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Abstract
The search for n t)?e oxide thermoelements is very active

as the thermoelectric performances of the n-type odde legs are
smaller than the ones of the p-type legs. Different strategies
have been investigated in maaganese and cobalt oxides to
improve the figure of merit. Firs! by tuning the baadwidth of
the manganese perovskites, the optirnum of the power factor
can be adjusted in temperature. The second part presents the
results obtained in cobalt perovskites, where large p or n
Seebeck coeeficients can be obtained by slightly doping
LaCoO3. This approach has then been applied to other families
ofcobalt oxides.

Introduction
The discovery of a large positive thermopower in the

metallic oxide Na*CoO, [1] has shown the great potentiality of
oxides as thermoelectric materials for high temperature
applicafions. Since then, numerous studies have been devoted
to the investigation of the thermoelectric properties of
different families of oxides. For thermogeneration
applications, p-q?e and n-tj?e materials with similar
properties are needed and the search for large thermopower,
positive or negative, is very active.

Among the different oxides families, the misfit cobalt
oxides have been investigated in details. The structue ofthese
compounds is built of similar CoO2 layers as in Na"CoO2,
separated by NaClJike layers instead of Na [2]. These CoOz
layers have been shown to be responsible for the large
thermopower in these oxides [3], and the optirnization of the
thermoelectric properties of this family has tius been
attempted.

The thermopower can be changed ftom +80pV/K
(TVSr/Co/O system [4]) to +l7OpV/K (Pb/CalCo/O system
[5]) at room terperature depending on the NaCl-like
separating layers. Despite all the different attempts, the
thermopower always remains p-type and the variation of its
anplitude remairu rather limited. Potential n-type
thermoelefirents have thus to be found in other structural
families.

Previous promising results bave been published in the ZnO
and ZnO-In2O3 systems. The largest ZT of 0.33 at 1073K was
reported in (ZnO)5In 03 at 1073K [6]. Other oxides are
interesting. An all-oxide thermogenerator has been designed,
using La doped CaMnO3 as n-type leg [7]. More recently, Bi
doped LaNiO: was used as a n type leg [8]. Despite all these
studies, the thermoelectric properties of these n-type legs
always remain below those of the p type leg [7] .

We have previously investigated the thermoelectric
properties of the electron doped manganese perovskites [9].
Starting from these results, the fust part of the paper will
present the results obtained for the optimization of the power
factor S2/p by tuniog the baadwidth of tlese perovskites. The
second pad of this paper will show the possibility to get p and
n type doped cobalt perovskites by carefully selecting the
dopant oddation state and the doping level. Following the
Heikes formula [10], the thermopower and its sign depends on
the nature of the charge carriers (elechons or holes), and
starting from a stoichiometric compound, it is possible to get
large positive or negative Seebeck coeffrcienq depending on
the dopant. This idea has then been extended to other families
of cobaltites.

Experimental
A1l the perovskites ofthe present study have been prepared

by classical solid state reaction. The oxides precursors (for
exanple : Co3Oa, SrO2, MnO:,...) are intirnately mixed in the
stoichiometric proportions. The powder is conrpacted in the
form of bars (typically 2x2xl0mm) which are fired at high
terperatures (1250'C for the perovskite cobaltites, 1400'C
for the manganites).

The structures are characteriz€d at room temperature (RT)
by using a Philips x-ray diftactometer using CuKa. Electon
diftaction (ED) and energy dispersive spectroscopy (EDS)
investigation were carried out at RT with a JEOL 200 CX
electron microscope equipped with KEVEX analyser.

The transport properties have been measured using a
Physical Properties Measurements System between 2K and
400K. The resistivity p is measured by the four probe
technique with indium contacts deposited with ultrasonic
waves. The thermopower S is measured by a steady-state
techniqu€.

Results

The Ca1-,Sr,Mns.e6Mo0.MO3 system
It has previously been shown that in mangaaese

perovskites, electron doping can be an efficient way to design
n b?e th€rmoelements. A and B site substitutions are effective
in the CaMnO3 compound, and a small fiaction of Mnr' can be
inhoduced in the Mn* matrix, as for exanple in CaMnl,
*Mo*O3 or in Ca1-*Sm"MnO3. This small electron
concentration is responsible for the metallic behaviour and if
the concentration is small, the thermopower absolute value
remains large enough to be interesting for applications. For
example, in Ca6.e5Sn5.65MnO3, S is close to -l20pV/K at
300K and p-2mfl.cn! which gives a Power Factor (PF) close



to TprWK-2crrr, Conrpared to the other conventional
themoelements, at RT this is still smaller than for exarnple in
BirTe3 (40pwK'�cmi) [11].

The properties of these electron doped manganites can be
described by a single band model [12]. We have tried to
optimize the power factor following two ideas. First, by
keeping the doping level constant, tlrc thermopower should
remain unchanged, at least at high terperatwe. Second, the
bandwidth is known to be a crucial parameter in these
materials and tuning the bandwidth should affect the electrical
resistivity. This parameter can be modified by changing the
size ofthe A site. We have therefore decided to investigate the
Ca 1-"Sr*Mna.e6Moq oao3 system.

The shuctural study reveals a complex phase diagram with
two structual transitions observed ftom orthorhombic to
quadratic for x-0.3 alld quadmtic to cubic for x-0.8 [13].
Furthermore, as the Sr content increases, the
antiferromagnetism is reinforced because of the modification
of the Mn-O-Mn angle [l4].

Figure 1 presents the results obtained for the resistivity.
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Figure 1: p(T) of the Car-,Sr1Mnq.e6Moe.6aO3 system

The Sr substitution induces a strong localization at low T
and as x increases, the metallicity is progressively deslroyed.
For x=0.6, the sample resistivity presents a dp/dT<0 in the
whole range of tenperature. The most interesting point is that
the value of p remains almost unchaaged at RT, close to
4mf).cn1 and that p decreases as T increases for x>0.4. The
increase of resistivity is associated to the strengthening of the
antiferromagnetic interactions.

Figure 2 presents the results obtained for the thermopower.
The low T thermopower is strongly affected by the Sr
substitution. For this electron doped systern, the Seebeck
coefficient evolves from negative to positive at low T,
depending on the magnetic interactions [13]. However, at high
T, i.e. above 250K, all tlrc curves merge onto a single one,
with a linear variation of S as T increases : S is close to -

l00pV/K at 300K and its magnitude increases as T increases.
The close values of S obtained for all the samples shows that S
is mainly determined by the valency, constant here, at RT, as
expected from the Heikes formula [10].
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Figure 2l S(T) of the Car-'Sr'Mno.q6Moo.orOs system

Combining the S(T) and p(T) cuwes, the Power Factor can
be calculated and is presented in frgure 3.

Figure 3 : PF=S2/p of the Ca1-,Sr,Mne.e6Moe.saO3 system
The Sr for Ca substitution is an efficient way to increase

the Power Factor in these materials. The benefrcial effect is
mainly corning ftom the cbange in p(T) observed in figure l.
Fist, there is a very small decrease of p at RT for the larger x
content which induces an increase of PF. Second, the most
interesting point is that the variation of PF with T is affected
and its maxinum is shifted to higher terperature as x
increases. In frgure 3, even if the absolute value of the Power
Factor is not maximized, it is clear that the maximum ofPF(T)
carr be adjusted in ternperature, by tuning the bandwidth in
these perovskites.

p and n type thermoelem€nts in the LaCoO3 system
The high tenperatue thermopower can be estimated ftom

the He ikes formula [10].

S= 
^B 

ltt('- 
^), 

*here x is the carrier concentration.
e x

For a small x, S can reach very large values. Starting Aom
the stoichiometric perovskite LaCoO3, it should be possibl€ to
keep a large S for a small x, with S positive or negative
depending on the nahue of the dopant [15]. The tra$port
Droperties of the A or B site substituted LaCoO3 have been
investigated. Doping with Sl- should induce a Cor-/coa-
mixed valency, i. e. a p type doping whereas doping with Ti"*,
Sna* or Cean induces a co2*/co3n mixed valency, i. e. a n type
themoelement.
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Figure 4 presents the resistivity curves of these
compounds. All the samples are insulating, with
p-0.1-l0Q.cm at RT. The Sr compound shows a spectacular
decrease ofresistivity in the whole T range.

tetravalent cations, on the A (Ce) or B(Ti) sites. With only 1%
of Co'�*, S sign changes and reaches -300pV/K at RT.

Even if the thermopower values can be sylllrctric
(+300pV/K or -300pV/K), the resistivity data are different,
with a smaller p in the p type cobaltites. This is due to the fact
that the transport takes place in the t2s band of the 3d orbitals
for co3*/coaiand in the;" band for c;'�*/co3*.
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Figure 6 : Sch€matic description of the hopping of Co2* or
Coa* in a Low spin Co3* matrix.

The hansport is easier in the t2, band than in the e, one
[6] because a conduction band can be formed ir the t2, band
just by interchanging a Low Spin Co' and a Low Spin Co"'
by movilg only one spin %. Or the other hand, with a High
Spin Co'-, the hopping in the ee band is not possible by
moving only one elechon.

Figure 7 summarizes the values of S at RT obtained in the
diflerent substituted sanples as a function of the carrier
concentration. The solid line represents the values calculated
ftom the Heikes formula.
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Figure 7: Theoretical S(x) curves from th€ Heikes formula.
The experimental points for LaCoO3 (closed triangles),
La0.esSrs.q2CoO3 (open circles), Ltueece0.orcoo3 (closed
circles), LaTiq.elCooeeO3 (open triangles) are shown with
the sam€ symbols as the S(T) curves,

The experimental data are in good agreernent with the
calculated values. This plot demorBtrates that by carefully
choosing the dopant, and by making only very small
substitutions, p and n type thermoelements can be generated in
the same family of oxides. This is important especially for
devices where thermoelements of both qpes, with similar
thermoelectric and mechanical properties are required.
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Figure 4 : T dependence of r€sistivity for LaCoo3 (closed

triangles), Laj.esSr6.n2CoO3 (open circles)' La0.eeceg.grCoO3
(closed circles), Lacog.ee Ti0.0r03 (op€n triangles).

This strong asynmetry rnight be related to the different
kinds of carriers, holes or electrons responsible for the
conductivity. The thermopower measurements is a direct
probe ofthe sign ofcarriers.

Figure 5 presents the thermopower of the different samples
investigated here. The measurements are restricted to the
resistance values smaller than 1050,
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Figure 5 : S(T) for LaCoO3 (closed triangles),
Lag.esSrn.12CoO3 (open circles), La6.eeCes.slCoO3 (closed
circles), LaTio.orCoe.eeO3 (open triangles).

The parent conrpouad LaCoO3 exhibits a very large,
positive Seebeck coeffrcient of +600pV/K at RT. The positive
value reflects that the sarrple is slightly self-doped with holes,
but that the self-doping remains very small as S is very large.
The Sr substitution induces a strong decrease of S, with S
close to +300FV/K at RT. This is consistent with the increase
of Coa* induced by the Sr2* substitution : only 2Vo of Coa*
reduces S ftom +600 to +300uV/K.

Figure 5 shows that a spectacular sign change can be
obtained in tlese perovskites when they are doped with
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The Brownmillerite SrCoO3-6
The possibility to change the sign of the Seebeck

coefficient has been shown also in the GdBaCo2O5*6 family

F7l. We show here that this idea can be extended to anottrer
family, the brownmillerite compounds SrCoO3-6.

The sl,nthesis procedure of SrCoO2: is described in [18].
Figure 7 presents the thermopower and resistivity cuwes
ofSrCo02.5.

Figure 7 : Thermopower and Resistivity (Inset) versus
temperature of the SrCoO-2.s brownmillerite

A formal valency of Co'- is expected in this material. The
compound is insulating with a RT resistivity of 5 Q.crn The
themopower is large and negative, close to -280pV/K at RT.
Its magnitude is decreasing with terperatue as T increases.
This negative sign shows that the cobalt valency, is close to
Cor*, with a small amount of Co2*. The insulating behavior
reflects the presence of Co2*/Co3* as previously explained [15-
16l. This conposition might not be interesting for high
tempentue applications but it shows that the same idea as in
cobalt perovskites can be applied in this brownmillerite
structure.

Conclusion
The thermoelectric properties of n type oxides have been

investigated. By tuning the bandwidth in marganese
perovksites, we have shown that the power factor maximum
can be adjusted in temperature. The second pararreter which
has been investigated is the doping level and its natue.
Following the Heikes formula, it is shown that starting from
the LaCoO3 perovskite, a light doping can induce p or n t)?e
thermoelements with a large thermopower. The resistivity
values are nevertheless not symmetric, as the transport is
easier in the hole doped systems than in the electron ones. The
effrciency ofp type or n type doping can be extended to other
families, such as the brownmillerite. These three different
examples show the richness of the oxides family. The
optimization of the thermoelectric properties is not achieved
yet, and the other major task is now to investigate the high
temperatue properties of these promising oxides.
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