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Sro.9Bao.1—z Tio.8 Nbo.2 O3 ceramics (x=0, 0.01, 0.02 and 0.05) are prepared by solid state reaction, whose thermo-
electric properties are investigated from 323 K to 1073 K. By introducing A-site nonstoichiometry, the absolute See-
beck coefficient is enhanced, while the electrical resistivity is surprisingly reduced due to the significantly enhanced
carrier mobility. These results are dramatic in thermoelectric materials, effectively enhancing the power factor.
Moreover, the thermal conductivity is reduced, thus the thermoelectric performance of Srg.g9Bag.1 Tio.s Nbo.2Os3
ceramic is significantly enhanced by A-site nonstoichiometry.

PACS: 72.20.Pa, 72.10.Fk, 74.62.Dh

Thermoelectric (TE) materials have attracted
great interest because of their potential application in
solid-state cooling and power generation from waste
heat.[' %] The performance of a TE material is evalu-
ated by the figure-of-merit ZT = ST/ pk, where S, T,
p and k are the Seebeck coefficient, absolute temper-
ature, electrical resistivity, and thermal conductivity,
respectively. Recently, nonstoichiometry was found
to be an effective approach to the enhancement of
TE performance. Generally, nonstoichiometry is re-
garded as a scattering center of heat and electrical
transports. The thermal conductivity would be re-
duced by introducing nonstoichiometry.l*~"1 On the
other hand, nonstoichiometry might change the car-
rier concentration, and thus influence the TE power
factor (PF = S?/p).l"~1!] Oxygen nonstoichiometry
is very important in the n-type TE oxides, such as
SrTi03 and (Sr,Ba)NbyOg,I”l to obtain a low elec-
trical resistivity. By introducing Cu nonstoichiometry
into BiCuSeQ, both the electrical resistivity and See-
beck coefficient decrease, resulting in enhancements
of the power factor and TE performance.['’! In these
works, the effects of nonstoichiometry are similar to
those of element substitution, acting as carrier donors,
and the carrier concentration increases with the intro-
duction of nonstoichiometry.

In this Letter, A-site nonstoichiometry was in-
troduced into Srg.gBag.1Tig.gsNbg.2O3 ceramics which
exhibit the ABOsj perovskite structure. Due to
the simple valence analysis, A-site nonstoichiometry
should reduce the electron concentration, thus en-
hancing the electrical resistivity and absolute See-
beck coefficient of SrggBag1Tig.gNbg 203 ceramics.
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However, in this work, the electrical resistivity of
Srg.9Bag.1_,Tip.sNbg 203 ceramics surprisingly de-
creases with the introduction of A-site nonstoichiome-
try, accompanied with enhanced absolute Seebeck co-
efficient. Therefore, both the power factor and the
figure-of-merit ZT' are enhanced significantly.
Sro,gBao_lfmTiovngo.QO;g (LE = 07 001, 0.02 and
0.05) ceramics were prepared by the reduced solid-
state reaction techniques. The starting materials were
NbOs (with purity of 99.5%), TiO2 (99.8%), BaCOs
(99.8%), and SrCO3 (99.8%). Appropriate amounts of
the starting materials were weighted, mixed by ball-
milling, and pressed into pellets. The pellets were
then calcined in air for 6 h at 1350°C, and they were
heated rapidly above 1000°C with the heating rate
of 10°C/min to avoid generation of the SrsNbsOi5
second phase.l'”l After intermediate ball-milling and
pressing, the obtained pellets were sintered at 1500°C
for 6h in a forming gas of 5mol% hydrogen in argon.
The crystal structure and lattice parameter were
characterized by powder x-ray diffraction with Cu
Ka radiation (A = 0.154056 nm) utilizing a Rigaku
D/MAX-2550P diffractometer. ~ The surface mi-
crostructures were observed by a scanning electron
microscope (SEM) system (Zeiss, SUPRA 55). The
sintered pellets were cut into rectangular columns
(12 x 2 x 2mm?®) for measurements of the electri-
cal resistivity and Seebeck coefficient using a Linseis
LSR-3/1100 instrument in a helium atmosphere by a
dynamic method. The Hall Effect was measured at
room temperature by an MMR M75-K25/6R instru-
ment. The thermal conductivity was calculated from
the thermal diffusivity, the specific heat capacity, and
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the sample density measured on a laser flash appara-
tus (Netzsch LFA 427), a thermal analyzer (Netzsch
STA 449C), and by Archimedes’ method, respectively.
The powder x-ray diffraction (XRD) patterns of
all of the samples are shown in Fig.1. According to
the PDF card, all of the samples are of single phase
in a cubic structure. The lattice parameters were ob-
tained from the results of XRD, as listed in Table 1,
which decrease with the introduction of A-site non-
stoichiometry. The decrease of lattice parameter can
be attributed to the absence of ions at A-sites of the
lattice. The theoretical densities of all of the samples
were calculated from the lattice parameters, and the
bulk densities were measured by Archimedes’ method,
as listed in Table 1. The relative density increases with
the introduction of nonstoichiometry, showing that A-
site nonstoichiometry is beneficial to produce dense
ceramics.
Table 1. The lattice parameters a, measured bulk density pm,

theoretical density p¢, and relative density p; of all of the sam-
ples.

a(0m) _pm (g/em®) _pun (8/om®) _pr (%TD)
z=0 0.3941 5.04 5.36 94.0
z=0.01 0.3938 5.07 5.33 95.1
z=0.02 0.3934 5.18 5.31 97.6
z=0.05 0.3926 5.11 5.23 97.7
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Fig. 1. The =x-ray diffraction patterns of

Srg.9Bag.1—2Ti0.sNbg 203 (z =
0.05) powders.
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Figure 2 shows the SEM images of the surfaces of
Srp.9Bag.1—2Tio.sNbp 203 (x = 0 and 0.02) ceramics.
Both samples exhibit dense microstructures with no
pores. With the introduction of nonstoichiometry, the
average grain size slightly decreases from ~3.3 um of

the sample £ = 0 to ~2.9 pm of the sample z = 0.02.

The temperature dependences of Seebeck coeffi-
cient (S) of Sr0,9B30.1,$Ti0.8Nb0,203 (x = 0, 0.017
0.02 and 0.05) ceramics are shown in Fig. 3. The See-
beck coefficients of all of the samples are negative and
decrease monotonically with increasing temperature,
showing n-type metallic behavior.l®:'*'"] The magni-
tude of absolute Seebeck increases when more vacan-
cies are introduced into the A-sites. Generally, the
increase of absolute S is attributed to the decrease
of carrier concentration in a rigid-band model, which
is normally accompanied with an increase of electri-
cal resistivity. According to the simple valence analy-
sis, one A-site vacancy would take two electrons away.
Therefore, A-site nonstoichiometry is reasonable for
the decrease of electron concentration, and thus the
increase of absolute Seebeck coefficient.
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Fig. 3. Temperature dependence of Seebeck coefficient of
Sro.9Bag.1-2Ti0.sNbp.203 (z = 0, 0.01, 0.02 and 0.05)
ceramics.
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Fig. 4. Temperature dependence of electrical resistivity

of SI‘O'QBaO']_fxTiO'ngO'QO?, (.’17 = 0, 0.01, 0.02 and 0.05)

ceramics.

However, the magnitude of electrical resistivity is
surprisingly reduced by slightly A-site nonstoichiom-
etry, as shown in Fig.4, which is inconsistent with
valence analysis in the rigid band model. To clar-
ify the origin of this anomaly, the Hall coefficients of
all of the samples were measured at room tempera-
ture, and the carrier concentrations n and mobility
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1 were subsequently calculated, as listed in Table 2.
The carrier concentration is reduced with the intro-
duction of A-site nonstoichiometry, which is consis-
tent with the valence analysis and the increase of ab-
solute S. However, the carrier mobility is enhanced
significantly, thus the electrical resistivity decreases.
The magnitude of electrical resistivity increases again
when the content of A-site vacancies is large (in the
sample 2 = 0.05), due to the fact that the decrease of
carrier concentration plays a major role in this sample.
How the carrier mobility is enhanced is still an open
question. Omne possibility is the decrease of effective
mass due to the change of band structure. Further
detailed investigation on the carrier mobility and the
band structure will be performed by ab initio calcula-
tion in the future.

Table 2. The carrier concentration n, electrical resistivity psoo,
and carrier mobility p of all the samples at 300 K.

n(1029cm=3)  p3o0 (mQ-cm)  p(cm?/Vs)
=0 5.66 6.64 1.66
z =0.01 3.07 5.41 3.76
x = 0.02 1.63 5.29 7.25
r = 0.05 0.77 9.86 8.19
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Fig.5. Temperature dependence of power factor of

Sro.9Bag.1—2Tip.8Nbg.203 (x = 0, 0.01, 0.02 and 0.05)

ceramics.
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Fig. 6. Temperature dependence of thermal conductivity
of Srg.9Bag.1—-zTip.8Nbg.203 (z = 0, 0.01, 0.02 and 0.05)

ceramics.

According to the obtained electrical resistivity and

Seebeck coefficient, the power factors PF = S?/p of
all the samples were calculated, as shown in Fig.5.
The power factors of all of the samples increase with
increasing temperature and show a broad peak at high
temperatures. The magnitude of the power factor is
enhanced significantly by slightly introducing A-site
nonstoichiometry due to the simultaneously improved
Seebeck coefficient and electrical conductivity. The
maximum PF value is improved from 616 pW/K?m
(x =0) to 914 uyW/K?’m (z = 0.02).

The temperature dependences of thermal conduc-
tivity of all of the samples are shown in Fig.6. The
thermal conductivity of all of the samples decreases
with the increase of temperature, dominated by the
lattice contribution.['”) The magnitude of thermal
conductivity decreases monotonously with the increas-
ing content of nonstoichiometry, which could be at-
tributed to the phonon scattering by point defects in-
troduced by A-site vacancies.

Figure 7 shows the temperature dependence of the
figure of merit (ZT). The ZT values of all of the
samples increase with temperature in the whole tem-
perature range. The TE performance is enhanced sig-
nificantly by slightly introducing A-site nonstoichiom-
etry due to the enhanced power factor and the reduced
thermal conductivity, and then decreases due to the
decrease of power factor in the heavily nonstoichio-
metric sample. The maximum Z7T value is obtained
in sample x = 0.02 to be 0.26 at 1073 K, enhanced by a
factor of 53% over that of the stoichiometric one (0.17
at 1073K). This shows that A-site nonstoichiometry
is an effective way to improve the TE performance of
Sro.gBao,lTio_ngo'QO,g ceramics.
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Fig. 7. Temperature dependence of dimensionless figure-
of-merit ZT of Srg.9Bag.1—zTio.sNbg.203 (z = 0, 0.01,
0.02 and 0.05) ceramics.

In summary, a new approach has been reported
in this work to improve the TE performance of ox-
By introducing A-site nonstoichiom-
etry, the TE performance of SrggBag.1Tip.sNbg 203
ceramics is significantly enhanced. The absolute See-
beck coefficient increases, accompanied with a de-
crease of the electrical resistivity. Therefore, the TE

ide ceramics.
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power factor is enhanced significantly. These spe-
cial behaviors are mainly due to the dramatically
enhanced carrier mobility. Meanwhile, the thermal
conductivity is reduced due to the phonon scatter-
ing of point defects at A-sites. Therefore, the TE
figure-of-merit ZT is enhanced and reaches the maxi-
mum value of 0.26 at 1073 K for the nonstoichiometric
Sro_gBao.ogTio.ngOQOg ceramic, which is improved
by a factor of 53% over that of the stoichiometric one
(0.17 at 1073K). Such a nonstoichiometric method
might be extended to other TE materials as a new
way to improve TE performance.
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