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ABSTRACT

Systematic clarification of thermoelectric properties of a solid-solution system is essentially important, especially if the materials have different
crystal and electronic structures. Here, we report the thermoelectric phase diagram of the full-range Sr1 − xLaxTiO3 solid solutions composed
of a band insulator SrTiO3 (cubic perovskite) and a Mott insulator LaTiO3 (distorted perovskite), which shows the room temperature thermo-
electric power factor changing pattern with the La substitution (x) in the SrTiO3 system. We measured the room temperature thermoelectric
properties of Sr1 − xLaxTiO3 (0.01≤ x≤ 1) epitaxial films grown by the pulsed laser deposition and found that there are two thermoelectric
phase boundaries at x∼ 0.5 and x∼ 0.7 in the Sr1 − xLaxTiO3 system. The former is attributed to the lattice distortion from cubic to
orthorhombic variation, whereas the latter is due to the electronic phase transition from metal to Mott insulator. The thermoelectric phase
diagram obtained in our study will be fruitful for the future design of n-type thermoelectric materials based on the electron-doped SrTiO3.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100993

I. INTRODUCTION

Thermoelectric technology, which can utilize the Seebeck effect
to directly convert a temperature difference into electricity, is attract-
ing increasing attention as an energy harvesting technique.1,2 The
overall performance of the thermoelectric materials is generally char-
acterized by the dimensionless figure of merit, ZT = S2 ⋅ σ ⋅ T ⋅ κ−1,
where Z is the figure of merit, S is the thermopower (≡Seebeck
coefficient), σ is the electrical conductivity, and κ is the thermal
conductivity. Although a number of high ZT metal chalcogenides,
skutterudites, and half-Heusler materials, such as Bi2Te3 (ZT∼ 1.86 at
320 K),3 PbTe (ZT∼ 2.2 at 900 K),4 n-type SnSe (ZT∼ 2.8 at 773 K),5

Ba0.3Yb0.3Fe0.4Co3.6Sb12 (ZT∼ 1.35 at 800 K),6 CaxCe0.35Nd0.35Fe4 − y

CoySb12 (ZT∼ 1.1 at 750 K),7 Ti0.5Zr0.25Hf0.25NiSn (ZT∼ 1.2 at
830 K),8 and Nb0.6Ti0.4FeSb0.95Sn0.05 (ZT∼ 1 at 973 K)9 have been
reported, they are not ideal for converting wasted heat from automo-
biles, industries, and power plants because of their low thermal/
chemical robustness and toxicity. For example, the melting point of
Bi2Te3 is 585 °C, but the exhaust heat from an automobile is ∼700 °C.

Thus, another class of thermoelectric materials with high chemical
stability is required to utilize the waste heat from practical heat
sources in daily life.10

In regard to these issues, several transition metal oxides
(TMOs) including NaxCoO2,

11,12 Ca3Co4O9,
13,14 and SrTiO3

15–17

are being widely considered as alternative materials for thermoelec-
tric power generations because they exhibit relatively high ZT at
high temperatures with good chemical/thermal stability.10 Among
TMOs, electron-doped SrTiO3 is considered to be one of the most
promising TMOs as high temperature n-type thermoelectrics.18,19

In 2001, Okuda et al. observed comparable power factor (PF = S2 ⋅ σ)
to the commercial Bi2Te3 in Sr1 − xLaxTiO3 (0≤ x≤ 0.1) single
crystals at room temperature.15 Later, Ohta et al. reported the
carrier transport properties of Nb- and La-doped SrTiO3 single
crystals and epitaxial films (carrier concentration, n∼ 1021 cm−3) at
high temperatures (∼1000 K) to clarify the intrinsic thermoelectric
properties of these materials.16,17 In 2007, Ohta et al. also fabricated
SrTi0.8Nb0.2O3|SrTiO3-based superlattices and observed very large
S of the two-dimensional electron gas.20–23 However, while the
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SrTiO3-based materials exhibited adequate power factors compara-
ble to conventional heavy-metal based thermoelectric materials, the
overall ZT values were low (∼0.1 at 300 K and ∼0.3 at 1000 K) due
to their high thermal conductivities.19,24

The thermal conductivities of TMOs are difficult to reduce
since the transition metal-oxygen bonds are usually strong and
exhibit very high effective spring constants. Therefore, designing
TMO-based thermoelectric modules greatly depends on improving
their power factors. The electrical properties of TMOs come from
the overlapping orbitals of the transition metal ions. For this
reason, their electrical properties can be significantly modulated
with atomic substitutions, and TMO solid solutions are very inter-
esting in thermoelectric applications. In 2017, we systematically
investigated the effect of changing the conduction band of SrTiO3

from Ti3d to Nb4d and clarified the thermoelectric phase diagram
for SrTi1 − xNbxO3 solid solutions (0.05≤ x≤ 1, hereafter
SrTi1 − xNbxO3 ss) using epitaxial films.25 The fundamental ther-
moelectric properties of SrTi1 − xNbxO3 ss found in this study was
utilized in the fabrication of SrTi1 − xNbxO3 ss|SrTiO3 superlattices,
which yielded PF two times higher (5 mWm−1 K−2) than their
bulk counterparts.26 This phenomenon was attributed to the longer
de Broglie wavelength of heavily Nb-substituted SrTi1 − xNbxO3 ss
and electron confinement effects in the superlattice, which was pre-
dicted by Hicks and Dresselhaus.27–29 This demonstrates that
understanding TMO solid solutions can be the key to overcoming
the limitations in oxide based thermoelectric modules.

Since the electrical properties of TMOs are drastically affected
by electron-lattice coupling, examining SrTiO3-LaTiO3 solid solu-
tions can provide insights into how thermoelectric properties of
TMOs can be engineered.

La-doping to SrTiO3 lattice is also commonly used to control
the electrical conductivity of SrTiO3, and SrTiO3-LaTiO3 is inter-
esting SrTiO3-based solid-solution system. Unlike the previous
Ti→Nb substitutions, the conduction band of the system is always
comprised of Ti3d orbitals during of Sr→ La substitutions. Compared
to SrTiO3, the atomic bonds in LaTiO3 are highly distorted, which
changes the electronic property from a band insulator to a Mott insu-
lator. In fact, several research studies have been conducted on
Sr1 − xLaxTiO3

15,30,31 and their superlattices,32 they are all limited by
the solubility limit of La3+ ion into SrTiO3 lattice (x <∼0.1),33 and
the thermoelectric properties of heavily La-doped SrTiO3 are still
lacking in the literature. Here, we focus on Sr1 − xLaxTiO3 solid solu-
tions (Sr1 − xLaxTiO3 ss). We successfully varied x in Sr1 − xLaxTiO3

ss epitaxial films from 0.01 to 1 by the pulsed laser deposition (PLD)
and systematically clarified the thermoelectric phase diagram of
Sr1 − xLaxTiO3 ss. Despite the existence of two structural phase
boundaries, only one electronic phase boundaries were revealed at
x ∼ 0.7, which originate from a local minimum in the carrier relaxa-
tion time and a transition from metal to Mott insulator, respectively.
The thermoelectric phase diagram deduced in our study will be fruit-
ful for the future design of n-type thermoelectric materials based on
the electron-doped SrTiO3.

II. EXPERIMENTAL

Approximately 100-nm-thick Sr1 − xLaxTiO3 (x = 0.01, 0.05,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0) epitaxial films were

fabricated by PLD using dense ceramic disks of SrTiO3-LaTiO3

mixtures. Insulating (001) LaAlO3 (pseudocubic perovskite,
a = 3.79 Å) were used as the substrate. The substrate temperature
was kept at 950 °C, while the oxygen pressure was ∼5 × 10–4 Pa. A
laser fluence of ∼0.7 J cm–2 pulse–1 and a frequency of 5 Hz were
used, yielding a growth rate of ∼6 pm pulse–1. During the film
growth, the reflection high energy electron diffraction (RHEED)
pattern from the film surface was monitored to ensure the growth
of high-quality epitaxial films. Details of the PLD growth system
have been described elsewhere.17,34,35

Crystallographic analyses of the resultant films were performed
by high-resolution X-ray diffraction (XRD, Cu Kα1, ATX-G, Rigaku
Co.). Electrical conductivity (σ), carrier concentration (n), and Hall
mobility ( μHall) were measured at room temperature by the conven-
tional d.c. four-probe method, using an In–Ga alloy electrode with
van der Pauw geometry. Thermopower (S) was measured at room
temperature by creating a temperature difference (ΔT) of ∼4 K across
the film using two Peltier devices while monitoring the actual tem-
peratures of each end of the Sr1 − xLaxTiO3 films using two small
thermocouples.36,37 The thermo-electromotive force (ΔV) and ΔT
were measured simultaneously, and S-values were obtained from the
slope of the ΔV–ΔT plots. In the electrical measurements, 3–5
samples were prepared at the same composition, which were used to
obtain the average values and error bars.

III. RESULTS AND DISCUSSION

Figure 1 shows the schematic illustrations of (a) the crystal
structures and (b) electronic energy band configurations of SrTiO3

and LaTiO3. SrTiO3 (space group: Pm�3m, cubic perovskite structure,
a = 3.905 Å) is a band insulator with a bandgap of 3.2 eV, in which
the bottom of the conduction band is composed of triply degenerate,
empty Ti 3d-t2g orbitals, while the top of the valence band is
composed of fully occupied O 2p orbitals.38 On the other hand,
LaTiO3 (space group: Pbnm, orthorhombic structure, a = 5.633 Å,
b = 5.614 Å, c = 7.940 Å) with one d electron per site is a typical Mott
insulator due to the strong Coulomb interactions.39,40 As La3+

replaces Sr2+, the electrical properties of SrTiO3 changes to a degener-
ate semiconductor with metallic behaviors. However, as La3+ substitu-
tion increases toward 100%, the conduction band in the SrTiO3

phase will split into upper and bottom Hubbard bands with the
Fermi level (EF) located in between the two bands [Fig. 1(b)].

Sr2+→ La3+ also induces structural changes. The orthorhom-
bic Pbnm structure (GdFeO3 structure type) occurs in perovskite
ABO3 materials with Goldschmidt tolerance factor (t) less than 0.9,
which is related to the ionic sizes.41 In 1992, Sunstrom et al. calcu-
lated the t values for all compositions of Sr1 − xLaxTiO3 and found
that orthorhombic Pbnm structure is only stable at x≥ 0.7.42

Furthermore, Hays et al. observed a double phase transitions in
Sr1 − xLaxTiO3 ss (0 < x≤ 1), which are attributed to the cubic
Pm�3m to orthorhombic Ibmm transition at x∼ 0.3 and orthorhom-
bic Ibmm to orthorhombic Pbnm transition at x∼ 0.7.43

To obtain the structural information from the Sr1 − xLaxTiO3 ss,
X-ray reciprocal space mappings (RSMs) around the �103 diffraction
spot of LaAlO3 were measured and summarized in Fig. 2(a). For
comparison, the RSM results of SrTi1 − xNbxO3 ss obtained from our
previous study are also plotted.25 Similar to SrTi1 − xNbxO3 ss, all the
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Sr1 − xLaxTiO3 ss films are incoherently grown on LaAlO3 substrates.
However, in contrast to SrTi1 − xNbxO3 ss, the diffraction spots of
Sr1 − xLaxTiO3 ss do not follow the cubic line (qz/qx =−3), which
indicates that the Sr1 − xLaxTiO3 ss lattices are distorted from the
initial cubic structure. In particular, the deviation from the cubic rela-
tionship starts to become severe at x > 0.5, suggesting a crystal struc-
ture transition around x = 0.6. To further characterize the structural
transition, we extracted the average distances between A-site atoms in
perovskite ABO3 (a) based on the formula a = (2π/qx ⋅ 2π/qx ⋅ 6π/qz)1/3.
The results are plotted in Fig. 2(b), which also shows
SrTi1 − xNbxO3 ss for comparison.25 In the case of SrTi1 − xNbxO3

ss, all compositions of x follow the Vegard law (grey dash line)
with an M-shaped tendency, which is attributed to the coexistence
of isovalent and heterovalent substitutions. On the other hand, in
the case of Sr1 − xLaxTiO3, although the lattice parameter shows an
increasing tendency due to the La substitution, an obvious devia-
tion is observed from the Vegard law (red dash line). While the a
values are certainly affected by compressive strains from LaAlO3

substrates (3.79 Å), the deviations from the Vegard law observed
from Sr1 − xLaxTiO3 ss are much greater than those observed from
SrTi1 − xNbxO3 ss although they were all deposited on LaAlO3 sub-
strates. Therefore, the crystallographic changes in Sr1 − xLaxTiO3

are strongly related to the A-site doping. A similar pattern from
crystal structural transitions was also observed in La1 − xBaxTiO3

system.44 As described earlier, Sr1 − xLaxTiO3 ss system has two
phase transition points at x∼ 0.3 and x∼ 0.7. In Fig. 2(b), a change
in the a value pattern can be identified at x∼ 0.6, which is likely
attributed to the phase transition at x∼ 0.7. On the other hand, no
noticeable changes in the a values were observed at x∼ 0.3.

FIG. 1. Differences between SrTiO3 and LaTiO3. (a) Schematic crystal
structure and (b) electronic band structure of SrTiO3 and LaTiO3. SrTiO3

(space group: Pm�3m, cubic perovskite structure, a = 3.905 Å) is a band insula-
tor with a bandgap of 3.2 eV, in which the valence state of the Ti ions is
4+ (Ti 3d0). On the other hand, LaTiO3 (space group: Pbnm, orthorhombic
structure, a = 5.635 Å, b = 5.618 Å, c = 7.917 Å) is a Mott insulator with Fermi
level (EF) located at the Hubbard bandgap.

FIG. 2. Crystallographic characterization
of the Sr1 − xLaxTiO3 epitaxial films on a
(001) LaAlO3 single crystal substrate at
room temperature. (a) Schematic illustra-
tions of X-ray reciprocal space mappings
around the (�103) diffraction spot of the
Sr1 − xLaxTiO3 epitaxial films. The loca-
tion of the LaAlO3 diffraction spot (qx/2π,
qz/2π) = (−2.64, 7.92), corresponds with
the pseudocubic lattice parameter of
LaAlO3 (a = 3.79 Å). Red and white
symbols indicate the peak positions of
the Sr1 − xLaxTiO3 and SrTi1 − xNbxO3

epitaxial films, respectively. (b) Changing
pattern of average A-site ionic distance of
the Sr1 − xLaxTiO3 (red symbols) and
SrTi1 − xNbxO3 (white symbols) epitaxial
films [=(a2 ⋅ c)1/3]. All the films show a
general increasing lattice constant. A
V-shaped changing pattern was observed
in Sr1 − xLaxTiO3 films with a turning
point located at x∼ 0.7, which indicates
a crystal structure transitions from cubic
Pm�3m to orthorhombic Pbnm.
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To clarify the electronic properties of the different phases in
the Sr1 − xLaxTiO3 ss system, we measured σ, n, and μHall by Hall
effect measurements and then compared the results with their
SrTi1 − xNbxO3 ss counterparts in Fig. 3.25,45 As shown in Fig. 3(a),
σ of Sr1 − xLaxTiO3 ss first increase with x when x≤ 0.5 and then
decrease as x increases from 0.6 to 1. Similar to SrTi1 − xNbxO3 ss,
a jump in σ was observed between 0.5 < x < 0.6, indicating an
electronic phase boundary. σ usually depends on both n and μHall.
n increased with x, almost identical with the nominal value
(n = x in a unit cell) [Fig. 3(b)]. In addition, as shown in Fig. 3(c),
μHall keeps decreasing from ∼7.3 cm2V−1 s−1 to ∼2.7 cm2V−1 s−1

as x increases from 0.01 to 0.5. Okuda et al. reported
∼10 cm2V−1 s−1 in slightly La-doped SrTiO3 single crystals, which
is higher than all μHall values we obtained in the epitaxial films.15

This may be attributed to the lattice strain from the film/substrate
mismatch, which is unavoidable in thin films in most cases.
However, as x increases over 0.6, an obvious jump in μHall can be
observed, which agrees with Fig. 2(b). μHall then keeps decreasing
again to ∼0.5 cm2V−1 s−1 at x = 1. Based on these results, similar
to SrTi1 − xNbxO3 ss, the electronic phase boundary between
0.5 < x < 0.6 in Sr1 − xLaxTiO3 ss is also dominated by the abrupt
jump in μHall.

The S of all Sr1 − xLaxTiO3 ss films, which is related to the deriv-
ative of the density of states at the Fermi level, is shown in Fig. 3(d).
–S of Sr1 − xLaxTiO3 ss exhibits a monotonic tendency, but a notice-
able discontinuity is observed at x = 0.7, which is different from that

of the SrTi1 − xNbxO3 ss films. In SrTi1 − xNbxO3 ss, a conduction
band transition from Ti 3d to Nb 4d at x = 0.3 was reported.
However, after the transition, Nb 4d orbital shows lower carrier
effective mass (m*) than Ti 3d orbital, so –S keeps decreasing within
the full substitution range. In the case of Sr1 − xLaxTiO3 ss, the con-
duction band is always comprised of the Ti 3d orbital. The hop in –S
reflects an increase in m*, which is likely ascribed to the Mott transi-
tion. In order to directly confirm the increase in m*, we calculated
the density of states effective mass (m*

DOS), on which the m* is deduc-
tion is based m* ¼ m*

DOS=6, using S and n according to Eqs. (1)–(3)
below,46

S ¼ kB
e

(r þ 2)Fr þ 1(ξ)
(r þ 1)Fr(ξ)

� ξ

� �
, (1)

where kB, n, r, and Fr are the Boltzmann constant, chemical potential,
scattering parameter of relaxation time, and Fermi integral, respec-
tively. In the La-doped SrTiO3 system around room temperature, the
electron scattering is mainly affected by phonons.47 Since the Debye
temperatures of SrTiO3 (694 K) and LaTiO3 (500 K) are much greater
than room temperature, the number of acoustic phonons is likely
much higher than that of optical phonons, and the r value was
assumed as 0.5, which represents electron-acoustic phonon scattering.
Furthermore, the calculated carrier mean free path was much shorter
than the average La3+-La3+ ion distance, indicating that impurity

FIG. 3. Room temperature electron
transport properties of Sr1 − xLaxTiO3

epitaxial films: (a) electrical conductivity
(σ), (b) carrier concentration (n), (c)
Hall mobility (μHall), (d) thermopower
(S), (e) effective mass (m*), (f ) relaxa-
tion time (τ). Corresponding properties
of SrTi1 − xNbxO3 counterparts are also
plotted for comparison (white symbols,
from Refs. 25 and 45). The red and
gray lines are drawn as a visual guide.
Compared with single crystal data, our
films show lower μHall, which is likely to
result from the higher defects.48
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scattering was not dominant in our system (Fig. S1 in the supplemen-
tary material). Fr is given by

Fr(ξ) ¼
ð1
0

xr

1þ ex-ξ
dx (2)

and n is given by

n- ¼ 4π
2m*

DOSkBT
h2

� �3
2

F1
2
(ξ), (3)

where h and T are the Planck constant and absolute temperature,
respectively. As shown in Fig. 3(e), the m* monotonically decreases
until x = 0.7. Between 0.7 < x < 0.8, m* shows an abrupt jump from
∼0.7m0 to ∼1m0 (m0= rest mass of an electron). We believe this
phenomenon is related to the Mott transition, where the conduction
band starts to split into upper and bottom Hubbard bands. Our
results are also very constant with other reports on either La- or
Nb-doped SrTiO3 systems, which shows the validity of our calculation
process.48–51 The n-type conduction observed from the pure LaTiO3

film (x = 1) may be attributed to an incomplete opening of Hubbard
band.43 The relaxation time (τ) extracted from μHall and m* values
(=e ⋅ τ ⋅m* –1) are plotted in Fig. 3(f). For 0.01≤ x≤ 0.5, τ gradually
decreases with x, reaching a local minimum of ∼1.03 fs at x = 0.5.
Afterward, τ slightly jumps and returns to a gradually decreasing
tendency. The local minimum in τ at x = 0.5 suggests a very high elec-
tron scattering cross sections. As shown in Fig. 2(a), a severe lattice
distortion in the Sr1 − xLaxTiO3 ss films starts at x∼ 0.5, which will
drastically increase the electron scattering. A similar phenomenon
was also observed in SrTi1 − xNbxO3 ss and Ca/Ba substituted
SrTi0.8Nb0.2O3 epitaxial films.25,34 Furthermore, during the ortho-
rhombic Pbnm transition, the bond angle of Ti−O−Ti deviates from
180°, reducing the effective d-electron hopping interaction, especially
since the d-electron transfer was reported to be dominated by the
supertransfer interaction via the O 2p states rather than the direct
d−d hopping.52

Based on the electrical properties, we further proposed a sche-
matic illustration of electronic band structure evolution for
Sr1 − xLaxTiO3 ss [Fig. 4(a)] along with that of their SrTi1 − xNbxO3

ss [Fig. 4(b)]. According to the changing pattern of m*, the Mott
transition seems to exist between 0.7 < x < 0.8, where the Ti3d

orbital splits into an upper Hubbard band (UHB) and a lower
Hubbard band (LHB). Theoretically, LaTiO3 is a Mott insulator
with EF located between UHB and LHB or shows slight p-type
conduction. However, in our experiment, Sr1 − xLaxTiO3 at x = 1
exhibits a metallic behavior (ρ−T curve shown in Fig. S2 in the
supplementary material) with an n-type conduction. This probably
results from an incomplete opening of the Hubbard gap caused by
the lattice deformation induced by the LaAlO3 substrate.43,53 In
comparison, the thermoelectric properties of SrTi1 − xNbxO3 ss was

FIG. 4. Schematic illustrations of the
band structure of Sr1 − xLaxTiO3 epitax-
ial films (a) along with that of
SrTi1 − xNbxO3 counterparts (b) for
comparison. In the Sr1 − xLaxTiO3

case, a splitting of conduction band
into upper Hubbard band (UHB) and
lower Hubbard band (LHB) is pros-
pected as x > 0.7, which furthermore
results in the Mott insulating state in
LaTiO3. For the SrTi1 − xNbxO3 case, a
conduction band transition from Ti 3d
to Nb 4d was reported at x∼ 0.3.25

FIG. 5. Room temperature thermoelectric phase diagram for the Sr1 − xLaxTiO3

solid-solution system. The thermoelectric power factor (PF = S2 ⋅ σ) of the
Sr1 − xLaxTiO3 solid-solution system is plotted, alongside the previously reported
values.25,30,48,54 The x dependence of PF is shown in the inset.
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dominated by the changes in the conduction band orbital. A con-
duction band transition from Ti 3d to Nb 4d was found at
x∼ 0.3.25 For SrNbO3, with the d1 configuration, it shows intrinsic
high conductivity as a Fermi liquid.45

Finally, we calculated the power factor (PF = S2 ⋅ σ) of
Sr1 − xLaxTiO3 ss and plotted with previously reported values from
other reported films and bulk single crystals (Fig. 5).25,30,48,54

Similar with previous reports, Sr1 − xLaxTiO3 ss first shows an
increasing and then decreasing tendency as a function of n, reach-
ing a peak value of ∼4.1 mWm−1K−2 at x = 0.05 (n∼ 1021 cm−3).
Our slightly La-substituted SrTiO3 exhibits both high m* and high
μHall, which realizes high S and σ values. With increasing x, m* and
μHall decrease simultaneously, leading to a sharp decrease in PF.
For heavily La-substituted samples, due to the Mott transition, elec-
tron transport deteriorates significantly. Despite of the similar
n values, they show much lower PF than their heavily
Nb-substituted counterparts. As shown in Fig. 5, if x > 0.05, PF
keeps decreasing with x. At x = 0.5, we can see a small local
minimum in PF, which should be originating from the electron
transport property reduction. After the Mott transition (x > 0.7),
there is no obvious PF enhancement due to the increase in m*,
which is not enough to compensate the deteriorating electron
transport properties. Based on this thermoelectric phase diagram, it
could be concluded that using slight electron doping would favor
the optimization of thermoelectric performance for SrTiO3-based
thermoelectric materials.

IV. SUMMARY

In summary, we have clarified the thermoelectric phase
diagram for the Sr1 − xLaxTiO3 ss through the characterization of
epitaxial films prepared by the PLD method. As we varied x, we
observed lattice distortions from crystal structure transitions from a
cubic structure to an orthorhombic structure, which results in a
drastic increase in electron scattering. An electronic phase boun-
dary was revealed by a local minimum in Hall mobility at x∼ 0.5,
which is dominated by electron-lattice coupling and electron
relaxation time reduction. Furthermore, a Mott transition was
confirmed by a sudden hop in carrier effective mass observed
between 0.7 < x < 0.8. The slightly La-substituted region shows a
similar tendency in PF with previous reports. However, due to the
increasing carrier scattering and Mott insulating transition, the
electron transport for the heavily La-substituted region deteriorates
significantly, which results in a sharp decrease in PF. Even though
thin film thermoelectric is not ideal from a real application, some
intrinsic findings obtained in our research will still be fruitful for
engineering the transport properties of SrTiO3-based thermo-
electric materials.

SUPPLEMENTARY MATERIAL

The supplementary material shows the room temperature
carrier mean free path of Sr1 − xLaxTiO3 epitaxial films and the
temperature dependent resistivity of LaTiO3 film which indicates a
metallic behavior.
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