JOURNAL OF APPLIED PHYSICS 100, 063717 (2006)

Ruddlesden-Popper phases as thermoelectric oxides: Nb-doped

SrO(SrTiO3),, (n=1,2)

Kyu Hyoung Lee

CREST-Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi 332-0012, Japan
Sung Wng Kim

Frontier Collaborative Research Center, Tokyo Institute of Technology, 4259 Nagatsuta, Midori,
Yokohama 226-8503, Japan

Hiromichi Ohta and Kunihito Koumoto®
Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan and CREST-Japan Science
and Technology Agency, 4-1-8 Honcho, Kawaguchi 332-0012, Japan

(Received 20 May 2006; accepted 24 June 2006; published online 28 September 2006)

A class of materials known as superlattices has shown substantial promise for potential
thermoelectric (TE) applications because of its low thermal conductivity. We have investigated
natural superlattice Ruddlesden-Popper (RP) phases [S. N. Ruddlesden and P. Popper, Acta
Crystallogr. 10, 538 (1957)] to elucidate their potential as TE materials. The TE properties of
Nb-doped SrO(SrTiO;), (n=1,2) with a RP structure were measured, and the origin of the TE
properties is discussed from the viewpoint of the structure of the TiO4 octahedron. Compared with
the cubic perovskite-type Nb-doped SrTiO;, the lattice thermal conductivity decreased by more than
50% (4.4—5 W m~' K~!) at room temperature and by 30% (1.9-2.2 W m~' K~!) at 1000 K. There
was a decrease in electrical conductivity owing to the randomly distributed insulating SrO layers in
polycrystalline RP phases, and it was found that large TE power can be obtained in conjunction with
high symmetry TiO4 octahedra. The largest dimensionless figure of merit (Z7T), 0.14 at 1000 K, was

obtained in 5 at. % Nb-doped SrO(SrTiO3),. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2349559]

INTRODUCTION

Perovskites and related compounds can be synthesized
with an extremely wide variety of combinations of chemical
elements for the following reasons: the perovskite structure
accommodates both large (A-site) and small (B-site) cations
and provides flexibility for incorporating cations of different
sizes as well as a large tolerance for defects (e.g., oxygen
deficiency). These enable the perovskite-type oxides to ex-
hibit a number of attractive properties such as optical,l’2
ferroelectric,”* piezoelectric,4 magnetic,5 catalytic,6 ionically
conducting,7 and thermoelectric (TE) properties.g_12

In the field of TE applications, cubic perovskite-type Nb-
doped SrTiO5 has been found to exhibit the largest TE per-
formance among n-type oxides ever reported.&lo The TE per-
formance, representing the energy conversion efficiency of
TE materials, is usually evaluated in terms of a dimension-
less figure of merit, ZT= S20T/ k, where Z, T, S, o, and k are
the figure of merit, the absolute temperature, the Seebeck
coefficient, the electrical conductivity, and the thermal con-
ductivity, respectively. The total thermal conductivity (k) is
represented as the sum of electronic («..) and lattice contri-
butions (k).

The maximum ZT value for Nb-doped SrTiO5 has been
reported to be 0.37 at 1000 K. This large ZT value can be
attributed to its large carrier effective mass (m”), which is
derived from the carrier localization that exists as a result of
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lattice expansion through doping of Nb, having a larger ionic
radius than Ti.*’ This fact suggests that Nb-doped SrTiO;
would make a good base material for TE applications. How-
ever, the ZT value is still too low compared with state-of-the-
art Bi-Te alloys,13 whose ZT is about 1 at 300 K. The main
reason for the low ZT values for SrTiO; systems has been
recognized to be their relatively high « (k=12 W m™' K~! at
300 K and 3.1 Wm™' K~! at 1000 K),'® which is attributed
to a high «y,, due to the high phonon frequencies of major
constituent oxygen, with its small atomic mass. The &k,
value could be reduced by the structural disorder induced by
differences in mass and atomic size (phonon scattering by
mass fluctuation and point defects).'"* However, this ap-
proach is not effective for metal oxides, since oxygen is a
major constituent. Another approach to reduce «j, is the de-
sign of artificial superlattices.lsfl7 The key feature of the
reduction in « in superlattices is the large number of inter-
faces, which reduce the lattice contribution through interface
phonon scattering.

We focused on a natural superlattice, the Ruddlesden-
Popper (RP) phase, StO(SrTiO3), (n=integer), as TE mate-
rials, which have the possibility of exhibiting low « in the
presence of the SrO/(SrTiO;), superlattice. These oxides
also have the potential to maintain the favorable electronic
properties of SrTiO5 for TE materials, being built up with a
sequence of one SrO layer intercalated between n SrTiO;
perovskite layers.18 In the present study, we investigated the
TE properties of Nb-doped SrO(SrTiO;), and demonstrated
the origin of the TE properties from the viewpoint of the
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structure of TiOg octahedra, in addition to the former
insight&9 into the structural effect in cubic perovskite-type
oxides.

EXPERIMENT

SrO(SrTi;_,Nb,05), (x=0-0.2, n=1,2) powders were
prepared through the solid-state reaction method, by use of
commercial SrCO;, TiO,, and Nb,O5 powders as starting
materials. The powders were weighed in the proper ratios
and mixed well in an alumina mortar. The mixture was
heated at 1200 °C for 12 h in air twice for decarbonization
and homogenization of the final samples. To generate the
electron carriers through the reduction of Ti** to Ti** by
doping of Nb>*, the powder was heated at 1400—1450 °C for
2 h in a carbon crucible under an Ar atmosphere. Then,
highly dense polycrystalline ceramic samples were fabricated
by conventional hot pressing (36 MPa and 1400-1450 °C
for 1 h in an Ar flow) of single phase powders. The structural
analysis of hot-pressed specimens was carried out by the
powder x-ray diffraction using a diffractometer with Cu K«
radiation. Structural parameters obtained from the x-ray dif-
fraction data were refined by the Rietveld method by use of
the RIETAN-2000 program.19 The electrical conductivity o and
carrier concentration n, were measured with a conventional
dc four-probe method with a Au electrode under an Ar atmo-
sphere and van der Pauw configuration under vacuum, re-
spectively. The Seebeck coefficient S was measured at
300-1000 K by a conventional steady state method in an Ar
flow. Heat capacity and thermal diffusivity were measured
by differential scanning calorimetry and laser-flash method
under vacuum, respectively. The thermal conductivity « was
calculated with the use of the values of specific heat capacity,
thermal diffusivity, and bulk density (98%—-99% relative den-
sity).

RESULTS AND DISCUSSION
Structural characterization

Figure 1 shows the schematic structure of SrO(SrTiOs),
(n=1,2) and TiOg4 octahedra in perovskite layers. For n=1,
the structure is of the tetragonal K,NiF, type (space group,
I4/mmm) and can be regarded as the alternative stacking of
perovskite SrTiO; layers and SrO rock-salt-type layers.20 For
n=2, the space group is tetragonal /4/mmm, and two perov-
skite layers are interleaved with SrO layers.21 n is equal to
the number of layers of corner-sharing TiOg octahedra in
each perovskite block. If n is infinity (%), the compound is

cubic perovskite-type SrTiO (space group, Pm3m), where
each TiOg4 regular octahedron shares its corner three dimen-
sionally. As shown in Fig. 1(c), there are two different Ti-O
bonds in n=1 SrO(SrTiO;): the shorter Ti-O1 in the ab
plane and the longer Ti—O2 along the ¢ axis. While n=2
SrO(SrTiO;), has three different Ti—O bonds, and the Ti ion
is situated slightly above the O1 ions along the c axis. As a
result, the Ti—O1 layers are not flat, but a little corrugated.
The x-ray diffraction (XRD) patterns revealed that
SrO(SrTi;_,Nb,03), (x=0-0.2, n=1,2) was fabricated.
Peaks for other phases were not detected in n=2 composi-
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FIG. 1. (Color online) Schematic illustrations of the crystal structure of (a)
SrO(SrTiO3),, (n=1), (b) SrO(SrTiO;), (n=2), and (c) TiO4 octahedra in
n=1 and n=2 phases.

tions, while a small amount of the n=2 phase was found as a
second phase in all n=1 samples. This feature corresponds
well with the calculations by a combination of atomistic
computer simulation and high-resolution electron micros-
copy, suggesting that n=2 is the most stable among the Sr—
Ti—O system RP phases.22

Rietveld refinement for SrO(SrTi;_,Nb,O3), (x=0-0.2,
n=1,2) was carried out by use of the RIETAN-2000 program.]9
The Rietveld plots of 5 at. % Nb-doped SrO(SrTiOs), (n
=1,2) are shown in Fig. 2. The reliability factor R, was
10%—-12% in all compounds, and the crystallographic data
obtained are given in Tables I and II. The lattice parameters,
lattice volumes, and Ti-Ti distance along [110] as functions
of Nb content of all compounds are illustrated in Fig. 3. For
n=1 compounds, the lattice parameter a gradually increases,
but the lattice parameter ¢ decreases with increasing Nb con-
tent, while for n=2, a linearly increases and c increases up to
x=0.1, becoming constant when x exceeds 0.1. Since the
Ti-Ti distance along [110] depends directly on the lattice
constant a, the variation of the Ti-Ti distance is similar to
that of a for both n=1 and 2, and the distance increases with
an increase in n. As shown in Fig. 3, the lattice volume (V)
increases monotonically with an increase in Nb content both
for n=1 and 2 compounds. All of these findings can be at-
tributed to the fact that the radius of the Nb>* jon (r
=64 pm, coordination number=6) is slightly larger than that
of Ti** ion (r=60.5 pm, coordination number=6),> leading
to the lattice expansion in the Nb-doped compounds.

Thermoelectric properties

Figure 4 shows the temperature dependence of the o for
SrO(SrTi;_Nb,05), (x=0.05-0.2, n=1,2). Those of the cu-
bic perovskite-type 20 at. % Nb-doped SrTiO; polycrystal-
line samples are shown for comparison. = In the case of n
=1 and 2, o increases systematically with increasing amount
of Nb doping. Since the doped Nb atom acts as an electron
donor, the carrier concentration increases with increasing
doping amount, leading to the increase in o. As shown in
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FIG. 2. Rietveld refinement results for (a) 5 at. % Nb-doped SrO(SrTiO3),
(n=1) and (b) 5 at. % Nb-doped SrO(SrTiO;), (n=2). Dots represent the
observed data points, the solid line represents a calculated fit to the experi-
ment data, and the bottom line is the difference plot between observed and
calculated values.

Fig. 4, o decreases with temperature proportionally to about
T above ~750 K. The temperature dependence of o in
SrTiO; systems has already been reported from the view-
point of Hall mobility (w).>'""'**** The u value is directly

TABLE 1. Crystallographic data for SrO(SrTi;_,Nb,0;) (x=0-0.2) (SG
14/ mmm; No. 139).

Atom Position X y z
Sr de 0 0 0.3543(7)
0.3543°
0.3536(9)°
0.3540(3)°
Ti 2a 0 0 0
o(1) 4c 0 0.5 0
0(2) de 0 0 0.1566(2)
0.1559(6)*
0.1553(8)"
0.1534(2)°
R,,=0.1011 R;=0.0279  Rz=00249  S=152
0.1076° 0.0234° 0.0204° 1.73°
0.1181° 0.0399° 0.0273° 1.62°
0.1088° 0.0354° 0.0256° 1.74°
SrO(SrTig 9sNby 0503)-
°SrO(SrTiygNby ;05).
“SrO(S1Ti gNby,03).

J. Appl. Phys. 100, 063717 (2006)

TABLE II. Crystallographic data for SrO(SrTi;_Nb,0;), (x=0-0.2) (SG
14/mmm; No. 139).

Atom Position X y z

Sr(1) de 0.5 0.5 0
Sr(2) 2b 0.5 0.5 0.1848(4)
0.1855(6)*
0.1857(3)°
0.1863(7)°
0.0989(3)
0.0988(8)*
0.0989(9)°
0.0984°
0.0957(8)
0.0957(7)*
0.0965(7)°
0.0966(3)°
0.1909(6)
0.1908(9)*
0.1899(1)°
0.1860°
0B3) 2a 0 0.5 0
R,,=0.1067 R=0.0291  R;=0.0287  S=1.63

0.1198* 0.0367° 0.0292° 1.79°

0.1060° 0.0232° 0.0177° 1.66°

0.1104° 0.0265° 0.0180° 1.74°

o(1) 8g 0 0

0(2) 4e 0 0

“StO(SrTig,95Nbg 9s03),-
bSTO(SYTiO.uNbO.103)2-
“SrO(SrTiy gNb ,05),.

dependent on the width of the double Schottky barrier

(DSB), which can be expressed from Poisson’s equation’s
26

as

2848,y \ 2
dDSBzz(;)TrDB) , (1)
where &, €,, Np, and ®@p are the permittivity of the vacuum,
the relative static dielectric constant, the donor density, and
the barrier height, respectively. This DSB width becomes
small with increasing temperature because &, of SrTiO5 de-
creases proportionally to 7-!, and a power law dependence
o T~ appears at higher temperatures.zs’27 The temperature
dependence of o («T~') in Fig. 4 suggests that the electrical
conduction in RP phases would take place dominantly within
the perovskite layers. The lower o of RP phases than the
perovskite-type ones is considered to be due to the insulating
SrO layers randomly distributed in polycrystalline samples.

Figure 5 shows the temperature dependence of S for
SrO(SrTi;_,Nb,03), (x=0.05-0.2, n=1,2). The sign of S is
negative for all compounds, indicating that the samples are
n-type conductors, and the absolute value of § increases pro-
portionally to temperature. The S value decreases with Nb
doping owing to an increase in n.. The Jonker plot at 1000 K
is also shown in Fig. 5. The observed slope of the plot is
similar to that of cubic perovskite-type La- or Nb-doped
SrTiO5 single crystal samples’ (—kp/e In 10=—198 wV K™).
This can be another piece of evidence to support the idea that
the electronic transport properties of RP phases are domi-
nated by perovskite layers. The TE properties of
SrO(SrTi;_,Nb,03), (x=0.05, 0.1, n=1, 2) inclusive of S are
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FIG. 3. Variation of lattice parameters with Nb content for (a) n=1 and (b)
n=2 phases and (c) Ti-Ti distance along [110] for n=1, 2, and % phases.
Data for n=o epitaxial film shown in (c) are taken from Ref. 8 (inverted
filled triangles).

summarized in Table III. It can be clearly seen in the inset of
Fig. 5 and Table III that S values for RP phases are much
lower than those of cubic perovskite-type SrTiO;, even at
lower n.. This difference in TE behavior can also be seen in
power factor (PF) data. Figure 6 shows the calculated PF
values of the Nb-doped SrO(SrTiO;3), (n=1,2) and the n,
dependence of PF at 1000 K. PF for cubic perovskite-type
Nb-doped SrTiOj5 increased gradually with n., and it became
saturated at n,~7 X 102! cm™.® but in contrast, the n, (~5
X 10?° cm™) of Nb-doped SrO(SrTiO;), (n=1,2) showing
the maximum PF is much lower than that of Nb-doped
SrTiO;.

To clarify the difference in TE behavior between cubic
perovskite-type and RP phases, we calculated the effective
mass value m" and represented them in Fig. 7 and Table III.
The m" was estimated with the use of the following
equation:28

n " 23
m=—)—1 , (2)
2kpT | 4mF, (&)

where h, kg, F,, and & are the Plank constant, the Boltzmann
constant, the Fermi integral, and the chemical potential, re-
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FIG. 4. Temperature dependence of electrical conductivity for
SrO(SrTi;_,Nb,O3), (n=1,2). Inverted open triangles represent the data for
cubic perovskite-type 20 at. % Nb-doped SrTiO; (n=%) polycrystalline
samples in Ref. 10.

spectively. The use of classical statistics in describing the
behavior of the carriers is justified only in the limit of low
carrier concentration. Because the thermoelectric material
has to be doped heavily, Fermi-Dirac statistics should be
employed. The Seebeck coefficient and Fermi integral can be
expressed as

S__@[(Hz)m(g) ) g] G
el (r+DF.(§ ’
_sm T T T T
- -400—‘7¥ g
.! 5250
= » slope
= -200 pV-K-1
o -300- % 2 22 4
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et
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FIG. 5. Temperature dependence of the Seebeck coefficient for

SrO(SrTi;_,Nb,0;), (n=1,2). Inverted open triangles represent the data for
cubic perovskite-type 20 at. % Nb-doped SrTiO; perovskite (n=) poly-
crystalline samples in Ref. 10. The Jonker plots of S values for
SrO(SrTi;_,Nb,0;), (n=1,2) at 1000 K are shown in the inset. Inverted
open triangles represent the data for cubic perovskite-type La- or Nb-doped
S1TiO; single crystal samples in Ref. 9.
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TABLE III. Carrier concentration (n,.), electrical conductivity (o), Hall mobility (), Seebeck coefficient (S),
and carrier effective mass (m”) for Nb-doped SrO(SrTiO;), (n=1,2) at room temperature.

n. o o N m"

Compositions (102 cm™) (Sem™) (cm?V-1s™) (VK™ (my)

5 at. % Nb-doped n=1 2.5 30 0.8 —-147 2.2
10 at. % Nb-doped n=1 6.9 30 0.3 =77 2.1
5 at. % Nb-doped n=2 2.9 62 1.4 -109 1.8
10 at. % Nb-doped n=2 7.5 58 0.5 -69 1.9
Nb-doped single crystal® 1.5 95 6.2 -330 7.3
Nb-doped single crystal® 3.7 353 6.0 -240 7.7
La-doped single crystal® 6.8 1000 9.2 -150 6.6

“Reference 9.

=
Fn(f)=f0 o o8 4)

where e is the electronic charge and r is the scattering pa-
rameter of relaxation time. There is an anomaly of S at about
750 K, as shown in Fig. 5. We assumed that carriers are
scattered only by acoustic phonons above 750 K, and r=0,%"
while below 750 K, carriers are scattered by both polar op-
tical phonons and acoustic phonons, and the scattering pa-
rameter of relaxation time gradually increases with decreas-
ing temperature, reaching 0.5 at room temperature.

As shown in Fig. 7, m" increases linearly with increasing
Ti-Ti distance in cubic perovskite-type La- or Nb-doped
SrTiO5 which have regular TiOg octahedra, indicating that
m” could be increased by increasing the Ti-Ti distance (de-
creasing the overlapping between Ti 3d-1,, orbitals) if the
degenerate band is maintained. This phenomenon allows the
large PF in cubic perovskite-type SrTiO; even at high n,.
However, unfortunately, the TiOg octahedra in SrO(SrTiO3),,
are slightly deformed, as shown in Fig. 1(c). The deformed
TiOq might have a deleterious effect on the TE properties by
leading to variations of the density of states (DOS) such as

500 T T T
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T=1000K {a) (b)
300 o
w 41000 &
& 8200 o F
_!- 4009 10 on=2 500 o]
'E o on=1 ¥ (20% Nb)
2 1970 21 2 o 1
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7]
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o
2 400 n=2 n=1]
8 ©20% Nb O 20
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0 e5 5
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FIG. 6. Temperature dependence of the power factor for

SrO(SrTi;_,Nb,O3), (n=1,2). The estimated power factor with carrier con-
centration is also shown in inset (a). Power factor data for cubic perovskite-
type 20 at. % Nb-doped SrTiO; perovskite (n=%) polycrystalline samples
calculated from the data in Ref. 10 are shown in inset (b).

band splitting, frequently observed in low symmetry (e.g.,
orthorhombic) structure materials.”®>' The resulting m” val-
ues are 1.8—2.4m, and show great deviation from the linear
relation of cubic perovskite-type SrTiOs. It is considered that
small m" values for RP phases are due to the crystal field
splitting of Ti 3d-1,, orbitals (splitting of degeneracy) by the
presence of deformed TiO4 octahedra and could be respon-
sible for low S. Accordingly, the effect of enlargement of m"
originating from carrier localization as a result of lattice ex-
pansion by doping of Nb must be limited to structures with
high symmetry TiO4 octahedra. Barium could be a candidate
as a larger A-site substitutional ion in SrTiO5 systems.

Figure 8 shows the temperature dependence of « for
5 at. % Nb-doped SrO(SrTiOs), (n=1,2). The electronic
contribution (k) to x,, can be calculated with the use of the
Wiedemann-Franz law expressed by

15— : y
Nb-doped ,
O h =« (epitaxial film) 4,
-~ ® n = o (single crystal) -
g oen=2 ’
gl mnz=1 Fo)
E /
. 104 La-doped O'. |
@ B n = <o (single crystal)”
© 4
£ R4
=2
$ &
% %
o - Nb  n(x10?) m*
= 5 2 % (cm?) (m,)
o 1 ,° n=1
o . 5 25 22
= . 10 6.9 2.1
= S 20 16.8 2.4
(&) | - 8 n=2
He o 5 29 18
10 75 19
0 20 18.1 2.2
0.550 0.555 0.560 0.565

Ti-Ti distance along the [110] (A)

FIG. 7. Carrier effective mass data for RP and perovskite structure phases as
a function of Ti-Ti distance. Open circles represent the data for cubic
perovskite-type Nb-doped SrTiO5 (n=) epitaxial films in Ref. 8, and half-
filled circles and half-filled squares represent the data for cubic perovskite-
type Nb- and La-doped SrTiO (n=) single crystals in Ref. 9, respectively.
The values of carrier concentration (1) and carrier effective mass (m”) with
Nb content are shown in the inset.

Downloaded 20 Sep 2007 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



063717-6 Lee et al.
12 T T T
0.6 T . T
Kt VN=@ n=2 n=1
K, ,vn=w 020810 @5  020MM0 WS
104 o 041 1
10 n=wo
(Nb20)| ]
0.2
84 oo o-aa i
0.0 £
200 400 600 800 1000

64 Kson=20n=
Kion=2 mn=1

T(K) 1

Thermal conductivity, « (W-m™-K")

K .Th=x &n=2 mn=1
-~y TP 5.y

200 400 600 800 1000 1200

Temperature, T (K)

FIG. 8. Temperature dependence of thermal conductivity for 5 at. % Nb-
doped SrO(SrTiO;), (n=1,2). The thermal conductivity data (open, filled,
and half-filled inverted triangles) for cubic perovskite-type 20 at. % Nb-
doped SrTiO; perovskite (n=%) polycrystalline ceramics are taken or cal-
culated from the data in Ref. 10. Electronic thermal conductivity (&) data
with Nb content estimated using the Wiedemann-Franz law are also shown
in the inset.

Kele = LOUT’ (5)

where L is the Lorenz number. Similar to the Hall coeffi-
cient and S, the Lorenz number can be expressed as
follows:?®

_ k| 3F(&F(8) - 4F%<§)]

Ly=—

6
e F3(®) &)

where the Fermi integral values were obtained from the mea-
sured S with the use of Egs. (3) and (4). The k., was esti-
mated with the use of the calculated L, [(1.5-2.35)
X 1078 W  K~?] and the experimental o data. Although &,
increases with increasing Nb content, the k, shows no sig-
nificant dependence on the Nb content because the contribu-
tion of K to Ky is very small (kge~0.3 Wm™ K™). In
comparison with the cubic perovskite-type Nb-doped SrTiO5
polycrystalline ceramics, kj,, decreased in value by more
than 50% [(4.4-5) Wm ' K~'] at room temperature and
30% [(1.9-2.2) Wm™' K~!] at 1000 K, respectively. This
reduction in the « value would have been caused by the
enhancement of phonon scattering at the SrO/(SrTiO3), in-
ternal interfaces.

Figure 9 shows the temperature dependence of the ZT
for SrO(SrTi;_,Nb,O3), (x=0.05-0.2, n=1,2) phases. The
ZT value drastically increases with increasing temperature in
all compositions. Overall ZT values of SrO(SrTi;_,Nb,O5),
(x=0.05, 0.1, n=1, 2) were in the range of 0.09-0.14 at
1000 K, and the largest ZT, 0.14 at 1000 K, was obtained in
5 at. % Nb-doped SrO(SrTiO3),. In spite of their low «, ZT
values of Nb-doped SrO(SrTiO;), were lower than that of
cubic perovskite-type Nb-doped SrTiO; (0.37 at 1000 K).®
As mentioned above, the key reasons for relatively low ZT of
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FIG. 9. Dimensionless thermoelectric
(SrTi,_,Nb,03), (n=1,2).

figures of merit for SrO

RP phases are firstly the low o caused by the insertion of
insulating SrO layers into perovskite structures and secondly
the small S (low m"), possibly caused by splitting of degen-
eracy due to the deformation of TiOg¢ octahedra in perovskite
layers. The following points remain to be further clarified in
future investigations in order to obtain the maximum TE ef-
ficiency in RP phases: the optimum composition to realize
high symmetry TiO4 octahedra in perovskite layers, struc-
tural anisotropy in TE properties, and processes for produc-
ing textured (crystal-axis-oriented) ceramics and thin films.

SUMMARY

We investigated the phase formation and TE properties
of polycrystalline Nb-doped SrO(SrTiO5),, natural superlat-
tice Ruddlesden-Popper phases. Single phases of 0—-20 at. %
Nb-doped SrO(SrTiO;), (n=2) were synthesized, while a
small amount of n=2 phase was found as a second phase in
all n=1 samples. Although changes in lattice parameters by
Nb doping were observed, the symmetry of the deformed
TiOg octahedra was not largely improved. Because of this
low symmetry of TiO4 octahedra in RP phases, the m" (m"
=1.8—2.4m,) is much smaller than that of perovskite (m"
=6-12m). TE properties indicate that the electronic trans-
port properties in RP phases are dominated by the feature of
perovskite layers. Large reductions in thermal conductivity
of RP phases were clearly observed, compared to cubic
perovskite-type SrTiO;, indicating the enhancement of pho-
non scattering at SrO/(SrTiO,),, internal interfaces. Overall
ZT values of SrO(SrTi;_,Nb,03), (x=0.05, 0.1, n=1, 2) ob-
tained in the present study were in the range of 0.09-0.14 at
1000 K, and the largest ZT, 0.14 at 1000 K, was observed
for 5 at. % Nb-doped SrO(SrTiO5),.
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