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To compare the intrinsic thermoelectric �TE� properties of heavily Nb-doped TiO2 to those of
heavily Nb-doped SrTiO3 �S. Ohta et al., Appl. Phys. Lett. 87, 092108 �2005��, the electrical
conductivity ���, carrier concentration �ne�, Hall mobility ��Hall�, and Seebeck coefficient �S� of
heavily Nb-doped TiO2 �anatase� epitaxial films were measured at high temperatures �300–900 K�.
The epitaxial films were grown on the �100�-face of LaAlO3 single-crystalline substrates by a
pulsed-laser deposition technique at 800 °C. The carrier effective mass �m*� of the anatase TiO2

epitaxial films was �1m0, which is an order of magnitude smaller than that of Nb-doped SrTiO3

��10m0�. The estimated TE power factor �S2�� of the �2%-Nb-doped anatase TiO2 film �ne�5
�1020 cm−3� was �2.5�10−4 W m−1 K−2 at 900 K, which is approximately 15% of the
20%-Nb-doped SrTiO3 �1.5�10−3 W m−1 K−2�. The present findings will help establish a future TE
material design concept for Ti-based metal oxides. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2362990�

Thermoelectric energy conversion is one of the cleanest
and environmentally compatible power generation technolo-
gies because unused heat sources are readily available, e.g.,
electric power plants, factories, automobiles, and computers,
and can be directly converted into electric power by utilizing
the Seebeck effect of a thermoelectric �TE� material.1 Gen-
erally, TE materials are evaluated in terms of the following
figure of merit, ZT=S2�T�−1, where Z, T, S, � and � are the
figure of merit, the absolute temperature, the Seebeck coef-
ficient, the electrical conductivity, and the thermal conduc-
tivity, respectively. ZT corresponds to the energy conversion
efficiency of a Carnot cycle.

Recently, several metal oxides, including Nb-doped
SrTiO3 �SrTi0.8Nb0.2O3, ZT300 K�0.08, ZT1000 K=0.37�,2–4

Na0.7CoO2 �ZT300 K�0.1�,5 and Ca3Co4O9 �ZT300 K�0.08,
ZT1000 K�0.3�,6 exhibit a rather high ZT. These metal oxides
have attracted growing attention as sources to generate ther-
moelectric power at high temperatures because they have
potential advantages over state-of-the-art, high temperature
thermoelectric materials, including a SiGe-based alloy �ZT
�1�7 and �-FeSi2 �ZT�0.3�,8 in terms of chemical and ther-
mal resistances at high temperatures ��1000 K�. One of the
most important features of these metal oxides as TE materi-
als is the rather large Seebeck coefficient ��S�� even in a
heavily carrier doped state.

Recently, we have reported that the ZT value of heavily
Nb-doped SrTiO3 increases with Nb content and reaches
ZT1000 K=0.372 at a 20%-Nb-doped state �ne=4
�1021 cm−3� because both the carrier concentration and the
carrier effective mass �m*� value of the conduction band bot-

tom of SrTiO3, which is composed of degenerated Ti 3d
-t2g orbitals in the TiO6 octahedral crystal field, increase with
Nb content. Figure 1 schematically shows TiO6 octahedra of
�a� SrTiO3 �perovskite structure, cubic, a=0.3905 nm�9 and
�b� TiO2 �anatase, tetragonal, a=0.3785 nm,
c=0.9513 nm�10, a major constituent of SrTiO3, and the cor-
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FIG. 1. �Color online� Schematic representation of TiO6 octahedra of �a�
SrTiO3 �perovskite structure, cubic, a=0.3905 nm� and �b� TiO2 �anatase,
tetragonal, a=0.3785 nm, c=0.9513 nm�. �c� Schematic energy diagram of
Ti 3d-t2g orbitals. Because TiO6 for SrTiO3 is a regular octahedra �left�, the
Ti 3d-t2g orbitals of 3dxy, 3dyz, and 3dzx are located at the same energy level.
On the contrary, that for anatase TiO2 is irregularly shaped �right� and the
3dxy orbital is at a lower energy level compared to 3dyz and 3dzx due to
crystal field splitting.
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responding Ti 3d orbitals. Because TiO6 in SrTiO3 is a regu-
lar octahedra, the Ti 3d-t2g orbitals of 3dxy, 3dyz, and 3dzx are
located at the same energy level �Fig. 1�c��. On the contrary,
TiO2 is irregularly shaped. Thus, the 3dxy orbital is located at
a lower energy level compared to the 3dyz and 3dzx orbitals
due to crystal field splitting.11,12 Because the Seebeck coef-
ficient reflects the density of states �DOS� of the bottom of
the conduction band, comparing the carrier generation and
transport properties such as ne, m*, and carrier relaxation
time between SrTiO3 and anatase TiO2 will be beneficial for
establishing future TE material selection and/or design con-
cepts for Ti-based oxides. Herein we report the carrier gen-
eration and transport properties of high-quality epitaxial
films of Nb-doped anatase TiO2, which were grown by a
pulsed-laser deposition �PLD� method, at high temperatures
�300–900 K�.

Nb-doped anatase TiO2 films were heteroepitaxially
grown on the �100�-face of LaAlO3 single-crystalline sub-
strates by PLD13–16 with a KrF excimer laser ��=248 nm,
pulse duration=20 ns, and repetition frequency=10 Hz� us-
ing polycrystalline rutile TiO2 ceramic targets, which con-
tained up to 30% Nb as a dopant, at a substrate temperature
of 800 °C under flowing oxygen gas �oxygen partial pres-
sure: 5.0�10−3 Pa�. The crystalline quality, orientation, and
thickness of the films were evaluated by high-resolution
x-ray diffraction �HR-XRD� �ATX-G, Cu K�1, Rigaku Co.�.
The geometry of our x-ray diffractometer is described
elsewhere.17,18 The surface morphology of the films was ob-
served by atomic force microscopy �AFM� �SPI-3800N,
S.I.I� at room temperature. The optical absorption spectra
were measured using both a UV-visible spectrometer �V-570,
JASCO� and a Fourier transform infrared �FTIR� spectrom-
eter �FT/IR-610, JASCO�. The electrical conductivity ���,
carrier concentration �ne�, and Hall mobility ��Hall� of the
films were measured by the dc four-probe method in the van
der Pauw electrode configuration. The Seebeck coefficient
�S� of the films was measured by a conventional steady-state
method.

Figure 2�a� shows the out-of-plane HR-XRD pattern of a
20%-Nb-doped anatase TiO2 film grown on the �100�-face of
a LaAlO3 substrate by PLD. Only intense Bragg diffraction
peak of 004 anatase TiO2 and 002 peak of the LaAlO3 sub-
strate are seen, indicating a mutual crystal orientation rela-
tionship of anatase TiO2�001� �LaAlO3�001�. The lattice pa-
rameters of the anatase TiO2 films were evaluated using
reciprocal space mappings �RSMs� of the 028 diffraction
spot from the 20%-Nb-doped anatase TiO2 films, as shown
in the inset. Although the lattice constant �Fig. 2�b��, c of the
films proportionally increases with the Nb content, a signifi-
cant Nb content dependence of a is not observed. Figure 2�c�
shows a topographic AFM image of a 20%-Nb-doped ana-
tase TiO2 film. Atomically flat terraces and steps, which cor-
respond to half the unit cell height of the anatase TiO2 lat-
tice, are clearly seen. These results indicate that heavily Nb-
doped anatase TiO2 epitaxial films with a high crystal quality
are successfully fabricated on the �100�-face of a LaAlO3

substrate.
Figure 3 shows typical optical absorption spectra of the

Nb-doped anatase TiO2 films at room temperature. The film

changes from almost colorless to transparent blue as the Nb
content increases. The UV-absorption edge, which is due to
the direct bandgap of anatase TiO2, is seen near 3.2 eV. This
absorption edge gradually shifts to the higher energy side as
the Nb content increases. In addition, intense absorption
bands, which are probably due to the free electrons, are seen
in the near infrared region. As shown in the inset, the optical
bandgap �EgOPT�, which is evaluated by the ��h��2-h� plots
of the UV-absorption edge for the anatase TiO2 films, is plot-
ted versus Nb content. The Burstein-Moss shift,19–21 which is
due to conduction band filling by carrier electrons, is clearly

FIG. 2. �Color online� �a� Out-of-plane x-ray Bragg diffraction pattern of
the 20%-Nb-doped anatase TiO2 film. Intense peak of 004 anatase is seen
along with 002 peak of the substrate. The inset shows reciprocal space
mapping of the 028 diffraction spot of anatase TiO2. �b� Lattice parameters
�a and c axes� of several Nb-doped anatase TiO2 epitaxial films. Values of
TiO2 powder10 are also shown �dotted lines�. �c� A topographic AFM image
of a 20%-Nb-doped anatase TiO2 film. Cross sectional profile from a to b is
shown at the bottom.

FIG. 3. �Color online� Optical absorption spectra of several Nb-doped ana-
tase TiO2 epitaxial films. The inset shows plots of Nb content, xNb vs optical
bandgap, EgOPT. �top� Photographs of several Nb-doped anatase TiO2 films
�thickness �150 nm�.
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seen, suggesting that doped Nb5+ ions act as the dopant.
Figure 4�a� shows the temperature dependence of the

electrical conductivity ��� and Seebeck coefficient �S� for
the Nb-doped anatase TiO2 epitaxial films. The S values are
always negative, indicating that Nb-doped anatase TiO2 ep-
itaxial films are n-type semiconductors. In all cases, the �
value gradually decreases as the temperature increases. The
Hall voltage measurements reveal that the anatase TiO2 films
are degenerate semiconductors and that the Hall mobility
��Hall� proportionally decreases with T−2.5, which is most
likely because polar optical phonon scattering is a dominant
carrier scattering. The observed carrier concentration of the
anatase TiO2 films almost corresponds to the Nb content of
the TiO2 ceramic targets, e.g., 7.3�1021 cm−3 for 30%-Nb-
doped anatase TiO2. The �S� values gradually increase as the
temperature increases due to the fact that the chemical po-
tential of a degenerate semiconductor gradually decreases as
the temperature increases. It should be noted that the m*

value of anatase TiO2 is �1m0, which was evaluated using
the values of ne and S, and is an order of magnitude smaller
than that of Nb-doped SrTiO3 ��10m0�.2

Finally, we analyzed the log ne dependence of the �S�
values22 for the Nb-doped anatase TiO2 epitaxial films at
900 K �Fig. 4�b�� to clarify the difference in the TE proper-
ties between Nb-doped anatase TiO2 and Nb-doped SrTiO3

at high temperature. The �S� value gradually decreases as the
log ne increases. The slope of the log ne-�S� plots for Nb-
doped SrTiO3 is approximately −200 �V K−1, which is rea-

sonable considering that the bottom of the conduction band
is parabolic and the slope for TiO2 is approximately
−140 �V K−1. The estimated thermoelectric power factor
�S2�� of a �2%-Nb-doped anatase TiO2 film �ne�5
�1020 cm−3� is �2.5�10−4 W m−1 K−2 at 900 K �Fig. 4�c��,
which is smaller than that of 20%-Nb-doped SrTiO3 �1.5
�10−3 W m−1 K−2�. From these results, we conclude that
both m* and DOS are reduced by the crystal field splitting of
the Ti 3d-t2g orbitals. Thus, a Ti-containing metal oxide with
a highly symmetrical structure should exhibit a better TE
performance than a lower symmetrical one.

The carrier generation and transport properties of
heavily Nb-doped anatase TiO2 epitaxial films were mea-
sured at high temperatures �300–900 K�. The carrier genera-
tion behavior and transport properties of the Nb-doped ana-
tase TiO2 epitaxial films were basically similar to those of
Nb-doped SrTiO3, except that the carrier effective mass �m*�
of the TiO2 epitaxial films ��1m0� was an order of magni-
tude smaller than that of Nb-doped SrTiO3 ��10m0�. The
estimated thermoelectric power factor �S2�� of a
�2%-Nb-doped anatase TiO2 film �ne�5�1020 cm−3� was
�2.5�10−4 W m−1 K−2 at 900 K, which was smaller than
that of a 20%-Nb-doped SrTiO3 �1.5�10−3 W m−1 K−2�.

The present results demonstrate that cubic perovskite
with a highly symmetrical structure exhibits a better TE per-
formance than a tetragonal anatase with a low symmetrical
structure. This information will help establish future TE ma-
terial selection and/or design concepts for Ti-based metal
oxides.
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FIG. 4. �a� Temperature dependence of the electrical conductivity ��� and
Seebeck coefficient �S� for several Nb-doped anatase TiO2 films. �b� Rela-
tionships between the carrier concentration �ne� and �S� for Nb-doped ana-
tase TiO2 and Nb-doped SrTiO3 films at 900 K. �c� Relationships between
ne and the power factor �S2�� for Nb-doped anatase TiO2 and Nb-doped
SrTiO3 films at 900 K.
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