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High temperature thermoelectric properties
and figure-of-merit of sintered Nd, _,Ce,CuO,

M. YASUKAWA*, N. MURAYAMA
National Industrial Research Institute of Nagoya, Hirate-cho, Kita-ku, Nagoya 462, Japan

Thermoelectric properties such as the Seebeck coefficient, electrical resistivity, and thermal
conductivity are measured in the temperature range of 300-673 K on Nd, _,Ce,CuO,
(x=0-0.1) sintered bodies in order to estimate the figure-of-merit for thermoelectric energy
conversion. The temperature dependences of both the Seebeck coefficient and electrical
resistivity indicated n-type semiconducting behaviour. The thermal conductivities whose
value decreased with increasing temperature were in the range of 3.7-7.5 Wm~'K~". The
maxima of the power factor and the figure-of-merit estimated from data measured at 320 K
on a sample of a composition of x=0.05 were 9.2 x 10 *Wm 'K~ 2and 1.7 x 10 K",
respectively. The limitation of the power factor is discussed based on the measured Seebeck
coefficient and electrical conductivity data. The thermal conductivity could be separated into
a small electron component and a large phonon component by applying the
Wiedemann-Franz law. This suggests the possibility of improving the figure-of-merit to

some extent by a reduction of the phonon thermal conductivity.

1. Introduction

Since the discovery of high-temperature supercon-
ducting cuprate (HTSC) in doped La,CuQO,4 numerous
other doped cuprates have been shown to display this
property. These cuprates generally have common fea-
tures in that they are charge-transfer-type insulators
without any doping, and change to normal metals
with heavy doping [1]. In the lower doping region
they show semiconducting behaviour with a relatively
large Seebeck coefficient. Therefore, several investiga-
tions on the possibility of using HTSCs as thermoelec-
tric energy conversion materials have been reported in
the literature [ 2, 3]. The thermoelectric figure-of-merit
(Z) can be expressed as:

Z = S%*c/L (1)

where S, o, and A are the Seebeck coefficient, electrical
conductivity, and thermal conductivity, respectively.
Large values of the Seebeck coefficient and electrical
conductivity, and a small thermal conductivity are
required for a high value of the figure-of-merit. Mason
[3] has reported the potential application of HTSCs
in thermoelectric energy conversion. His arguments
are based on the values of the Seebeck coefficient and
the electrical conductivity that are measured as a func-
tion of the dopant concentration [3]. It has been
suggested that HTSCs could operate as passive ther-
moelectric energy conversion materials, since the
values of the power factor (S?c) are intrinsically small
as compared to the values shown by band semicon-
ductors such as Bi,Te;-based materials. It should be

noted that the value of S?c can be maximized by
optimization of the carrier concentration. Currently
there are few reports in the literature on the experi-
mental estimation of the figure-of-merit and its tem-
perature dependence for HTSCs, and it is the aim of
this work to rectify this situation.

The combined use of both p-type and n-type con-
ducting materials in thermoelectric energy conversion
is advantageous due to the Peltier effect and both
p and n type conductivities can be found amongst the
cuprate high temperature superconductors. In the
present study, Nd,_.Ce,CuO,, which has n-type
semiconducting behaviour at low doping levels, was
investigated. This superconducting material has elec-
tron charge carriers and a superconducting transition
temperature, T., of ~24 K for an oxygen-deficient
x = 0.15 sample [4]. The literature contains reports
on the Seebeck coefficient and electrical resistivity at
both low and high temperatures [5—13]. However
only a few investigations on the thermal conductivity
at elevated temperatures have been reported [14-16].

The purpose of this study is to measure the Seebeck
coefficient, electrical resistivity, and thermal conduct-
ivity of the title material and to estimate a thermoelec-
tric figure-of-merit and its temperature dependence.
The measurements were performed on sintered poly-
crystalline samples with compositions of x = 0-0.1
over the temperature range of 300—673 K. The limita-
tions of the power factor, and a possible improvement
in the figure-of-merit by a reduction in the thermal
conductivity are discussed.
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2. Experimental procedures

Sintered discs of Nd,_.Ce, CuO, (x = 0-0.15) were
prepared via a conventional solid state reaction. Re-
agent grade Nd,O3, CeO,, and CuO powders were
thoroughly mixed in a mortar with ethanol being used
as a dispersing liquid. The powder mixture was dried
and pressed into a pellet which was calcined at 1223 K
for 10 h in air. After this calcination step the sample
was reground, reformed into a pellet, and reheated.
This treatment cycle was repeated a further time and,
the produced powder was cold pressed at 200 MPa
using a cold isostatic press. The moulded disc was
placed onto a Pt sheet and sintered at 1423 K for 12 h
in air.

Powder X-ray diffraction patterns were measured
with a Philips APD-1700 diffractometer (CukK, radi-
ation). The a and ¢ lattice constants of the tetragonal
Nd,CuOy, structure were calculated from the values of
the diffraction angles of the (00 10) and (20 8) diffrac-
tion peaks with Si being used as an internal standard.
The composition of the sintered bodies were deter-
mined by inductively-coupled-plasma (ICP) emission
analysis. The densities of the sintered discs were mea-
sured using the Archimedes’ method.

Rectangular samples (typically ~35 x5 x 10 mm?)
for the electrical measurements were cut from the
sintered pellets. Pt wires and two Pt—Pt/13%Rh ther-
mocouples (R-TC) were fixed to the samples using Pt
paste (Tanaka Kikinzoku International TR-7905) and
the sample was heated at 1173 K for 1 h in air in order
to make good electrical and thermal contacts. The
electrical resistivity and Seebeck coefficient were
measured at several constant temperatures between
300-673 K in air. The electrical resistivity was mea-
sured using the d.c. four-probe method. The temper-
ature difference (AT) and the thermoelectromotive
force (AV') between the ends of the samples were
measured using two thermocouples and two Pt wires,
respectively. By controlling the flow rate of the air,
that was blown onto one side of a sample, AT could be
steadily changed by up to 10 K. The Seebeck coeffi-
cient was calculated from the linear gradient of
AV/AT, and this value was corrected for the absolute
thermopower of platinum [19].

The thermal diffusivity and specific heat were mea-
sured at several constant temperatures between
300-673 K at ~0.1 Pa using laser flash equipment
(Sinku-Riko TC-3000). A pulsed ruby laser (energy
density : 40 J cm~? wavelength : 694.3 nm, emission
time : 800 ps) was used as the light source. An InSb
infrared detector was used at 77 K for the thermal
diffusivity measurements.

The sintered discs for measurements were polished
to a thickness of 0.9—1.0 mm, so that finite pulse-width
effects could be neglected (less than 1%). The mea-
sured thermal diffusivity data were corrected for heat
loss effects using the method of Heckman [20]. Before
the specific heat measurements were performed the
thermocouples were fixed onto the polished sample
surface with Pt paste and the samples were heated at
1173 K for 1 h in air. The maximum temperature rise
in a sample produced by a laser flash was calculated
from a temperature loss curve obtained by monitoring
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Figure 1 Ce concentration dependences of the a and ¢ lattice con-
stants of the tetragonal Nd,CuO, structure. The lattice parameters
were calculated from the diffraction angle values for the (00 1 0) and
(208) diffraction peaks. Si was used as an internal standard.

TABLE I Atomic ratios of Nd, _ .Ce,CuQO, sintered bodies ana-
lysed by ICP. Nd and Ce contents were normalized to correspond-
ing Cu content

X Nd:Ce:Cu
0 2.15: — :1
0.01 2.09:0.01:1
0.02 2.09:0.02:1
0.05 2.02:0.05:1
0.10 1.93:0.10:1
0.15 1.89:0.15:1

the rear-surface temperature using the thermocouples.
A sapphire was used as a standard in the specific heat
measurements. The thermal conductivity was esti-
mated as a product of the density, thermal diffusivity,
and specific heat measured on a sample.

3. Results

3.1. Identification of sintered samples
Powder X-ray diffraction patterns showed that the
Nd, - .Ce,CuO, (x = 0-0.15) sintered bodies all con-
tained a single phase material that passed the tetrag-
onal Nd,CuO, structure. The variation of the a and
¢ lattice constants as a function of Ce content are
shown in Fig. 1. The measured a and ¢ values and their
dependence on the Ce content closely agreed with
previously reported data [21-23]. The a lattice con-
stant slightly increased with an increase in the Ce
concentration whereas the value ¢ significantly de-
creased. The composition (atomic ratios) of the sin-
tered bodies (x = 0—0.15) are listed in Table I in which
the analysed Nd and Ce contents are normalized to
the corresponding Cu content. The analysed Ce con-
centrations all agree with the weighted Ce concentra-
tions x. The Nd concentrations were relatively larger
than those expected from the stoichiometric ratios,
although the difference between the two values de-
creased with increasing Ce concentration. Thus, the
continuous solid solution of Ce atoms into the
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Figure 2 Temperature dependence of the Seebeck coefficient for
Nd, - Ce,CuO, (x = (@) 0, (1) 0.01, () 0.05 and (A) 0.1) sintered
bodies. The thermopower values were corrected to allow for the
absolute thermopower of platinum [19].
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Figure 3 Temperature dependence of the electrical resistivity for
Nd, - Ce,CuO, (x = (@) 0, (O) 0.01, (<) 0.05 and (A) 0.1) sintered
bodies.

Nd,CuOy, lattice was confirmed up to x = 0.15 in the
present samples. The measured densities of the sin-
tered discs were all higher than 95% of the theoretical
value.

3.2. Electrical properties and thermoelectric
power factor
Figs 2 and 3 respectively show the temperature de-
pendences of the Seebeck coefficient and electrical
resistivity of the samples with x = 0, 0.01, 0.05, and
0.1. The data were highly reproducible over the mea-
sured temperature range. The signs of the Seebeck
coefficients were negative for all the measured sam-
ples, indicating n-type conduction. The observed
negative value for samples with x =0 can be at-
tributed to carrier electrons generated from oxygen
vacancies formed during the annealing steps
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Figure 4 Temperature dependence of the power factor (S*c) esti-
mated from the measured Seebeck coefficient and electrical con-
ductivity data. Key: (@) x = 0.00, (J) x = 0.01, (¢) x = 0.05 and
(A) x =0.10.

[22,24-28]. The absolute values of the Seebeck coef-
ficient, which were around 100-200 pV K ~! at room
temperature for all samples except for x = 0.1, de-
creased with increasing measurement temperature for
all the samples, indicating semiconducting behaviour.
The observed temperature dependences closely agree
with those previously reported for this material
[9, 10]. The temperature dependence of the electrical
resistivities of all the measured samples also showed
semiconducting behaviour over the measured temper-
ature range. A change to metallic behaviour at slightly
higher temperatures has been reported in the litera-
ture [ 10]. Systematic changes in the absolute values of
both the Seebeck coefficient and electrical resistivity
with increasing cerium content, x, indicate a continu-
ous carrier generation as the Ce substitutes on the Nd
sites.

Fig. 4 shows the temperature dependence of the
power factor (S?c) estimated from the measured
Seebeck coefficient and electrical conductivity values.
The values of the power factor were all of the order of
1073 Wm ™ 'K ~ 2. Despite showing the highest electri-
cal conductivity value, the power factor for the x = 0.1
sample was smaller compared to those for the lightly
doped samples. This effect can be attributed to a de-
crease in the absolute value of the Seebeck coefficient
due to a larger carrier concentration in this sample.
The power factor values for the x =0.01 and 0.05
samples increased as the temperature decreased and
they seem to have their maximum values at a temper-
ature lower than room temperature. The maximum
value within the measured temperature range was 9.2 x
1075 Wm ™ 'K~ 2% at 320 K for the x = 0.05 sample.

3.3. Thermal conductivity and thermoelectric
figure of merit

Fig. 5 shows the temperature dependence of the ther-

mal conductivity which was calculated as the product
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Figure 5 Temperature dependence of thermal conductivity for
Nd, - ,Ce,CuO, (x = (@) 0, (O) 0.01, (&) 0.05 and (A) 0.1) sintered
bodies. The thermal conductivity was estimated as a product of the
density, thermal diffusivity, and specific heat. The density was meas-
ured by Archimedes’ method. The thermal diffusivity (o) and specific
heat (C,) measured at ~0.1 Pa using the laser flash method are
shown in the insets of the figure. A sapphire was used as a standard
in the specific heat, measurements.

of the density, thermal diffusivity, and specific heat of
a sample. The values of the latter two factors are
shown in the insets and they are in reasonable agree-
ment with previously reported data [ 18]. The absolute
values of the thermal conductivities decreased with an
increasing temperature for all the investigated sam-
ples, and their temperature gradients apparently de-
creased with increasing cerum content, x. This may be
attributed to a decrease in thermal conductivity at
lower temperatures, in this case observed at room
temperature, due to an increase in the phonon—impu-
rity scattering with increasing cerium content.

The calculated values of the figure-of-merit are
shown in Fig. 6. They were all around 1 x 107 K ™!
except for the x = 0.1 sample. The values for the
x = 0.01 and 0.05 samples appear to have their max-
imum values at a temperature lower than room tem-
perature, which mimics the behaviour of the power
factor. The maximum value obtained over the mea-
sured temperature range was 1.7 x 10" 5K "1 at 320 K
for the x = 0.05 sample.

4. Discussion

We first discuss the electrical properties of the investi-
gated samples and their effect on the power factor. The
maximum value of the power factor measured in this
study (9.2x10"°>Wm ™ 1K ~2 at 320K for the x =
0.05 sample) is two orders of magnitude smaller than
that of Bi,Te;-based samples [29,30]. This can be
attributed to an intrinsically small value of the power
factor (S?c) of this material. The Seebeck coefficient
and electrical conductivity which determine the power
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Figure 6 Temperature dependence of the figure-of-merit (S?c/A)
estimated from the measured data. Key: (@) x = 0.00, (OJ) x = 0.01,
() x =0.05 and (A) x =0.10.
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Figure 7 Ce concentration dependences of the absolute values of
the Seebeck coefficient (| S|) and electrical conductivity (o) at con-
stant temperatures of: (O, @) 320 K, (O, W) 365K, (¢, @) 464 K,
(A, A) 566 K and (V, V) 669 K.

factor are connected with the carrier concentration. As
is shown in Fig. 7, the absolute values of the Seebeck
coefficient decreased with increasing Ce concentration
whereas the electrical conductivities increased. There-
fore, we propose that the Ce concentration almost
corresponds to the carrier concentration. The rela-
tionship between the Seebeck coefficient and electrical
conductivity can be understood by eliminating carrier
concentration as will now be discussed.

Plots of the Seebeck coefficient (S) against recipro-
cal temperature gave almost straight lines over the
measured temperature range, indicating semiconduct-
ing behaviour. It is currently not clear if observed
slight differences between the sample x =0 and the
other samples is due to Ce-doping. The proportional
relationship between S and 1/T is given by the follow-
ing equation:

S = —AE/eT + A 2



where AE, e, and A are the carrier generation energy,
the electronic charge, and a constant, respectively. AE
can be expressed as:

n =

Nexp(—AE/KT) 3)

where n, N, and k are the carrier concentration, the
density of states, and the Boltzmann constant, respec-
tively. Therefore, the Seebeck coefficient can be
expressed as a function of the carrier concentration by:

S = —(k/e)(In(N/n) + A’) 4)

Equation 4 has been applied to the case of wide band
semiconductors [31,32] and it can be phenomenologi-
cally applied in our case as can be conjectured from
Fig. 7. As can also be clearly seen in Fig. 7, on the
other hand, the electrical conductivity is expressed by:

G = nepn (5)

where p is the carrier mobility. From Equations 4 and
5, Jonker’s equation [33] which expresses the relation-
ship between the Seebeck coefficient and the electrical
conductivity is given by:

S = (k/e)(Inc —In(Nep) — A') (6)

A positive gradient for a plot of S against Ino, that is

+ (k/e), is expected in the case where the carriers are
electrons. If the product of Nu remains constant
against carrier doping, Equation 6 gives a straight line
with a gradient of k/e, and the intercept with S = 0 is
a constant value for the material.

Mason [3] and Su et al. [34] have indicated that
a Jonker plot using Seebeck coefficient and electrical
conductivity data measured at a high temperature
(1043 K) on samples with cerium contents of x = 0—0.15
of this material gives a smaller intercept (Inc =
515Q 'cm™1!) than that Inc =129Q 'cm ™) of
a wide band semiconductor such as the Bi,Te;-based
material and therefore, the power factor of this mater-
ial is smaller. Fig. 8 shows a Jonker plot obtained from
the present data. As indicated by the dashed line with
a gradient of k/e, a good linear relationship was ob-
served for the measured data. The intercept with the
axis at S = 0 gave a value of In o = 5.13, which is very
close to that given by Su et al. [34]. This agreement
supports the concept that the intercept at S =0 is
a temperature-independent value within this temper-
ature range (320-1043 K). The small value of the
intercept may be due to a low mobility in this material
as pointed out by Mason [3]. Although a change in
the number of in-gap states produced by doping, as is
seen in the change of conduction behaviour from
insulating to metallic, may bring about a shift of the
product Ny, it is probably only observed in the highly
doped region beyond x = 0.15 as observed in other
superconducting materials [35, 36].

The maximum value of the figure-of-merit in this
study (1.7x107°K~! at 320K for the x =0.05
sample) was also smaller by two orders of magnitude
than that of the Bi,Tes-based material ( ~3 x
1073 K~ at 300 K) [29, 30]. As previously described,
since the power factor of this material is intrinsically
small, a decrease in the thermal conductivity is highly
important in any improvement of the figure-of-merit.
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Figure 8 The Seebeck coeflicient as a function of the natural logar-
ithm of the electrical conductivity (a Jonker plot). The dashed
straight line was determined by a least squares fitting so as to have
a gradient of + (k/e) = 86.17 VK~ '. The intercept at § = 0 gave
a value of Ino = 5.13. Key: (@) 320K, (O) 365K, (H) 464 K, (<)
566 K and (V) 669 K.
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Figure 9 Temperature dependences of the total (X), electron (A.),
and phonon (A,;) thermal conductivities for the x = 0.05 sample.
The electron thermal conductivity was estimated from the electrical
conductivity data by use of the Wiedemann-Franz law.

The temperature dependence of the thermal conduct-
ivity for the x = 0.05 sample is again presented as Fig.
9. The measured thermal conductivity was separated
into electron and phonon components by
A=A, + Ay, where A, A, and Ay, are the total, elec-
tron, and phonon thermal conductivities, respectively.
By applying the Wiedemann—Franz law to the electri-
cal conductivity data, the electron thermal conductiv-
ity could be estimated as A, = Lo T, where L is the
Lorenz number, 2.44 x 1078 V2K =2 [37]. As is shown
in Fig. 9, although the electron thermal conductivity
increased with an increase in the temperature, it
remains small compared with the total thermal
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conductivity. Most of the total thermal conductivity
was composed of the phonon component as indicated
by the dashed line in Fig. 9. This is in agreement with
the observed decrease in the thermal conductivity at
lower temperatures with increasing Ce concentration.
The large phonon component conversely indicates
that the electrical conductivity is small at the optimum
Ce concentration due to an intrinsically small S%c.
For such materials, an improvement in the figure-of-
merit can be attempted to some extent by controlling
the sample texture, which is expected to decrease the
phonon thermal conductivity.

5. Conclusions

Values of the thermoelectric power factor and figure-
of-merit for Nd, _ .Ce,CuQO, (x = 0-0.1) sintered bo-
dies were estimated from values of the Seebeck coeffic-
ient, electrical resistivity, and thermal conductivity
measured in the temperature range of 300-673 K. The
temperature dependences of both the Seebeck coeffic-
ient and electrical resistivity indicated n-type semicon-
ducting behaviour. The thermal conductivities, that
decreased with increasing temperature, were in the
range of 3.7-7.5Wm ™ 'K~!. The maxima of the
power factor and figure-of-merit in this study for
a sample of composition x = 0.05 were estimated to be
9.2x1073Wm 'K 2?and 1.7 x 10~ K ~! respective-
ly, at 320 K. The maxima of this sample appears to be
located at temperatures lower than room temperature.
The thermal conductivity was separated into a small
electron component and a large phonon component
by applying the Wiedemann-Franz law. A certain
improvement in the figure-of-merit could be achieved
by a reduction in the phonon thermal conductivity.
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