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ABSTRACT: Localized refrigeration and power generation via thermoelectric
technology rely on efficient thermoelectric materials with high performance at
room temperature. Although the two-dimensional electron gas (2DEG)-related
materials exhibit ultrahigh thermoelectric performance near room temperature, such
performance is only preserved at thicknesses within subnanometer scales, limited by
the requirement of two-dimensional size confinements. Here we report ultrahigh
thermoelectric performance similar to 2DEG-related materials but achieved in
SrNb,,Tiy 3O oxide films with a submicrometer-scale thickness by regulating strain-
induced lattice polarizations and interfacial polarizations. A large figure of merit, zT,
and power factor (~10?—10° gW cm™ K2) were achieved near room temperature,
and the maximum zT is estimated to be ~1.6 for a 49 nm thick film. These
performances exceed those of the existing n-type thermoelectric materials for room-temperature uses and the reported best
oxide materials beyond subnanometer scales. The earth-abundant elemental composition of the oxide film paves the way
toward potential applications in thermoelectric thin film devices with a microscale thickness.

hermoelectric (TE) materials achieve localized con- zT and PF near room temperature.l_5 The generation of
I version between thermal and electric energies, and the 2DEGs is driven by spatial confinement along the direction of
conversion efficiency is determined by a figure of merit thickness by making superlattice (or quantum dot) structured
2T (2T = S*6Tx™', where S is the Seebeck coefficient, ¢ the Bi,Te;/Sb,Te,,' PbSeTe,” or SrNb,Tiyz05/SrTiO;* > or is
electrical conductivity, T the absolute temperature, and « the observed at the interface of TiO,/SrTiO;’ and LaAlOs/
thermal conductivity).'™'® Efforts to raise the zT value have SrTiO,.”® When the thickness of these TE materials is spatially
been focused on two aspects: reducing the lattice thermal confined within a subnanometer scale, the two-dimensional
conductivity (ki)' ' and improving power factors (PF = confinement of carriers enlarges the density of states near the
$%6)."*"* Since the 1990s, the Ky for many TE material Fermi energy3_6 and triggers electron phonon coupling
systems has been reduced near the amorphous limit by using (EPC).””” This overcomes the conventional 6—S trade-off to
phonon scattering approaches, such as fabricating nanostruc- more independently improves S and thereby further increases
tures,'"’ point deffects,'’ and rattling filler ions within cage
structures.'” Therefore, it draws more potential to optimize the Received: March 4, 2017
electronic component: PF = $%6."% To date, two-dimensional Accepted: March 24, 2017
electron gas (2DEG)-related TE materials hold the record for Published: March 24, 2017
ACS Publica‘tions © 2017 American Chemical Society 915 DOI: 10.1021/acsenergylett.7b00197
b4 ACS Energy Lett, 2017, 2, 915-921
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Figure 1. (a) Schematic illustrations of compressive interfacial strain-induced lattice polarization and the periodic coulomb regulation of the
band structure. (b) RHEED patterns and intensity oscillations for the present deposition of SrNb,,Ti,3O; on a SrTiO;(001) substrate.

PE.° Nevertheless, the preserved large S at a high carrier
concentration (n) in 2DEG-related materials is strongly
dependent on two-dimensional (2D) spatial confinement of
carriers.' ™ As observed for the SrNby,TiysO;/SrTiO; super-
lattice, the Seebeck coeflicient is reduced sharply when the
thickness of SrNbg,Tiy3O; exceeds three unit cells (~1.2
nm).>~> The prerequisite of spatial confinement largely
impedes practical applications of the present 2DEG materials
for high power energy conversions as the amount of TE
material is insufficient. How to break through the limitation of
the size confinement and increase the effective thickness past a
nanometer scale are critical issues to address.

Using the polarizations and polar discontinuity in materials
with asymmetric charge centers provides an alternative
direction to regulate 2DEGs that does not strongly rely on
spatial confinement.'” > As typical examples reported for
wurtzite AlGaN/GaN heterostructures, the direction of
spontaneous lattice polarization was ordered by binding with
the interfacial polarization charge using appropriate epitaxy
strategies."” The polarization- and polar discontinuity-induced
internal electrostatic field significantly influences the distribu-
tion, density, and mobility of 2DEGs.'”'®***" Similarly,
polarization-associated planar charge localizations within
LaAlO;/SrTiO; and LaySryTiO5/SrTiO; interfaces were
also recognized as important factors to achieve electronic
confinement of 2D carriers to form 2DEGs.”~” The observed
phonon drag enhancement in S was reported as a benchmark of
EPC between the carriers and interfacial polarons within
LaAlO3/SrTiO,.”® Here, we report ultrahigh TE performance
similar to those of 2DEG-related materials achieved in a
micrometer thick SrNby,TijgO; film by introducing both
strain-induced lattice polarizations and interfacial polarizations.
Compared with reported 2DEG-related SrNb,Ti,3O5, the film
thickness to maintain a large Seebeck coefficient at high carrier
concentration is effectively enhanced by three orders from a
subnanometer scale to a micrometer scale. As-observed high
performance is demonstrated to be an indication of the
presence of lattice and interaction polarizations, and a possible
mechanism is proposed.

To introduce both lattice and interfacial polarizations, the
SrNby,TiygO; films were coherently grown on a single-crystal
SrTiO,(001) substrate by pulsed laser deposition (PLD). As
illustrated by Figure 1la, the unit cell of co-lattice-grown
SrNby,Tip 303 is compressively distorted by biaxial in-plane
interfacial strain because it possesses a larger bulk lattice
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constant (a, = 3.96 A) than SrTiO; (a, = 3.905 A) with a
lattice mismatch of ~1.41%. This has been demonstrated
previously to separate the charge center of TiOg octahedra® ™
and generate cross-plane Ti* — O~ lattice dipoles (or
polarons).”> The presence of a coherent interface between
electron-doped and intrinsic SrTiO; is known to result in
interfacial polarization, as observed in LaySrysTiO;/SrTiO;
heterostructures.” Under appropriate deposition kinetics, the
cross-plane lattice polarizations are thermodynamically favored
by binding with the interfacial polarizations, as previously
observed for AlGaN/GaN heterostructures.'”*®*° The resul-
tant periodical coulomb potentials along the cross-plane
direction are expected to zigzag the conduction band across
the Fermi energy and generate potential wells to confine the
carriers, as illustrated by Figure la.

Figure 1b shows typical reflection high-energy electron
diffraction (RHEED) patterns and their intensity oscillations
during the deposition process. The same RHEED patterns
before and after depositing over 10° unit cells (~440 nm) are
observed. No significant change of the in-plane lattice constant
from the surface region is indicated. Both the electron reflection
and the two-dimensional electron diffraction RHEED patterns
exhibit an intensity oscillation period of ~13 unit cells. It
reveals a layer-by-layer growth mode with long-range orders to
deposit each molecular layer. As-grown films possess the same
crystal structure and orientation compared with the substrate,
as their X-ray diffraction patterns shown in Figure S1. The film
composition was measured as SrNby,Tiy3O,, by Rutherford
backscattering (RBS).

The high-angle annular dark-field (HAADF) images of the
interfaces between as-grown thin films and the underlying
substrates are shown in Figure 2a. For the SrNbg,Ti 305/
SrTiO; sample, co-lattice-matched lattice atoms from the film
and substrate are seen at their interfacial regions, with no
detectable diffusion of the Nb element observed (see Figure
SS). Further demonstration of the coherent epitaxy is verified
by the same in-plane vectors of the film and substrate
diffraction patterns in reciprocal space mappings (RSMs), as
shown in Figure 2c. Similar RSM patterns were observed for
more SrNb,,Tiy3O5/SrTiO; samples with different film
thicknesses varied from 49 nm to 2.2 ym, as shown in Figure
S2. These results demonstrate that the lattice of the film was in-
plane-locked by the substrate when further increasing the
deposition thickness across a micrometer scale. Therefore, the
compressive interfacial strain is effectively imposed upon the

DOI: 10.1021/acsenergylett.7b00197
ACS Energy Lett. 2017, 2, 915-921



ACS Energy Letters

0.99 Rt o -
0.36 0.37 0.38
Qrn
(d)
& | Nv2sTOlSTO  Crossplane
. 1 ] & 2 =
m(
€ NbZSTOILAOD
< Nb2STO/LAO
- L]
o
o -1 ® @ e .
8 Nb2STO/STO In-plane
LBRTS 10° 0’
- i 3
Film Thickness, #(nm)

o
S

(010)

t—) (100)

(110)

PR L (001)

0.35 037 038

0.36
Qi
(e)
3‘;\:60
“_:“ —49 nm
@ 40 — 147 nm
©
— 440 nm
E — 0.8 um
2 20 2.2 um
=
2
8 | -
e 2 -1 0 1

tn-pI:eme Lattice Distortion, & (%)

Figure 2. (a) HAADF images of the interfacial regions and Fourier transformation of the film materials for samples of SrNb,,TiysO5/
SrTi0;(001) and SrNb,,Ti,305/LaAlO;(001). (b,c) Reciprocal space mapping (RSM) of StNbg,Ti;50;/SrTiO;(001) samples with a film
thickness of 440 nm (b) and SrNb,,Ti, 30;/LaAlO;(001) samples with a film thickness of 393 nm (c). Q// and Q, represent the in-plane and
cross-plane reciprocal space vectors of [110] and [001], respectively. (d) Averaged in-plane and cross-plane lattice displacements (¢,,,) for
StNby,Tig50;/SrTiO5(001) samples with different film thicknesses, estimated from their RSM as shown in (b), (c), and Figure S2. (e)
Proportion of material distributed at different values of | .. for StNbj,Tiy305/SrTiO;(001) at different deposition thicknesses estimated

from the RSM results.

film materials. This is in contrast to the StNb,,TijO;/LaAlO,
sample deposited under the same conditions, in which case the
interfacial strain relaxed fast owing to a larger lattice mismatch
(~3.65%) between the film and substrate. The edge
dislocations are clearly observed at the interfaces between the
SrNb,,Tiy5O; films and the underlying LaAlO; substrates (see
Figure 2a). From its RSM patterns shown by Figure 2c, the in-
plane vectors are different for the films and substrates,
indicating the relaxations of the interfacial strains.

On the basis of the RSM results, as shown in Figures 2b,c
and S2, the averaged in-plane and cross-plane lattice displace-
ments (&) o, and &) ., ) are derived from the film pattern in
the RSM by eq 1

917

&) (n),ar. =
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(1)
where Q and Q, represent the in-plane and cross-plane
reciprocal vectors, respectively and I q),qu) is the diffraction
intensity of the film located at the specific reciprocal coordinate.
As shown in Figure 2d, the biaxial compressive distortion of the
film material is demonstrated by the negative g 5,,, and the
positive &, 5, from the respective cross-plane transverse
expansion. With an increased film thickness of
SrNb,,TiyO5/SrTiO;(001) and the resultant strain relaxation,
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Figure 3. (a) Sheet conductance (6,,) and sheet carrier density (the reciprocal of Hall resistance, R;;"") as a function of film thickness (t) at
room temperature for SrNb,,Tiy30;/SrTiO;(001). (b) Directly measured Seebeck coefficients for the film and substrate (Sgjmssubs.); the
derived one (details given in Figure S7) for film materials (Sg;,), and the localized S measured within 100 nm depth from the near-surface
region of the film (Sg,c.) using a nanometer-scale heating source in atomic force microscopy (AFM). (c) Seebeck voltage (Vi.epec) VS
temperature difference (AT) at the near-surface region of the film during the localized characterizations of S. More details are provided in
Figure S6. (d) The estimated PF and zT. The S, PF, and zT reported for 2DEG-SrNb,,Ti; 50, are plotted to be compared.

both & ., and & 4, tend toward to be zero. The effective
lattice distortion is absent for SrNbyg,TiyO5/LaAlO,(001)
owing to the complete relaxation of the interfacial strain. The
distribution of in-plane lattice distortion was also derived from
RSM by eq 2:

(I/Q”) - (I/Q”o)
1/Qy,
B _/éiIFilm(QHr QJ_) dQJ_(”)
/](jszlIFilm(Q”; Ql) dQH dQJ_

f(fu) =f

@

The percentages of material distributed at each magnitude of
in-plane lattice distortions f(e)) for SrNb,,Ti;3O5/
SrTiO,(001) with different deposition thicknesses are shown
in Figure 2e. A more broadened material distribution is clearly
observed with an increased deposition thickness.

Figure 3 shows the TE performance for SrNbg,Tiy303/
SrTiO4(001) and SrNb,,Ti;3O05/LaAlO;(001) grown under a
comparable condition with varied thicknesses (). Linear
enhancements are observed for both sheet conductance (o,,)
and sheet carrier density (Ry™*) with increased tg,, as shown
in Figure 3a. It indicates a constant conductivity, ¢ = d(o,,)/
dtyy,, and carrier concentration, n = d(Ry~!)/dtgy,,, associated
with the film deposition. Barely annealing the SrTiO; and
LaAlO; substrates at the deposition atmosphere and temper-
ature (650 °C) for 2 h without film depositions does not result
in any detectable conductance. A large n of ~1.1 X 10** cm™
associated with deposition is observed for SrNbg,Tij3O;/
SrTiO;(001). This number is much larger compared to the
ones grown on a LaAlO;(001) substrate under the same
conditions (~6 X 10*' cm™, with the carrier contributed by
both the Nb dopant and oxygen vacancy) or the reported
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values at a similar doping content.”*™*" Similar effects were
attributed to both intrinsic and extrinsic reasons, as summarized
in previous literature reports.” ”*"*"** The intrinsic one
includes distortion or polaron-induced Ti-t,, orbital reconfigu-
ration”' and formation of 2DEGs by interfacial polarization, ™

while the extrinsic one is the deposition-associated generation
of V5*® and free electron carriers within the SrTiOj
substrate.>"*

Figure 3b shows the directly measured Seebeck coefficient of
the SrNb,,Ti;30;/SrTiO;(001) and SrNb,,Tiy 305/
LaAlO;(001) samples (Sgimsasubste), compared with the
previously reported 2DEGs.> ™ As-measured Spjgsubes. iS the
averaged Seebeck coefficient of the film (Sgy,) and substrate
(Ssubstr.) weighted by their proportion in contributed electrical
conductance. By attributing the net increase in n of
SrNb, ,Ti; s03/SrTiO5(001) compared to that of
SrNby,TiysO03/LaAlO5(001) completely to the extrinsic
conductance of the SrTiO; substrate, the Seebeck coefficient
of the thin film (Spy,) was calculated. This prohibits the
overestimation of Sg;,, and more details on derivations are
provided in the Supporting Information (SI), section C. It is
worth noting that if there is any intrinsic enhancement in n or
the depth distribution of V*® is smaller than the thickness of
the substrate, the practical Sg;,,, will be larger than the calculated
ones shown in Figure 3b, as detailed in more discussions given
in Figure S3b,c. Despite the potential underestimation,
significant enhancements in Sgy,, are found in SrNb,,Tig5O03/
SrTiO;(001) compared with SrNb,,TiysO;/LaAlO;(001) and
the reported bulk SrNby,Tig30;.”° Increasing tg;,, from 45 nm
to 2.2 um reduces Sy, by ~200 uV K™, while the 2.2 ym thick
film maintains Sg;,, approaching to be ~170 ¢V K. This is in
contrast to a much sharper decrease in S by ~400 uV K™
reported in SrNby,Tiy ;O3 2DEGs® > when the tg,, was only
increased from one to three unit cells (Sgy, similar to the bulk
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ACS Energy Lett. 2017, 2, 915-921



ACS Energy Letters

a

( )—800 0.025 —
Nb2STO(49 nm)/STO g
i 10020 g
-600 " L £ =2
. . oF
—~ fa, 5" 10015 g
¥ 400 fa, —u e
Z V- 0010 3

AL g8
7 - o
-200 22 anmpppene ) looos §
0 T " r ~——0.000 ﬁ
300 350 400 450 500 ®

Temperature, 7(K)
© -
-400 * Frimasubstr = %ol Fim* Subsir.) E
0,
-]
-300 L10° >
[ 2
¥ 200 °
2 B
=5 4 =
© 1001 =/ 8
8 harate 1* measurement §
0 StimaSubatr 2" measurement 10 §
0 100 200 300 w

Temperature, 7(K)

(b)
5 . = Nb2STO (2.2 ymyISTO (1 mm)
@ 107 == Substrate Contribution for above
=3 = = - Film Contribution for above
e 107
8
g
5 10'4
=
°
[~
=]
o 10%
-a}- + Nb25TO(2 ym)/STO(100 um)
1) . :
& 0 100 200 300
Temperature, T(K)
(d)
- CsBi,Te,
’-.xé 10%; BLSb,.,
o
=
g
Q
~ 10'5
o
8 s
i « ND2STO(2 ymySTO(100 um)
g 10° measured as a bulk
@ 0 100 200 300

Temperature, T(K)

Figure 4. (a) Seebeck coefficient and sheet conductance of a 49 nm thick SrNb,,Tiys0;/SrTiO;(001) measured with a raising temperature up
to 200 °C followed by a cooling down technique with a constant speed of 0.3 °C min™" in vacuum. (b) Sheet conductance of a 2.2 pm thick
StNb,,Tiy50; film grown on a 1 mm thick SrTiO;(001) substrate and a 2 pm thick StNb,Ti; 3O film grown on a 100 gm thick SrTiO,(001)
substrate as a function of temperature. The contributions from both the film and substrate to the sheet conductance are separated for the
StNb,,Tig50; (2.2 pum)/SrTiO; (1 mm) sample (details are provided in the SI, section D). (c) Seebeck coefficients and electrical
conductivities and (d) PFs of the StNb,Ti; 305 (2 #m)/SrTiO; (100 pm) sample measured as bulk material (accounting for the thicknesses
of the film and substrate), compared with conventional TE materials for low-temperature applications, such as Bi,Sb,_.'* and CsBi,Tes.'®

value at g, ~ 1.2 nm). Further consistency was achieved from
the localized S near-surface regions with response a depth of
~100 nm for a 800 nm thick film measured by using a
nanometer-scale heating source in atomic force microscopy
(Snear-sut. = 290 + 18 4V K7, as shown by Figure 3c). More
details for the localized characterizations of S are given by
Figure S7.

The PFs calculated for the films are from 10% to 10° yW
cm™ K2 when the deposition thickness reduces from 2.2 ym
to 49 nm (see Figure 3d). Because there is no effective way yet
to accurately measure the thermal conductivity, the x values
were estimated according to ref 3 (K = Kiice + Kcarriew Where
Kiattice 15 ~12 W m™ k™)) Kcaier = LooT, and Ly = 2.45 X 1078
W Q7! K™2). The resultant zT values are estimated to be from
0.3 to 1.6 with a reducing deposition thickness from 2.2 ym to
49 nm (see Figure 3d). The achieved TE performance exceeds
the one measured for a film grown on a LAO substrate at
comparable conditions (see Figure S6) and a SrNby,Tiy50;
bulk material by 2 orders of magnitude. This has been verified
by extensive experimental studies (more detailed results are
provided in the SI, section D). Apart from SrNbg,TiysO;,
similar enhancement has been also achieved in other material
compositions, such as StNbg,TiycO; (SL, see Figure S8). Vice
versa, performing thermoshock or annealing in a vacuum to
eliminate the interfacial coherency, relax the interfacial strain, or
disturb the alignment of lattice polarons significantly reduces
both S and o, as shown in Figures 4a and S8.

To further saturate the generation of V5®* within the
substrate and reduce its influence on the directly measured TE
performance, a 2 pm thick SrNb,,Tiy5O; film was grown on a
100 pum thick SrTiO;(001) substrate under the same
conditions. As shown in Figure 4b, the o,, measured for
StNbg,TipgO;3 (tpim = 2 pm)/SITiOs (fypy. = 100 pm)
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overlaps with the derived film contribution (6 pjm; its
derivation is explained in the SI, section C) of SrNb,,Ti;3O5
(b = 2.2 pm)/SITiO; (fspes = 1 mm) at 100—300 K. It
reveals a significantly reduced proportion of o,, from the
substrate associated with the saturation of the V5°°
concentration at the reduced amount of substrate material.
This provides further opportunities to more directly character-
ize the TE properties associated with the film material. Figure
4c shows the temperature-dependent S and electrical
conductivity, 6 = 6, (tpim + fsubs), Of the SrNby,TinsO5 (2
um)/SrTiO5 (100 ym) sample measured in bulk by accounting
for the thickness of the substrate. Similar to the reported
StNb,Ti,_,O; single-crystalline materials,””*”** elevating the
temperature enhances S and decreases 6. The two discontin-
uous steps observed in the S—T curve at ~40 and 150 K are
confirmed to be intrinsic associated to the present sample,
which may be associated with the phonon drags contributed by
the film and substrate at different carrier concentrations
reported previously by ref 3. Even taking the thickness of the
substrate into account, a bulk PF (integrating the thicknesses of
both the film and substrate) of 78 W cm ™" K2 is achievable at
low temperatures, as shown in Figure 4d.

In contrast to the previous 2DEG-related SrNby,Tiy50;,° "
the enhanced Seebeck coefficient for SrNb,,Tiz¢O0;/
SrTiO;(001) in this work is not strongly related to spatial
confinements. The present achieved performance is comparable
with the one for oxygen-annealed LaAlO;/SrTiO;, in which
case similar magnitudes of S (~600 yV K ') at large n,, (an
order of high 10" up to 10" cm™2) were achieved by interfacial
polarization-induced EPC.”® The high relative permittivity (e,:
~10%) and ferroelectric nature of strain-distorted SrTiO,”’
make an electronic 2D confinement of carriers by the aligned
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domains of lattice polarons be practicable (see more detailed
discussions in the SI, Figure S9).

Following this understanding, an increasing deposition
thickness weakens the strain-induced lattice polarization and/
or reduces their ordering in alignment, as previously
demonstrated in Figure 2d,e, respectively. As a result, the 2D
confinements of carriers by lattice polarization are expected to
be reduced. This is in agreement with the reducing trend in the
Seebeck coeflicient with an increasing film thickness.

The relevance to lattice/interfacial polarization is also
demonstrated by the anisotropy observed in the Seebeck
coefficient when growing SrNby,Tiy3O; on a SrTiOj; substrate
with other orientations from tilting the direction of lattice
polarization. For example, as compared to SrNby,Ti 305/
SrTiO;(001) with the same thickness, SrNb,Ti;3O;/
SrTiO;(110) exhibits similar electrical conductance and
interfacial strains but shows a significantly reduced Seebeck
coefficient (see detailed results in Figure S10a). This
observation is consistent with the previous reports that the
[001] direction exhibits optimal ferroelectric behaviors for
perovskite oxides with charge-center asymmetry.**** Following
our previous understanding, a more effective well-like confine-
ment of the carrier is expected for SrNb,,Ti; 3O4/SrTiO;(001)
because the alignment of [001] lattice polarization is parallel to
the interfacial polarization and perpendicular to the trans-
portation plane of the carriers. In contrast, the 2D confinement
of carriers is indirect for SrNby,TiygO5/SrTiO; because the
[001] lattice polarization is offset by ~45° with respect to both
the interfacial polarization and also to the electron trans-
portation plane. Apart from the lattice polarization and its
alignment, we also emphasize the relevance of the ultrahigh TE
performance to the interfacial polarization, which is assumed to
be coupled with the strain-induced lattice polarizations. This is
further demonstrated for compressive-strained SrNb,,TiygO5
grown on DyScO;(001) substrates, which shows similar TE
performance to that of the bulk material (see Figure S10).

In summary, ultrahigh TE performance of the 2DEG-related
material has been achieved in SrNb,,Ti,3O; oxide films at a
submicrometer-scale thickness by regulating strain-induced
lattice polarizations and interfacial polarizations. As compared
to the reported 2DEG SrNb,,Tij 303, the critical film thickness
to preserve a large Seebeck coefficient at a high carrier
concentration is significantly improved from the previous
subnanometer scale to a submicrometer scale. A large zT up to
1.6 and ultrahigh PF of ~10° yW cm™ K> were achieved at
room temperature. These performances exceed those of all
existing n-type TE materials and the best TE oxide materials
beyond a subnanometer scale for room-temperature use. The
strain-induced lattice polarization and its relative alignment
with the interfacial polarization are demonstrated to strongly
affect the TE properties. These observations shed light on the
possible mechanisms that are relevant to polarization- and polar
discontinuity-induced 2D carrier confinements. Beyond the
ultrahigh TE performance, the present oxide films are less toxic
and not largely dependent on heavy elements, such as Bi, Sb, or
Te. This favors potential applications in microscale energy
harvesters, on-chip coolings, and thermal sensors used at room
temperature or below.
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