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Carrier concentration dependence of the thermoelectric figure of merit, ZT of SrTiO; at
high-temperature (1000 K) is clarified using heavily Nb-doped SrTiOj; epitaxial films, which were
grown on insulating (100)-oriented LaAlOj single-crystalline substrates by a pulsed-laser deposition
method. Carrier concentration, Hall mobility, Seebeck coefficient, and thermal conductivity of
Nb-doped SrTiO; epitaxial films were experimentally evaluated at 1000 K with an aid of theoretical
analysis. ZT of Nb-doped SrTiO; increases with Nb concentration and it reaches ~0.37 (20% Nb
doped), which is the largest value among n-type oxide semiconductors ever reported. © 2005

American Institute of Physics. [DOI: 10.1063/1.2035889]

Recently, cobalt-based p-type oxide semiconductors in-
cluding NaxCoO2,] Ca3C0409,2 and their derivatives,*
which exhibit rather high thermoelectric figure of merit
(ZT=S%0/ k, where, T, S, o, and « are absolute temperature,
Seebeck coefficient, electrical conductivity, and thermal con-
ductivity, respectively), have attracted growing attention for
the realization of thermoelectric power generation operating
at high temperatures5 because they have potential advantages
over conventional high-temperature thermoelectric semicon-
ductors including SiGe-based alloy (ZT~ 1)® and
B-FeSi, (ZT~ 0.3) in terms of chemical and thermal resis-
tance at high-temperatures (~1000 K). On the other hand,
n-type oxide semiconductors, which are inevitably required
as a partner of the p-type oxide semiconductors to develop
thermoelectric power generation modules, have exhibited
rather low ZT values of ~0.3 for Al-doped ZnO at 1273 K
(see Ref. 8) and ~0.31 for In,O3;(ZnO)m (m=integer) at
1073 K.>' Hence, it is necessary to improve ZT of these
compounds or to explore novel oxide materials with large ZT
values.

We focused on heavily carrier-doped SrTiO5 as a prom-
ising candidate of n-type oxide semiconductor because it ex-
hibits rather large |S| due to the large carrier effective mass
(m*=6—-10 my)."" Further, bulk single crystals of heavily La-
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doped SrTiO; have recently been found to have large power
factor (PF=S%0) of 3.6X103Wm K2 at room
temperature,12 which is comparable to that of practical
Peltier material BizTe3.13

Very recently, we have examined carrier transport prop-
erties of Nb- and La-doped SrTiO; single crystals (carrier
concentration, n, up to ~10% cm™) at high temperatures
(~1000 K) to clarify their thermoelectric response.* Al-
though the experimental data suggested that fairly high ZT is
expected in heavily Nb-doped SrTiO;, the optimization of
ZT could not be achieved because the solubility of the Nb
dopants in the SrTiO; lattice is substantially small, making it
impossible to get an optimal dopant concentration. In order
to overcome this problem, we fabricated SrTiO; epitaxial
films having ~10*2 cm™ Nb as the dopant on the (100)-
oriented LaAlO; substrate by a pulsed-laser deposition
(PLD). Here we report high-temperature (1000 K) thermo-
electric performance of the heavily Nb-doped SrTiO;. The
20% (4% 10?! cm™®) Nb-doped SrTiO; epitaxial film exhib-
ited ZT~0.37 at 1000 K, which is the largest value among
n-type oxide semiconductors ever reported.

Epitaxial films of Nb-doped SrTiO; were grown on
(100)-oriented LaAlO5 single-crystalline substrates at 700 °C
by PLD (4w-Nd:yttrium-aluminum-garnet (YAG) laser, A
=266 nm, ~1 Jcm™2 pulse™!, ~20 ns, 10 Hz) using SrTiO;
targets containing up to 40% Nb as dopant. High-resolution
x-ray diffraction (XRD) (ATX-G, Rigaku Co.) measurements
revealed that the Nb-doped SrTiO; were grown heteroepi-
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FIG. 1. (a) Out-of-plane XRD patterns of Nb-doped SrTiO; epitaxial films
grown on the (100)-oriented LaAlO; substrate at 700 °C. Thickness fringes
are clearly seen around 200 SrTiOj; as indicated by solid lines. (b) Change in
the lattice parameter of the StTiO; films as a function of the Nb concentra-
tion. The solid line is a guide for eye.

taxially on the substrate. Figure 1(a) shows out-of-plane
XRD patterns of the Nb-doped film grown on the (100)-
oriented LaAlO; substrate at 700 °C by PLD. Only an in-
tense Bragg diffraction peak of 200 SrTiO; is observed to-
gether with 200 LaAlO;. Pendellousung fringes are clearly
observed around the 200 SrTiO; peak indicating high-
crystalline qualities of the films. Film thicknesses were cal-
culated from the Pendellosung fringes to be 118 nm (10%
Nb-doped), 82 nm (20%), 130 nm (30%), and 96 nm (40%).
The lattice parameter of the Nb-doped SrTiO; films increases
proportionally to Nb concentration [Fig. 1(b)] indicatin ng that
Nb>* (64.0 pm) is substituted at Ti** (60.5 pm) site. > This
site selectivity of Nb is also supported by the fact that Nb3*
ions act as a donor.

The electrical conductivity (o), carrier concentration (n),
Hall mobility (u), and Seebeck coefficient (S) for the Nb-
doped SrTiO; epitaxial films were measured from RT to
1000 K. The n value was independent of temperature, while
the u value decreased proportionally to 7-! above the De-
bye temperature of StTiO; (6,=693 K),'® indicating that the
acoustic phonon plays a dominant role in the carrier scatter-
ing mechanism. On the other hand, the |S| values gradually
increased with temperature due to the monotonic decrease in
chemical potential. As a result, the power factor (PF=5%0)
value increased gradually with temperature, which is basi-
cally the same as that of Nb-doped SrTiO; bulk single
crystal * In order to clarify the optimal Nb concentration, we
focused on high-temperature (1000 K) thermoelectric prop-
erties of the Nb-doped SrTiOj; epitaxial films.

Figure 2(a) shows n and u of the Nb-doped SrTiO; ep-
itaxial films, measured by dc four probe method using van
der Pauw configuration at 1000 K under a high-vacuum
(~1073 Pa) condition. The n value increases proportional to
the Nb concentration of the film and it agrees well with that
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FIG. 2. Thermoelectric properties of Nb-doped SrTiO; epitaxial films at
1000 K (solid circles and triangles). Those for single crystals are shown by
open circle and triangle for comparison. (a) Carrier concentration (n) and
Hall mobility () as a function of the Nb concentration. The dotted line for
n is an estimated value from the Nb content. The solid line for w is a
calculated value from m*. (b) Seebeck coefficient (S) and carrier effective
mass (m*) as a function of the Nb concentration. Both solid lines for S and

m* are guide for eye.

estimated from the Nb concentration, indicating that substi-
tuted Nb>* at Ti** site fully generates carrier electrons. In
other words, n of SrTiO; films is controlled up to
~10%2 cm™ by the Nb doping. On the other hand, w for the
Nb-doped SrTiO; films decreased gradually with the Nb con-
centration. It is likely due to the fact that the carrier effective
mass (m*) for the Nb-doped SrTiO; films gradually in-
creased with the Nb concentration. Thus, the mean free path
of the carrier electron in the Nb-doped SrTiO; was almost
independent of the Nb concentration, which indicates that the
contribution of the ionized impurity scattering to the carrier
mobility is rather small.

Figure 2(b) shows n dependence of |S| in the Nb-doped
SrTiOj5 epitaxial films, measured by the conventional steady
state method under high-vacuum (~ 107 Pa). Contribution
of the LaAlO; substrate to the Seebeck voltage, S, is negli-
gible because the substrate is electrically insulating, which is
further supported by the agreement of the S values at the low
carrier concentration between slightly Nb-doped SrTiO; ep-
itaxial film and bulk single crystalline SrTiOs. |S| decreases
gradually with n having negative values in all the concentra-
tion, indicating that the Nb-doped SrTiO; epitaxial films are
an n-type semiconductor. It is noted that a rather large
IS| (0.16 mV K~!) is observed for the 40%-Nb-doped StTiO5
film in spite of an extremely high carrier concentration
(~7x10*' cm™).

In order to clarify the reason for the large |S| value, we
calculated the carrier effective mass, m*, of the Nb-doped
SrTiO; films at 1000 K because S correlates strongly with
m*. The m* is estimated using the following equationsl7 and
the observed S value:

h2 n 2/3

 2kgT| ATF, (9

. (1)
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FIG. 3. Nb concentration dependence of thermoelectric parameters for Nb-
doped SrTiOj; epitaxial films at 1000 K. Open circles are for the single
crystals and solid circles are for the films. The solid line is guide for eye. (a)
Power factor (PF). (b) Calculated thermal conductivity (k). Inset shows
the carrier concentration (logarithm scale) dependence of . (c) Figure of
merit (ZT).
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where, h, kg, T, F,, & and r are, the Planck constant, the
Boltzmann constant, absolute temperature (7=1000 K),
Fermi integral, chemical potential, and the carrier scattering
parameter of relaxation time, respectively. Here we neglect r
since r becomes zero in the acoustic phonon scattering
mechanism. The m*/m, value, where m, is free electron
mass, increases monotonically from ~7 (x=0) to ~11 (x
=0.4) with n as shown in Fig. 2(b). The u values calculated
using the m* values agree well with the observed m* values
as shown in Fig. 2(a), showing the validity of our analysis.
From these results, we conclude that the large |S| values in
high carrier concentration films result from the gradual in-
crease in m*/mg with n. The enhancement of m* is partly due
to an increase in the lattice parameter or an increase in the
distance between two neighboring Ti ions, which leads to a
decrease in the overlapping between Ti 3d—1,, orbitals.

e
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PF values (S%0) of Nb-doped SrTiO; at 1000 K are plot-
ted in Fig. 3(a). PF increases gradually with carrier concen-
tration and it becomes saturated with further increase in n,
exhibiting the maximum of ~1.5X 107> W m~! K=2 for the
40%-Nb-doped SrTiOj; film, which is approximately half of
practically used SiGe alloys.6 Then, we estimate thermal
conductivity (k) according to the Wiedemann-Franz law
expressed by Egs. (4) and (5):

Kiotal = Kiattice T Kelectron» (4)

Kelectron = LO—T’ (5)

where, Kjaices Kelectrons a0d L are thermal conductivity due to
lattice and electronic contributions and Lorentz number, re-
spectively. We assume k.. for the film is equal to mea-
sured value of the bulk single crystalline SrTiO;, which is
independent of the Nb concentration (3 W m™!' K™!). L was
calculated using the observed S and n values for the films. As
shown in Fig. 3(b), the electronic contribution to the thermal
conduction does not become negligible when the carrier con-
centration exceeds 10?! cm™. The k,, value increases with
n when n exceeds 3 X 10%° cm™ as clearly shown in the in-
set. Hence, we took the contribution of Kjecqon 1IN0 account
to estimate the ZT values of the epitaxial films. The ZT val-
ues of the Nb-doped SrTiO5 at 1000 K are plotted as a func-
tion of Nb content in Fig. 3(c). The ZT value increases with
n, and it shows the maximum value of ~0.37 at x=0.2(n
~4.0%10%" cm™) as a result of the reduction of ZT due to
the enhancement of the thermal conductivity with the carrier
concentration.

In summary, we clarified experimentally the maximum
ZT value for Nb-doped SrTiO; at 1000 K in terms of carrier
concentration. ZT of Nb-doped SrTiO; increases with the Nb
concentration (x) and it reaches ~0.37 at x=0.2. Our results
indicate that heavily Nb-doped SrTiO; is a good candidate
for n-type thermoelectric oxide usable at high temperatures.
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