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Fabrication and thermoelectric properties of layered cobaltite,
�-Sr0.32Na0.21CoO2 epitaxial films
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Thermoelectric properties of �-Sr0.32Na0.21CoO2 epitaxial films, which were fabricated on the
�0001�-face of �-Al2O3 substrates by ion exchange processes between Na+ and Sr2+ ions with
�-Na0.8CoO2 epitaxial films, were measured to clarify the effect of Sr2+-ion exchange of
�-Na0.8CoO2 on the thermoelectric properties. Electrical conductivity ���, Seebeck coefficient �S�,
and thermoelectric power factor �PF=S2�� of the �-Sr0.32Na0.21CoO2 film �300 K� were
8.9�102 S cm−1, +120 �V K−1, and 1.2�10−3 W m−1 K−2, respectively. These values were
relatively large compared to those of �-Na0.8CoO2 epitaxial films ��=1.2�103 S cm−1,
S= +95 �V K−1, and PF=1.1�10−3 W m−1 K−2�. The �-Sr0.32Na0.21CoO2 epitaxial film exhibited
much improved chemical stability against moisture compared to the �-Na0.8CoO2 epitaxial film. The
Sr2+-ion exchange of �-Na0.8CoO2 is vital for practical thermoelectric applications. © 2006
American Institute of Physics. �DOI: 10.1063/1.2178768�
Thermoelectric energy conversion �TE� is considered to
be a promising technology for power generation in the next
generation, because one can utilize waste heat from many
sources, e.g., various industries, transportation systems, etc.
The performance of TE materials is generally characterized
by the dimensionless figure of merit ZT �=S2�T /�, where
S, �, T, and � are the Seebeck coefficient, electrical con-
ductivity, absolute temperature and thermal conductivity,
respectively�.

Recently, several oxides having good TE performance
have been reported one after another.1–4 Among these, the
layered sodium cobaltite �-NaxCoO2 �0.5�x�0.8�4–9 has
attracted much attention as a p-type thermoelectric energy
conversion material, because it exhibits a fairly large See-
beck coefficient due to strong electron correlation effects,
even though it exhibits metallic behavior. However, its
chemical durability is clearly insufficient, i.e., �-NaxCoO2 is
easily decomposed into insulating Co�OH�2 under high hu-
midity conditions �temperature, 80 °C; humidity, �80%�
due to the fact that Na+ ions can easily dissolve in water.
This is a fatal drawback of �-NaxCoO2 for practical TE
applications.

To address this issue, the approach we made was to
modify the chemical components without degrading TE per-
formance. We focused our attention on layered strontium co-
baltite, �-SrxCoO2. First, we hypothesized that �-SrxCoO2
might exhibit high electrical conductivity and a large See-
beck coefficient, comparable to those of �-NaxCoO2, because
the crystal structure of �-SrxCoO2 �Ref. 10� is basically simi-
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lar to that of �-NaxCoO2. We also hypothesized that
�-SrxCoO2 might exhibit better chemical stability against
moisture than �-NaxCoO2 because the divalent metal cation
Sr2+ is less soluble than Na+.

The TE properties of the �-Sr0.35CoO2 ceramic reported
by Ishikawa et al.,10 who synthesized it by sintering at
400 °C, were quite low as compared to those of
�-NaxCoO2. Although a high-density ceramic or single crys-
tal for �-SrxCoO2 is preferable to clarify the intrinsic TE
properties, this is considered to be extremely difficult, be-
cause the phase transition of �-SrxCoO2 occurs at a relatively
low temperature ��400 °C�. In order to examine the intrin-
sic TE properties of �-SrxCoO2, we fabricated high-quality
epitaxial films of �-Sr0.32Na0.21CoO2, because, epitaxial films
generally exhibit intrinsic carrier transport properties, suc
h as bulk single crystal. The �-Sr0.32Na0.21CoO2 epitaxial
films exhibited better chemical stability as compared to
�-Na0.8CoO2, while they retained good TE properties.
Here, we report the preparation and TE properties of
�-Sr0.32Na0.21CoO2 epitaxial films.

Epitaxial films of �-Sr0.32Na0.21CoO2 were prepared by
Sr2+-ion exchange treatment of �-Na0.8CoO2 epitaxial films,
which were grown by reactive solid-phase epitaxy �R-SPE�
�Ref. 11� on the �0001�-face of �-Al2O3 substrates. The de-
tails of the R-SPE technique for the preparation of
�-Na0.8CoO2 epitaxial films have been described
elsewhere.12 First, an appropriate amount of Sr�NO3�2 pow-
der was placed on the R-SPE-grown �-Na0.8CoO2 epitaxial
film. Then, the film was heated at 300 °C for 5 h in air. After
that, the film was cooled down to room temperature and was
washed with distilled water several times to remove excess
Sr�NO3�2 powder attached to the film.

The crystalline quality, orientation and thickness of the

films were evaluated by high-resolution x-ray diffraction
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�XRD� �ATX-G, Cu K�1, Rigaku Co.� measurements. The
geometry of this x-ray diffractometer has been described in
literature.11–16 The surface morphology of the film was ob-
served by atomic force microscopy �AFM� �SPI-3800N,
S.I.I.� at room temperature. Electrical conductivity ���, car-
rier concentration �n�, and Hall mobility ��Hall� of the films
were measured by the dc four-point probe method in the van
der Pauw configuration. The Seebeck coefficient �S� of the
films was measured by a conventional steady-state method.

Figure 1 shows an out-of-plane XRD pattern of
�-Na0.8CoO2 epitaxial films, which were grown on an
�0001�-oriented �-Al2O3 substrate by R-SPE ��a� after the
Sr2+-ion exchange treatment; �b� as-grown �-Na0.8CoO2 ep-
itaxial film�. Only the intense Bragg diffraction peaks for
�-Na0.8CoO2 000l are seen, together with the �-Al2O3 0006
peak, in Fig. 1�b�, indicating the high crystal quality of the
film. The lattice parameter, c=1.091 nm, corresponded well
with the literature value �c=1.0811 nm�.17–19 After the
Sr2+-ion exchange treatment �Fig. 1�a��, the lattice parameter
became 1.151 nm, which is close to that of �-Sr0.35CoO2
powder �c=1.1525 nm�,10 suggesting that Sr2+-ion exchange
occurred. The chemical composition of the resultant film,
which was evaluated by x-ray fluorescence analysis, was
Sr0.32Na0.21CoO2. This chemical composition remained es-
sentially unchanged after the film was treated with Sr�NO3�2

powder at 300 °C for 5 days. Thus, we concluded that the

FIG. 1. Out-of-plane XRD patterns of �a� �-Sr0.32Na0.21CoO2 epitaxial film,
which was grown on the �0001�-face of an �-Al2O3 substrate by Sr2+-ion
exchange treatment of a �-Na0.8CoO2 epitaxial film, and �b� starting
�-Na0.8CoO2 epitaxial film, which was grown by R-SPE. �c� In- plane XRD
pattern of the �-Sr0.32Na0.21CoO2 film. �d� In-plane rocking curve ��-scan�
of the �112̄0� �-Sr0.32Na0.21CoO2.
chemical composition is stable at 300 °C.
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Only the intense Bragg diffraction peak for

�-Sr0.32Na0.21CoO2 112̄0 is seen, together with that for

�-Al2O3 33̄00, in Fig. 1�c�. The six-fold symmetry of

�-Sr0.32Na0.21CoO2 �112̄0� was clearly seen in the in-plane
rocking curve �Fig. 1�d��, indicating that �-Na0.8CoO2 epi-
taxial film was successfully converted to an
�-Sr0.32Na0.21CoO2 epitaxial film, keeping the relationship of

�-Sr0.32Na0.21CoO2 �0001��112̄0� ��-Al2O3�0001��11̄00� by
the Sr2+-ion exchange treatment at 300 °C.

Figure 2 shows topographic atomic force microscopy
�AFM� images of the epitaxial films of �a� the resultant
�-Sr0.32Na0.21CoO2 and �b� the starting �-Na0.8CoO2. Al-
though steplike structures composed of several flakelike do-
mains are clearly seen in Fig. 2�b�, a fairly rough surface is
observed in Fig. 2�a�, which is most likely due to fact that
the ion exchange reaction occurred from the film top surface.

Figure 3 shows the temperature dependence of � for the
resultant �-Sr0.32Na0.21CoO2 epitaxial films �178 nm thick�
and the starting �-Na0.8CoO2 films �110 nm thick�.20 The �
value of the �-Sr0.32Na0.21CoO2 epitaxial film was

FIG. 2. Topographic AFM images of the epitaxial films of �a�
�-Sr0.32Na0.21CoO2 and �b� R-SPE- grown �-Na0.8CoO2.

FIG. 3. Temperature dependence of the electrical conductivity ��� for the
epitaxial films of the �-Sr0.32Na0.21CoO2 �178 nm thick� and the R-SPE-
grown �-Na0.8CoO2 �110 nm thick�. The Hall coefficient �RH� of the films is

also shown in the inset.
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�103 S cm−1 at 300 K, which is one order of magnitude
larger than that of the ceramic �Ref. 10�, and it gradually
increased, almost proportionally to T−2, with decreasing
temperature. The values of n and �Hall of the
�-Sr0.32Na0.21CoO2 epitaxial film were 1.8�1021 cm−3 and
3.1 cm2 V−1 s−1, respectively, at 300 K, which were slightly
different from those of the R-SPE-grown �-Na0.8CoO2
�n=4.9�1021 cm−3, �Hall=1.5 cm2 V−1 s−1�. The � value of
the �-Sr0.32Na0.21CoO2 epitaxial film was slightly larger than
that of the R-SPE-grown �-Na0.8CoO2 below 200 K, most
likely due to the fact that the contribution of ionized and/or
neutral impurities in the �-Sr0.32Na0.21CoO2 epitaxial film is
much smaller than that in the R-SPE-grown �-Na0.8CoO2. It
should be noted that the Hall coefficient �RH� of the
�-Sr0.32Na0.21CoO2 epitaxial film was always positive, even
at very low temperature ��4 K�, even though the sign of the
R-SPE-grown �-Na0.8CoO2 changed at �180 K, as shown in
the inset. This difference suggests that the electronic state of
the valence band �Co 3dt2g

� is perturbed by replacement of
Na+ with the Sr2+ ion.

Figure 4 shows the temperature dependence of S for the
resultant �-Sr0.32Na0.21CoO2 epitaxial films �178 nm thick�
and the starting �-Na0.8CoO2 films �110 nm thick�. The S
values of several layered cobaltites4,10,18 are also shown for
comparison. The S value of the R-SPE-grown �-Na0.8CoO2
epitaxial film was comparable to that of �-Na0.5CoO2 single
crystal,4 indicating high crystal quality of the film. The over-
all S values of the �-Sr0.32Na0.21CoO2 epitaxial film are much
larger than those of the polycrystalline �-Sr0.35CoO2 �Ref.
10� and the 	-SrxCoO2 epitaxial film �Ref. 20�, most
likely due to the difference in the carrier concentration. The
thermoelectric power factor �PF=S2�� of the
�-Sr0.32Na0.21CoO2 epitaxial film was calculated to be
1.2�10−3 W m−1 K−2 at 300 K, a value that is large, com-
parable to that of the �-Na0.8CoO2 epitaxial film �PF=1.1

−3 −1 −2

FIG. 4. Temperature dependence of the Seebeck coefficient �S� for the
�-Sr0.32Na0.21CoO2 �178 nm thick� and R-SPE-grown �-Na0.8CoO2 �110 nm
thick� epitaxial films. The S values of several layered cobaltites �Refs. 4, 10,
and 20� are also shown.
�10 W m K �.
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We then examined the chemical stability of the
�-Sr0.32Na0.21CoO2 epitaxial film against moisture. Although
a �-Na0.8CoO2 epitaxial film �86 nm thick� was completely
decomposed into electrically insulating Co�OH�2 when the
film was heated at 80 °C under high humidity conditions
��80% � for 5 days, no significant change was observed for
the crystal structure and the thermoelectric properties of the
�-Sr0.32Na0.21CoO2 epitaxial film �80 nm thick�. These re-
sults led us to the conclusion that the Sr2+-ion exchange
treatment improves the chemical stability of �-Na0.8CoO2,
while it retains the good TE properties.

In summary, we have demonstrated herein the prepara-
tion and thermoelectric properties of �-Sr0.32Na0.21CoO2 ep-
itaxial films, which were prepared by Sr2+-ion exchange
treatment of �-Na0.8CoO2 epitaxial films. The epitaxial

relationship was �-Sr0.32Na0.21CoO2 �0001��112̄0� ��-

Al2O3�0001��11̄00�. The electrical conductivity ���, Seebeck
coefficient �S� and thermoelectric power factor �PF=S2�� of
the �-Sr0.32Na0.21CoO2 film �300 K� were 8.9�102 S cm−1,
+120 �V K−1 and 1.2�10−3 W m−1 K−2, respectively, val-
ues which compare favorably with those of the
�-Na0.8CoO2 epitaxial film �PF=1.1�10−3 W m−1 K−2�.
The Sr2+-ion exchange treatment enhances the chemical sta-
bility of �-Na0.8CoO2 while it maintains the good TE prop-
erties. The �-Sr0.32Na0.21CoO2 epitaxial film can be a prom-
ising candidate to develop thin film thermoelectric energy
conversion devices.
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