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The influence of thermal treatment between 1273 and 1333 K in an oxygen
atmosphere on the perovskite system RuSr,GdCu,Og was studied by X-ray
diffraction (XRD), scanning electron microscopy, electrical resistivity and
Seebeck coefficient measurements. The XRD patterns revealed that the
phase purity depends on the sintering process. The samples were found to
exhibit very small crystallite sizes in the nanometer range. The electrical
resistivity was found to be strongly correlated with the heat treatment. The
temperature dependence of electrical resistivity for one sample revealed
semiconducting behavior, whereas the others exhibit metallic behavior. All
the investigated samples exhibit a positive thermoelectric power, indicating
the predominance of positive charge carriers. It was found that the power
factor reaches a maximum value of 0.4 x 107*Wm ™' K2 at 300 K.

Keywords: thermoelectric power; RuSr,GdCu,Og perovskite; sintering;
resistivity; Seebeck coefficient

1. Introduction

Thermoelectricity, i.e. energy conversion between heat and electricity via thermo-
electric phenomena in solids, has long been a fundamental issue in condensed matter
physics and is currently attracting renewed interest as a promising energy-conversion
technology, which is important for the efficient use of energy and the prevention of
global warming. A broad search has been under way to identify new materials with
enhanced thermoelectric properties. Several classes of materials are currently under
investigation, including high-7, superconductor oxides. The latter exhibit a large
thermoelectric power (TEP) (S=-+100 pnV/K), a low resistivity close to that of metals
(p=0.2 m cm) and a rather low thermal conductivity (k=2Wm 'K~ at 300 K)
[1], resulting in a high thermoelectric figure of merit (Z=S%/pk, where S is the
Seebeck coefficient, p the electrical resistivity, and « the thermal conductivity).
Therefore, enhancing the thermoelectric properties of materials requires decreasing
the electrical resistivity, improving the Seebeck coefficient or decreasing the thermal
conductivity. To realize this, efforts have been directed towards microstructural and
alloy design control of existing materials or finding new compounds. The sintering
process strongly affects the electrical conductivity and Seebeck coefficient of oxides
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and can be utilized to improve their thermoelectric properties [2]. Thermoelectric
materials are used in power generation, for specialized applications in thermoelectric
generators and also in refrigerators. Since the lattice thermal conductivity dominates
over the electronic contribution for most materials used for room temperature
applications, the single ‘electronic’ parameter that describes the efficiency of
thermoelectric devices is the TEP, which is defined as S?/p, where S is the Seebeck
coefficient and p the electrical resistivity.

In this context, ruthenium-base oxides are promising candidates for use as
thermoelectric materials. Although there have been an enormous number of studies
[3-26] on the different physical properties of perovskite-type ruthenium oxides such
as RuSr,GdCu,0g (Rul212), a focus on their applicability as a thermoelectric
material is very scarce.

The current study is an attempt, which shows to what extent we could
successfully prepare pure samples of Rul212 with a classical solid-state technique.
Thereafter, a study of the effects of sintering process on the structural, electrical and
thermoelectric properties of Rul212 was made to evaluate these compounds as
thermoelectric materials.

2. Experimental

The compound RuSr,GdCu,Og (Rul212) was prepared by the solid state ceramic
technique. Appropriate quantities of RuO,, Gd,O3;, CuO and SrCO;, all of high
purity, were thoroughly mixed, ground, and then calcined in air at 1233 K for
24h, with one intermediate grinding. The starting materials were preheated at
873-1073 K. Then, the powders were pressed into pellets at a pressure of 5toncm >
and subsequently sintered in nitrogen at 1303 K for 24 h. The sintering of these
pellets was performed in oxygen at 1273 K for 72h (sample A), at 1333 K for 72h
(sample B), and finally at 1333 K (sample C) for 100 h. The specimens were slowly
cooled to room temperature.

Room temperature X-ray diffraction (XRD) spectra were obtained using a
Brucker Axs-D8 Advance diffractometer with Cu K, radiation in the 26 range of
20-80° with the step of 0.04° and time per step 10 s. Scanning electron microscopy
(SEM) combined with an energy dispersive X-ray analysis (EDXA) investigation was
carried out with a JEOL JSMS5300 instrument. Resistivity measurements were
performed on bar-shape pieces cut out from the pellets with contact made with silver
paint using a dc four-probe technique in the temperature range 80-300K. The
thermoelectric power factors of the samples were measured using a differential
technique [27]. It should be noted that the same piece of sample was used for both
measurements.

3. Results and discussion

The microstructural features of Rul212 shown by the SEM images (Figure 1) are
microcrystalline grains with variable sizes and shapes. Although varying in shape,
they indeed consist of the same chemical compositions, as was confirmed from
EDAX measurements. SEM analyses show grain homogeneity with clean grain
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Figure 1. SEM photographs of samples A and C with the same scale.

boundaries. Very fine grain sizes are observed for sample C, whereas for sample A
larger grains are detected with an average size of the order of 3um, and some
plate-like grains grown randomly. This random growth makes the pore volume
increase and the apparent density of the sample decrease to 4.3 gecm ™. The thermal
treatment seems to play a role in making denser samples with a bulk density of
4.47gcem™, as reported previously [3]. This enhancement of density may be due to
decreasing of the macroscopic cracking. Therefore, heat treatment is an important
process for maximizing the density.

X-ray diffractograms of the samples were analyzed to obtain information about
various crystallographic features. A weak peak corresponding to SrRuO; (marked
by a * in Figure 1) indicated the existence of impurity traces in sample A. However,
with additional steps of sintering, the SrRuO; phase is diminished dramatically
leading to high phase purity of Rul212 for the sample C, which was sintered at
1333 K for 100 h, as can be seen in Figure 2c. This may be attributed to the fact that
these conditions of sintering make the impurity layer thickness insufficient (<100 A)
to form diffraction peaks [27].

The peaks belonging to Rul212 phase were indexed, showing that
RuSr,GdCu,0g crystallizes in a tetragonal crystal structure. The values of the
lattice constants, @ =3.842 A and ¢=11.577 A, are comparable with those reported
previously [23]. The intensity and peak positions of (103), (200), (213) and (206)
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Figure 2. X-ray diffraction patterns obtained for tested samples.

reflections are in good agreement with the values reported in the literature [4,25,26].
The studied samples consist of a few slightly disoriented monocrystalline grains. The
average grain sizes (G;) of all samples were within the range 50.4-125.3nm, as
calculated from the main peaks (103) by using the well-known Scherrer formula [28],

k
* 7 Bcosh’

()

where the constant k depends upon the shape of the grain size (=0.89 assuming a
circular grain), 8= full width at half maximum (FWHM) of the intensity versus 26
profile, A is wavelength of the Cu K, radiation and 6 is the Bragg diffraction angle. It
was found that the grain size decreases due to the sintering process, which in turn
suppresses cracking. This means that the sintering process seems to play an
important role in increasing the grain orientation and grain connectivity. Obviously,
the particle size that was observed by SEM is much larger than that determined from
XRD since the former represents the size of aggregated nanocrystals of Rul212.
Figure 3 shows the temperature dependence of the electrical resistivity (p) for
RuSr,GdCu,04 in the range from 80 to 300K. The resistivity decreases with
increasing temperature over the measured temperature range, showing semiconduct-
ing-like behavior for sample A. However, sample B exhibits metallic behavior at
higher temperature, whereas at low temperature the behavior changes to
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Figure 3. Electrical resistivity vs. temperature for investigated samples.

semiconducting. The p—T curve of sample C exhibits a metallic behavior over the
whole temperature range of measurement. The electrical resistivity at 300 K was
0.448, 0.031, and 0.012 Qcm for samples A, B, and C, respectively. Thus, one can
conclude that the resistivity decreases when the sintering temperature increases,
because of decreasing the macroscopic cracking and enhancement of the grain
orientation and grain connectivity, in agreement the density, XRD, and SEM results.
However, the electrical resistivity is not only determined by the degree of grain
orientation but also depends on the carrier concentration (as discussed below).

An attempt was made to understand the semiconducting behavior in terms of
conduction by electrons between localized states. Fitting of the resistivity curves
could clarify the type of conduction and discriminate between pure thermally
activated conductivity and variable range hopping (VRH) between localized
electronic states.

For thermally activated conduction, the electrical resistivity can be written as a
function of temperature, 7, as follows p = p,exp(E,/kgT), where E, is the
activation energy and p, is a pre-exponential coefficient [29,30]. The calculated
values of E, from the linear portion of the In (p)-1/T curves were 4.5 and 3.5meV for
samples A and B, respectively. The difference in the activation energy values may be
due to the sintering process.

The resistivity in Mott’s three-dimensional variable range hopping [31] is given by

p = pom(T/To)"* exp(To/T)"*, 2)

where T, = 21/(kpN(Er)a®), in which a is the localization of length and N(Ep) is the
density of states. It is clear from Figure 3 that the thermal activation mechanism best
matches the experimental data.

In the case of metallic state, p(7") is well fit by the following empirical equation
p = p +aT, where o' is the residual resistivity extrapolated to 7=0 (intercept) and
the slope « represents the temperature coefficient of resistivity. The values of o’ are
0.291 and 0.072 @ for samples B and C, respectively. However, the values of « are
8x 1077 and 2 x 107* @ ecm K~'. Thus, it can be concluded that the two parameters
are strongly dependent on the sintering process. The decrease in residual resistivity
and increase in temperature coefficient of resistivity with increasing sintering time
can be ascribed to the enhancement of the Rul212 phase, in agreement with XRD
and SEM results.
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Figure 4. The temperature dependence of the Seebeck coefficient.

TEP measurements provide a useful tool to determine the electronic properties of
samples because it is less sensitive to inter-grain impurities in comparison with the
resistivity. In all the samples, the Seebeck coefficient was positive (see Figure 4) over
the whole temperature range of measurement (80-300 K). The positive signs of S
indicate that the materials investigated are p-type (the predominant carriers in these
compounds are holes). All the samples exhibited similar temperature dependence: S
increases with decreasing 7, having a broad maximum at about 200 K and decreasing
almost linearly with 7 below 150 K, similar to results for high-7, cuprates.

In the temperature range 200-300K, S increases linearly with a decrease in
temperature with a negative slope. Thus, the Mott expression can be used to
determine the Fermi energy [32,33]: S=S, — (7°k5*/3¢Ep)T, where S, is a constant.
Thus, a plot of S versus 7 should be a straight line; the Fermi level calculated from
the slope was found to be 0.32eV for sample A. The Fermi energy values were 0.2
and 0.197eV [3] for samples B and C, respectively. This decrease of the Fermi energy
with increasing sintering temperature reverses a significant dependency on the
thermal treatment conditions. The temperature dependent of the Seebeck coefficient
in sample A was analyzed using the Mott expression in which there is a local increase
in the density of states (DOS) over a narrow energy range. The TEP data for samples
B and C were analyzed from the standpoint of a two-band model with a linear
T-term in which there is a narrow peak in the density of states of the charge carriers
near the Fermi level. Hence, it can be concluded that the change in hole
concentration has moved the Fermi energy.

The room temperature Seebeck coefficient was 88, 78, and 69.9 uVK 2 for
samples A, B, and C, respectively. The two variables S and p at room temperature
are governed by the following formulae [34]:

202 3/2
s—xfB|, 3, 2Gm ks 3)
e 2 ph?
K
S:ffp+md+a 4)

in which kp is Boltzmann’s constant, ¢ the electronic charge, r the scattering
parameter, m* the effective mass, p the hole concentration, / is Planck’s constant and
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Figure 5. The temperature dependence of the power factor.

C is a constant. Also, it shows that the Seebeck coefficient is directly related to
electrical resistivity when the scattering parameter is the same. As we know, S and p
can be expressed as p=1/nep and S=y —Inn [35], where n is the carrier
concentration, u is the carrier mobility and y is the scattering factor. As mentioned
above, the density of the investigated samples increases with increasing sintering
temperature. So, the carrier mobility, w, increases or carrier effective mass decreases,
and therefore the electrical resistivity and Seebeck coefficient decrease with increase
in sintering temperature.

For the thermoelectric applications, both p- and n-type materials having high
thermoelectric figures of merit are required simultaneously [36]. The power factor
can be optimized as a function of the carrier concentration. The good performance of
a thermoelectric material demands a high dimensionless figure of merit value, i.e.
large power factor (PF) values and low thermal conductivity. The temperature
dependence of the power factor of the samples calculated from the data of S(7") and
o(T), is plotted in Figure 5. The PF of sample A increases with increasing
temperature in the measured temperature range and the value reaches
1.7 x 100°Wm~'K~? at 300K. The power factor behavior corresponding to the
both samples B and C has similar shape to that of the Seebeck coefficient one. It is
worth noting that the sintering conditions are an efficient way to increase the room
temperature power factor in these materials. The highest value at 300K was
0.4 x 107*Wm~" K2 and was recorded for sample C. The increase of power factor
for Rul212 samples resulted mainly from the decrease of the electrical resistivity,
since the Seebeck coefficient was almost the same. On the other hand, these results
confirm that preparing very fine-grained RuSr,GdCu,Og samples is very effective in
improving the power factor of the thermoelectric material. The thermoelectric
properties and mechanical characterization of the samples [3] are critical for material
design and device fabrication [37].

4. Conclusion

RuSr,GdCu,Og (Rul212) pellets with a tetragonal perovskite-type structure have
been prepared using the solid state method followed by a high temperature sintering
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in O, atmosphere. The XRD data indicate that the sintering process in flowing
oxygen gas for a long time produced a reasonably pure Rul212 phase. The electrical
resistivity, TEP, and the thermoelectric power factor were measured as functions
of temperature from 80 to 300 K. The electrical resistivity of samples shows either
semiconductor or metallic behavior depending on the sintering conditions. The
Seebeck coefficient measurements confirm that the carries are holes and the samples
are underdoped cuprates. Due to the large TEP and the low resistivity close to that of
metal, these materials are potential candidates for TE materials. The good
thermoelectric performance increases well the efficiency of the TE generators and
modules fabricated from the very fine powder, which is of great value in the TE
industry.
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