture of free annihilation lifetime and trapped
lifetime at small vacancies. The decrease in 7; is just
due to the recovery of these small vacancies such as
In monovacancies.

In order to estimate the size of vacancy defects
corresponding to 15, we calculated positron lifetime
of vacancy clusters with various size in In,O3 using
the atomic superposition method [40]. The vacancy
clusters contain different number of In-O vacancy
pairs, since they contain less dangling bonds and
then are more stable in In,O3 structures. The calcu-
lated positron lifetimes for different vacancy clusters
are shown in Fig. 5. The results of In monovacancy
are also presented. The positron bulk lifetime in
In,O3 is about 161 ps, which is shorter than the
experimental value. With increasing size of vacancy
clusters, positron lifetime shows continuous increase.

@ Springer



12966

240 _I T T T T T T T T T T T I_

220 + R

7, (ps)

200 S

480 | -

360 - -

7, (PS)

240 | -

1, (%)
N
o
3
O
O
n

260 |
240 |
220 |

T, (ps)

00 - S &
700 800 900 1000 1100 1200 1300

Annealing temperature (°C)

Figure 4 Positron lifetime 71, 7o, intensity [, and the average
lifetime 1,, in SPS sintered In,O3; nanocrystals as a function of
annealing temperature.
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Figure 5 Calculated positron lifetimes in vacancies with different
size in In,Os.

The ratio of defect lifetime to the bulk lifetime (5 /7y)
is a relatively reliable parameter to evaluate the size
of vacancy defects. For the sample annealed at 700 °C,
the experimental value of 7,/1, is 2.37, which corre-
sponds to a vacancy cluster with about ten pairs of
atoms of In and O. After annealing at 1300°C, 1,
decreases to about 277 ps, and according to the the-
oretical calculation, the corresponding size of defect
reduces to small vacancy cluster which contains only
one or two pairs of In and O, indicating that larger
vacancy clusters gradually transform into smaller
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vacancy clusters with increasing annealing tempera-
ture. The transformation of clusters suggests that the
larger vacancy clusters becomes unstable at higher
temperature. As shown in Fig. 4, the average positron
lifetime 7,, decreases monotonically from about 270
to 205 ps by almost 65 ps after annealing at 1300 °C.
This is a more reliable parameter to evaluate any
change of the defect properties, because it is insen-
sitive to the decomposition of positron lifetime
spectrum by the computer program PATFIT. Thus, it
further confirms the recovery of larger vacancy
clusters after annealing.

The decrease in positron lifetime shown in Fig. 4
might be also due to the increase in grain size after
annealing, since increase in grain size will cause
decrease in the fraction of interface region, therefore,
the fraction of positron trapping and annihilating at
interfacial defects will also decrease. For our samples
annealed at different temperatures, the grain size did
show some increase from about 35 nm to about
72 nm. But even for grain size of 72 nm, the radius of
the grain (36 nm) is still shorter than the positron
diffusion length (typically ~ 100 nm). Then almost all
the positrons will still diffuse to the interface region
and annihilate there. So if the defects themselves do
not show any recovery, the increase in grain size to
only 72 nm will not cause sufficient decrease in
positron lifetime. So we believe that the decrease in
positron lifetime is due to recovery of interfacial
defects, and is less likely due to the increase in grain
size.

Figure 6 shows the temperature dependence of
electrical resistivity p, Seebeck coefficient S, total
lattice thermal conductivity x and lattice thermal
conductivity xr. of InoO3 nanocrystals after annealing
at different temperatures. For all annealed samples,
the Seebeck coefficients are negative, and they
decrease almost linearly with increasing measure-
ment temperatures, but they are not very sensitive to
the annealing temperatures. The negative Seebeck
coefficient indicates that the dominant charge carrier
of In,O3 samples is electron. This is in agreement
with the n-type conductivity of undoped In,Os,
though the origin of the native donor is still unclear
[41]. All the samples show an increasing trend in
electrical resistivity with increasing measuring tem-
perature, indicating a metallic conducting behavior.
On the other hand, the electrical resistivity decreases
monotonically with increasing annealing tempera-
ture, which indicates that the electrical resistivity is
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quite sensitive to the annealing temperature. This is a
common phenomenon in oxides, in which the elec-
trical conductivity will increase abruptly after high-
temperature annealing due to the production of
donor-type defects such as In interstitials or oxygen
vacancies. The increase in the carrier mobility might
be another reason for the decrease in the resistivity
after annealing, since the crystallinity shows
improvement as indicated by XRD measurements.
For all the annealed samples, the thermal conduc-
tivity shows an overall decrease with increasing mea-
surement temperature. Furthermore, in the whole
measurement temperature range of 25—600°C, «
shows an increasing trend with increasing annealing
temperature. At about 25°C, the value of k increases
from 2.6 to 5.6 Wm 'K~ after annealing at 1300°C,
and at 600 °C it increases from 1.3 to 2.1 Wm ™ 'K™'. The
total thermal conductivity x contains contribution
from the lattice thermal conductivity ;. and electronic
thermal conductivity kg by the formula k = xp + Kg.
The electronic thermal conductivity can be calculated
from the measured electric conductivity by using the
Wiedemann-Franz law (kg = LoT), where the Lorenz
number L =245 x 10 WQK 2. The lattice thermal
conductivity is then estimated after subtracting the
calculated electronic thermal conductivity from the
total thermal conductivity and is also plotted in Fig. 6.
Itis clear that the change of lattice thermal conductivity

1 L L L L L L
0 100 200 300 400 500 600 0
Temperature (°C)

100 200 300 400 500 600

Temperature (°C)

with annealing temperature is nearly the same as the
total thermal conductivity, indicating that the contri-
bution of electronic thermal conductivity is very small.
Comparing with the positron annihilation measure-
ments, we can find that the increase in lattice thermal
conductivity is closely correlated with the recovery
process of vacancy defects after annealing. This
implies that the phonon scattering by the vacancy-type
defects is an effective approach to reduce the lattice
thermal conductivity of In,O3 nanocrystals.

Figure 7 shows ZT value of the In,O3 nanocrystals
as a function of measurement temperature after

—=—700°C —e—900°C
—4—1000°C ——1100°C
1200°C —<—1300°C

0 100

200 300 400 500 600

Temperature (°C)
Figure 7 ZT factor of SPS sintered In,O3; nanocrystals after
annealing at different temperatures between 700—1300 °C.
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annealing at different temperatures. It is clear that the
ZT value shows overall increase with increasing
annealing temperature in the whole measurement
temperature range of 25-600°C. At 600°C, it
increases from about 0.07 to about 0.12 after anneal-
ing at 1300 °C. This is primarily due to the increase in
the electrical conductivity after annealing. Though
the thermal conductivity shows substantial increase
due to the recovery of vacancies after annealing, the
electrical conductivity shows a larger increase, thus
leads to an increase in ZT value after annealing the
sample.

Effect of SPS sintering treatment

Figure 8 shows the XRD patterns of In,O3 nanocrys-
tals after SPS treatment at different temperatures. All
the samples show single phase which can be indexed
by the cubic bixbyite-type structure of In,O3 (JCPDS
Card No. 06-0416), and the peaks have no obvious
change after sintering. The average grain size is cal-
culated by Eq. (1) and its variation with SPS tem-
perature is shown in Fig. 9. Sintering at different
temperatures has no apparent effect on the growth of

L A SPS-1000 |

SPS-900

SPS-800

N L“AA .

A SPS-700

SPS-600

L SPS-500
| N W

10 20 30 40 50 60 70 80
20 (Degree)

Intensity (Arb. units)

Figure 8 20 scan of XRD patterns for In,O3 nanocrystals after
SPS treatment at different temperatures.
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grain size. After sintering at 500 °C, the average grain
size is estimated to be around 33 nm, and it has only
a slight increase by about 12 nm when the sintering
temperature increases to 900 °C.

SEM images of fractured cross section of the In,O;
compounds sintered at temperatures of 500, 700, and
1000°C are shown in Fig. 10. The average particle
size of the sample sintered at 700°C is about 60 nm,
and it increases with increasing sintering tempera-
ture. When the sintering temperature reaches
1000°C, the average particle size is about 400 nm,
which indicates significant agglomeration of small
crystalline grains, while the grain size keeps almost
unchanged as revealed by XRD measurements.

Figure 11 shows the positron lifetime 71, 15, the
intensity I, as well as the average lifetime 7,, as a
function of the sintering temperature. It is seen that 7;
keeps almost constant at about 200 ps before the
sintering temperature reaches 800 °C, then it begins to
decrease, which indicates recovery of some small
defects such as monovacancies. The lifetime 1, also
keeps unchanged with sintering temperature below
700°C. In this temperature range, the value of 1, /7y is
about 2.09. By comparing with the result of theoret-
ical calculation, the corresponding defect is estimated
to be vacancy clusters containing 7 pairs of In and O.
When the sintering temperature is above 700°C, 1,
shows continuous decrease, and the ratio 1/t
decreases to about 1.43 when sintering temperature
reaches 1000 °C. This ratio corresponds to divacancy
which contains one pair of In and O. During the
whole sintering temperature range, the intensity I,
has no obvious change. The average positron lifetime
shows only slight decrease when the sintering

80 T T T T T T

60 - 8

40-0/0/0/0/0\@_

20 8

Grain size (nm)

o Il Il Il Il Il Il
500 600 700 800 900 1000
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Figure 9 Variation of the grain size of In;O3 nanocrystals after
SPS treatment at different temperatures.
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Figure 10 SEM image of
In, O3 nanocrystals after SPS
sintering at a 500°C; b
700°C; ¢ 1000°C.
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(a) 500°C
(b) 700°C
(c) 1000°C

temperature is below 700°C, then it shows fast
decrease with increasing sintering temperature. This
is in agreement with the change of 71 and 7, indi-
cating recovery of monovacancies and vacancy
clusters.

The temperature dependence of Seebeck coefficient
S, electrical resistivity p, total lattice thermal con-
ductivity x and lattice thermal conductivity «;, for all
the In,O3 nanocrystals sintered at different tempera-
tures are shown in Fig. 12. The Seebeck coefficients
are all negative in the whole measurement tempera-
ture range of 100—600°C, which indicates that the
carriers are electrons. For the samples sintered at 500,
700 and 1000°C, the electrical resistivity increases
monotonically with increasing measurement tem-
perature, which shows the characteristic of metals. It
is also clear to see that the electrical resistivity
decreases with increasing sintering temperature. This
suggests that either more donors are produced, or the
mobility of electron increases after high-temperature
treatment.

As shown in Fig. 12, the total thermal conductivity
Kk increases monotonously with increasing sintering
temperatures. At measurement temperature of
600°C, the thermal conductivity increases from 0.6 to

35Wm 'K ! after sintering at 1000°C. A similar

@ Springer



J Mater Sci (2018) 53:12961-12973

—e— 700°C sintered 12} / -

p (10°°Qm)

12970
Figure 12 Seebeck coefficient -40 —— T T T T
S, electrical resistivity p, total 50l 500°C sintered
thermal conductivity x and e 1000°C sintered
lattice thermal conductivity xp, . -60f sintered
X
of InyO3 nanocrystals after S 7ol 1
SPS sintering at 500, 700 and =
1000 °C. » 80
90+ J
-100 - . .
8 . . : :
6 4
<
£ 4 |
=
v ol J

«_ (WI(MK))

100 200 300

Temperature (°C)

procedure was performed to subtract the contribu-
tion of the electronic thermal conductivity kg, and the
obtained lattice thermal conductivity i of the sam-
ples sintered at 500, 700 and 1000 °C is also plotted in
Fig. 12. It is found that ;. increases with the
increasing sintering temperature, which shows very
similar trend as that of the total thermal conductivity
k. Considering the defect properties revealed by
positron annihilation measurements, good correla-
tion between the increase in the lattice thermal con-
ductivity and the recovery of vacancy defects after
sintering In,O3; nanocrystals at elevated temperatures
can be observed once again. However, after sintering
at high temperatures, the electrical conductivity
shows much larger increase, which compensate for
the increase in the thermal conductivity, therefore,
the ZT factor plotted in Fig. 13 shows increase at
higher sintering temperatures. This is similar to the
change of ZT for the samples annealed at different
temperatures.

There are several reports of the reduced lattice
thermal conductivity in nanocrystalline thermoelectric
materials [43—46]. It is generally believed that the grain
boundaries are the key factor to reduce lattice thermal
conductivity [42]. A large number of experiments have
confirmed the decrease in lattice thermal conductivity
with decreasing grain size in the nanocrystalline
thermoelectric materials [23, 42, 47, 48]. However, in
the nanocrystals there are also large amounts of defects
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Figure 13 ZT factor of InpO3 nanocrystals after SPS sintering at
500, 700 and 1000 °C.

in the grain boundary region. With decreasing grain
size, the defect concentration also increases due to
increase in the fraction of the grain boundary region.
The defects are obviously phonon scattering centers in
the nanocrystalline thermoelectric materials [49].
Therefore, it is difficult to clarify whether the effect on
lattice thermal conductivity comes mainly from defect
or grain boundary scattering. In the present study, we
also could not distinguish these two factors for the
samples annealed at different temperatures, since the
grain size shows considerable increase with increasing
annealing temperature. However, for the samples
sintered at different temperatures, the grain size has no
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obvious change, which indicates that the fraction of
grain boundary region is almost the same. Interest-
ingly, the lattice thermal conductivity still shows
increase with elevated sintering temperature. This
indicates that the change of lattice thermal conductiv-
ity is due to other factors instead of grain size effects.
Our positron lifetime results clearly indicate that the In
monovacancies gradually recover and vacancy clus-
ters also transform into smaller vacancy clusters at
higher sintering temperature. Therefore, we can con-
clude that the increase in lattice thermal conductivity
after sintering is mostly due to the recovery of vacan-
cies in the interface region. In other words, the vacan-
cies in the grain boundary region are effective phonon
scattering centers in nanocrystalline thermoelectric
materials.

Conclusion

In,O; nanopowders were treated with the spark
plasma sintering (SPS) at 700 °C followed by anneal-
ing at temperatures between 700 and 1300°C. The
average grain size of the annealed samples was
obtained by XRD measurements, which increases
with increasing annealing temperature. A compara-
tive study is also performed in which the In,O;
nanopowders were sintered at temperature between
500—1000°C. On the contrary, the average grain size
of the samples sintered at different temperatures has
no obvious change. Positron lifetime measurements
reveal monovacancies and vacancy clusters in the
nanocrystalline samples, and they gradually recover
with increasing thermal treatment temperature. It can
be concluded that vacancy-type defects in the grain
boundary region play an important role in the lattice
thermal conductivity of nanocrystalline In,Os.
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