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Figure 5.8: Electronic transport data for ceramics prepared under high SPS heating rates: (a) Hall
and calculated carrier concentration as a function of nominal Pr content. Red marker represents
un-doped oxygen deficient SrTiOs sample and the blue ones show Pr-doped ceramics. Solid and
dashed lines are just guides to the eye. (b) The ”Pisarenko plot” at room temperature. Solid curve
is based on single parabolic band model, described by Equation 5.1, with m*= 3.83m. (300K). (c)
Room temperature mobility of Pr-doped (blue squares) SrTiO3 ceramics as a function of carrier
density. Reported mobility values in the literature were also shown for comparison (square markers
represent poly-crystalline samples and diamonds the single crystalline).(Reference numbers in Figure
from [21] correspond to the references on this dissertation as follows: 27, [38] 29, [19] 56, [39] 63, [17]
64, [40] 65, [41] 66, [42] 67, [43] 68, [44] 69, [45] 70, [46]) The dashed line indicates the average of the
reported values. All samples exhibit improved mobility values versus comparative reported values
for single crystals. To the best of our knowledge, there has been no report on the carrier mobility
of Pr-doped SrTiOj single crystals. [21]

cients of un-doped (oxygen deficient) and Pr-doped samples were plotted versus their corresponding

Hall carrier concentrations at 300K along with a so called ”Pisarenko plot” [66] solid line which is
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described by [143,144]

8m2k2 N 7 \*/3
a= ( 3ehQB>m T<3n) (1+7) (5.1)

where kp is the Boltzmann constant, e is the electronic charge, h is the Planck constant, m™* is
the effective mass, n is the carrier concentration and r is the scattering parameter. The scattering
parameter, r, determines the energy-dependence of the relaxation time in the power law form,
7(E) = 1o E"~'/2. Deviations from this baseline curve described by Equation 5.1 are easily observed
if m* changes. It is found that the experimental transport data are well-described by a single
parabolic band model (solid curve) for » = 0.5 [19, 66] (for ionic lattices) and m* = 3.8m, at
300K. It is also apparent that a slight increase in the effective mass occurs upon doping of the
SrTiO3_s lattice with Pr (for pure SrTiO3_s ceramic, an effective mass of m* = 3.0m, is estimated
from Equation 5.1 at 300K with r = 0.5). By comparing the o (V K71) vs. n (cm™2) values
of Pr-doped ceramics to our other STO samples doped with different dopants (e.g. La or Tb) as
well as other reports in the literature, similar effective mass behavior was observed for ceramics
doped with different dopants. It can be concluded that the improvement in the mobility of these
ceramics is not rooted in any band structure modification mechanisms through Pr doping. Figure
5.8c shows the room temperature mobility values calculated from Hall carrier concentration and
electrical conductivity (o = nepu, where o is electrical conductivity, n is Hall carrier concentration, e
is the elementary charge, and p is the electron mobility) for Pr-doped SrTiO3_s ceramics. Reported
mobility values in the literature are also shown for comparison.

An enhancement in the mobility of all poly-crystalline samples prepared following our syn-
thesis strategy is observed versus the reported values for single crystals with similar carrier concen-
trations. This behavior is observed over the whole temperature range from 20K to room temperature.
However, it is known that the carrier mobility of a material is typically always higher in a single
crystal versus its polycrystalline counterpart due to carrier scattering by the defects and the grain
boundaries in polycrystalline samples. This counter-intuitive observation suggests the presence of a
” process-dependent mobility-enhancing mechanism”. As a result of such a seemingly small increase
in mobility, the thermoelectric power factor was enhanced from the previously reported maximum
values of approximately 1 W m~! K~! at ~ 800°C to 1.3 W m~! K~! at 500°C.

In conclusion, results on polycrystalline Pr-doped SrTiO3_s as prepared using a new syn-
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thesis strategy via spark plasma sintering (SPS) technique were presented. It is found that the SPS
heating rate can play a crucial role in the modification of the electronic transport properties in these
ceramics through the formation of a Pr-rich grain boundary phase. The nature of these grain bound-
aries and their role in improving mobility of the samples are not yet fully understood. However, it
can be concluded from the transport data that there needs to exist a ” carrier mobility-enhancing
mechanism” in order to be able to explain the improved carrier mobility of polycrystalline samples
prepared in this work versus the reported values for their single crystal counterparts. To the best
of our knowledge, there has been no report of such a significant (~ a factor of 2) enhancement of
the mobility of Sr'TiO3 oxides at or above room temperature. Bulk polycystalline Sry_,Pr,TiO3
samples with x = 0.125 show the highest ever reported values of the power factor of ~ 1.3 W m™!

K~! at 500°C among n-type doped SrTiOs ceramics as well as single crystalline STO.

5.3.4 Optimized Pr Concentration

In order to determine the optimum Pr concentration in order to maximize the thermoelectric
power factor, Sr;_,Pr,TiO3 powders were prepared using a similar synthesis process beyond the
Pr content reported previously (up to x = 0.175). Figure 5.9a shows the temperature dependence
of electrical conductivity as a function of nominal doping concentration. All the samples exhibit a
degenerate semiconducting behavior. It is observed that o monotonically increases with increasing Pr
content up to x = 0.15 (shown with red arrow). Samples with x = 0.15 possess the largest electrical
conductivity leading to the maximum power factor of 1.32 W m~! K~! at 500°C, the largest ever
reported for either single- or poly-crystalline SrTiO3 ceramics. However, a further increase in the
Pr content up to x = 0.175, results in a marked decrease in the electrical conductivity (shown with
gray arrow), most likely originating from a reduction in carrier mobility, pu.

Figure 5.9b shows the Seebeck coeflicient as a function of temperature. Diffusive-like ther-
mopower (in agreement with the degenerate semiconducting behavior) is observed for all the samples
and no sign of minority carrier contribution and bipolar effects are observed. The absolute oo mono-
tonically reduces with increasing the Pr content due to an increase in the carrier concentration, n,
which is reported in Table 5.1. However, the increase in the carrier concentration and the corre-
sponding reduction in the absolute thermopower is less pronounced for x > 0.125 which suggests the
partial incorporation of the Pr dopants in the lattice. Appearance of small peaks of praseodymium

oxide in the X-ray diffraction pattern for these samples confirms this suggestion. Room temperature
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Figure 5.9: Temperature dependence in Celsius of (a) electrical conductivity and (b) Seebeck coef-
ficient for Sri_,Pr,TiO3 polycrystalline ceramics as a function of Pr content. [20]

properties are reported in Table 5.1.

5.4 Significant enhancement in thermoelectric properties of
polycrystalline Pr-doped SrTiO3;_; ceramics

In this section we present the results of our further investigations to determine the thermal
transport in order to evaluate the overall thermoelectric performance. As it will be shown, simul-
taneous enhancement in the thermoelectric power factor and reduction in thermal conductivity in

these samples resulted in more than 30% improvement in the dimensionless thermoelectric figure of
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Table 5.1: Room temperature measured and calculated materials properties

Sample Electrical Seebeck Carrier con- Mobility Density
Conductiv- coefficient centration (em?V~1s71) (g cm™3)
ity (nV K1) (cm™?)
(S cm™1)
x = 0.075 2740 —-92 1.4 x 1071 12.2 5.21
x = 0.10 3535 —76 1.8 x 102 12.2 5.24
x =0.125 4135 —75 1.9 x 102 13.6 5.27
x = 0.15 4365 —67 2.3 x 10% 11.8 5.31
x = 0.175 2170 —62 - - 5.33

merit (ZT) for the whole temperature range over all previously reported maximum values.

5.4.1 Thermal Transport Properties

Figure 5.10a shows the high-temperature thermal conductivity as a function of temperature
and Pr content. It is observed that s decreases over the whole temperature range with increasing
the Pr content for z < 0.15. Considering the increase in ¢ with Pr content, this reduction suggests
the suppression of lattice thermal conductivity with an increase in Pr concentration as well. The
lattice thermal conductivity was determined from the Wiedemann-Franz relationship, k; = k —
o LT, where o LT is the electronic thermal conductivity and L the Lorenz number for a degenerate
semiconductor (L = 2 x 1078 WQ K~2). [145] It was found that not only the magnitude of %y, above
room temperature reduces with an increase in the Pr content, but the temperature dependence of
kg, relaxes, from T for x = 0.05 to almost temperature-independent for x = 0.15. Weaker
temperature dependence than 1/7" (i.e. T~1!), which is expected for a crystalline material at high
temperature, is expected for samples with atomic disorder or other point defects. Further increase
in the Pr content of the sample up to x = 0.175 leads to an increase in k as well as k..

In order to further highlight the reduction in x and the effectiveness of the synthesis strategy
employed in this work, the minimum lattice thermal conductivity, Kmin, for Sr'TiOg is calculated
using Cahill’s formula for disordered crystals. [134,146] The calculated &, is approximately 1.5 W
m~! K1 at room temperature for pristine SrTiO3. Figure 5.10b shows the room temperature lattice
thermal conductivity as a function of carrier concentration for samples investigated in this work as
well as reported in the literature for other single- and poly-crystalline samples. This figure provides
a measure of the impact of different dopants on the distortion of the lattice and its corresponding

effect on k.
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the eye. [20]

The reported n might possibly include contributions from oxygen vacancies as well which
can influence k. However, considering the fact that the measured n are almost always lower than
(within 10%) the nominal values, these contributions can be assumed negligible and thus the trends
considered valid. A linear decrease in kj is observed for La-doped SrTiOs single crystals with
increasing La content. This reduction originates from the differences in mass (Mg, = 87.62 g mol~!
and Mp, = 138.90 g mol~') and ionic radii (Rg,2+ = 1.26 A, and Ry s+ = 1.16 A) [147] of La and Sr
which give rise to the mass fluctuation and strain field effect phonon scattering mechanisms. Similar
behavior is expected for Pr-doped samples due to the close vicinity of La and Pr in the periodic table

and their similar mass (Mp, = 140.90 g mol~!) and ionic radius (Rps+ = 1.12 A) [147]. However,
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a steep decrease in kj was observed with an increase in Pr content of the samples presented in
this work. Due to the relatively large average grain size (2-4um) in our samples, three orders of
magnitude larger than the phonon mean free path, poly-crystalline nature of the ceramics and phonon
scattering from the interfaces are not anticipated to play a significant role in the expected trend. In
fact, similar values of k1 achieved for La-doped SrTiO3 polycrystalline ceramic and its single crystal
counterpart attests to this assumption. [148] The significant reduction in xy, for the non-uniformly
Pr-doped SrTiOj3 ceramics suggests the possibility of another phonon scattering mechanism beyond
that of mass fluctuation and strain field effect observed in single crystals. X-ray diffraction analysis
of the samples supported by electron backscattered diffraction (EBSD) suggests the cubic (Pm3m)
to psuedo-cubic (P4/mmm) transition in the Pr-rich boundary region, which is more visible for the
samples with x > 0.125. This kind of structural transition has been reported in uniformly Pr-doped
SrTiO3 ceramics with > 0.05 which is ascribed to the tilting of the TiOg octahedra. [149, 150]
This suggests that aside from the respective mass fluctuation and strain field scatterings within the
grain and the grain boundary regions, phonons experience an extra stain field-type scattering as
they travel from the core domain (grain) to the shell region (Pr-rich grain boundary), comparing to
the uniformly doped sample. It is also observed that xj for sample with x = 0.15 is approaching
the calculated minimum at room temperature. The knowledge of the phonon dispersion curves and
their modification with cubic to tetragonal transition is required to be able to conclusively discuss

the phonon scattering mechanisms in these ceramics.

5.4.2 Enhanced Thermoelectric Figure-of-Merit

Figure 5.11 shows the temperature dependence of the figure of merit, ZT. Reported max-
imum ZT values in the literature for single- and polycrystalline SrTiO3 are also shown for com-
parison. [15-19] Pr-doped SrTiOj polycrystalline samples prepared using the strategy employed in
this work shows much higher ZT values over the whole temperature range under study. Maximum
Z'T values above 0.6 can be predicted at 1000°C by fitting the experimental electronic and ther-
mal transport data, if the measurements are to be performed under a highly reducing atmosphere.
Of course, these projections need to be validated experimentally. However, it is worth mentioning
that such high ZT values are achieved with high electrical conductivity which makes these ceramics

desirable candidates for device fabrication due to minimal electrical contact problems.
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Chapter 6

Concluding Remarks and Future

Prospect

As it was highlighted in the beginning of this monograph, the primary goal of this dis-
sertation was to experimentally re-investigate the thermoelectric properties of bulk polycrystalline
SrTiOs-based thermoelectrics in order to realize the potential of the material system as a high-
temperature candidate and to new develop possible new improvement mechanisms to further enhance
the themroelectric performance of the material.

To this end, a solid state reaction was chosen as it is a very well-studied synthesis method for
oxide powders in general and SrTiO3 compounds in specific. Spark plasma sintering was employed
for powder densification as high-density specimens are desired for thermoelectric applications. As
it was presented and discussed in detail, the synthesis parameters were systematically studied for
powders and bulk ceramics doped with La as our benchmark dopant. It was observed that a sig-
nificant improvement in the electronic properties can be achieved by tuning these parameters. The
experimentally optimized parameters were then used to synthesis and study SrTiO3 samples doped
with Pr, which was not investigated before for thermoelectric applications, to the best of our knowl-
edge. It was found that by fine-tuning the densification heating rate the electronic transport can be
significantly enhanced over all previously reported values for doped SrTiO3. A large thermoelectric
power factor was achieved as a result. The first report on the thermoelectric properties of Pr-doped

SrTiO3 bulk ceramics was presented at the MRS Fall Meeting 2012. Further investigations showed
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that this enhancement originates from a much improved carrier mobility in these samples (~ a factor
of 2) over the values for either poly- or single-crystalline samples reported in the literature. It was
conclusively found that non-uniform distribution of Pr dopants in the grain and the grain bound-
ary regions underlie the observed intriguing electronic properties. It is worth highlighting that the

themroelectric power factor was improved by > 70% at 500°C over the previously reported values.
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Figure 6.1: Temperature-dependence of maximum power factor (defined here as PF = 0a?T) values
reported in the literature for polycrystalline SrTiO3z-based oxides (squares)vs. maximum power
factor values for Sri_,Pr,TiO3 ceramics, with x = 0.075, 0.1, and 0.125, as prepared in this work
(diamonds). [21]

Later investigations show that these non-uniformly Pr-doped SrTiOj ceramics exhibit de-
sirable thermal transport properties as well. Simultaneous enhancement in the thermoelectric power
factor and reduction in thermal conductivity in these samples resulted in more than 30% improve-
ment in the dimensionless thermoelectric figure of merit (Z7T') for the whole temperature range over
all previously reported maximum values. Maximum ZT value of 0.35 was obtained at 500°C. Max-
imum ZT values above 0.6 can be predicted at 1000°C by fitting the experimental electronic and
thermal transport data, if the measurements are to be performed under a highly reducing atmo-
sphere. It is worth mentioning that the superlattice thin films prepared from the Pr-doped SrTiOj3
targets prepared using the findings of the current work also show intriguing properties.

We believe that several investigations can be performed to further improve the thermoelec-
tric properties of SrTiOs-based thermoelectric. Recently, we reported a significant reduction in the

lattice thermal conductivity (> 40% at 300K) via nonstoichiomtery tuning. [151] The possibility
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of the incorporation of such effects into the Pr-doped samples would be of interest. Furthermore,
since the Pr-doped samples prepared in this work possess large thermoelectric power factor over a
broad temperature range, double doping with another heavy Sr?>* dopant (such as Tb) or a Ti** site
dopant (such as Nb) is expected to futher improve the overall thermoelectric properties by reducing

lattice thermal conductivity.
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