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Epitaxial strain is an effective way to control thermoelectricity of a thin film system. In this work, we investigate
strain-dependent thermoelectricity of [(SrTiO3)3/(SrTig §Nbg203)3]1¢ superlattices grown on different substrates, includ-
ing —0.96% on (LaAlO3) 3(SrAly 5Tag 503)0.7(001) (LSAT), 0% on SrTiO3(001) (STO), +0.99% on DyScO3(110) (DSO)
and +1.64% on GdScO3(110) (GSO), respectively. Our results show that the highest room-temperature thermoelectricity
is achieved when the STO-based superlattice is grown on the DSO substrate with +0.99% tensile strain. This is attributed
to the high permittivity and low dielectric loss arising from the ferroelectric domain and electron—phonon coupling, which

boost the power factor (PF) to 10.5 mW-m~!-K~2 at 300 K.

Keywords: strain engineering, thermoelectric superlattices, ferroelectricity

PACS: 73.50.Lw, 77.80.—e
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1. Introduction

Thermoelectrics, which can directly convert waste heat
into electricity through the Seebeck effect, are attract-
ing significant attention as a potential energy harvesting

(141 The efficiency of thermoelectric materials is

technology.
determined by a dimensionless figure of merit, ZT = S>67T /k
, where T is the absolute temperature, S is the Seebeck coef-
ficient, o is the electrical conductivity, and k is the sum of
electronic (x.) and lattice thermal conductivities (ki) of the
material. The power factor (PF) is equal to $>c, which is used
to estimate the performance of thermoelectric power genera-
tion. Electronically, since S, ¢ and k. are strongly coupled
with each other, improving a single parameter often leads to
compensations of the other two, making it difficult to enhance
the thermoelectric performance.[*¢]

Fabricating low-dimensional structures is an effective
strategy to achieve an enhanced Seebeck coefficient without
explicitly reducing o. Hicks and Dresselhaus!”! predicted the
enhancement of S? in quantum-well structures due to the in-
crease of density of states near the conduction band edge when
the quantum-well thickness becomes less than a few nanome-
ters. Moreover, n-doped SrTiOj3 is a promising candidate for
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thermoelectric devices, as its conduction carriers are more
strongly localized than those of the heavy-metal materials.®]
Consequently, great efforts have been made to improve the
Seebeck coefficient through the use of low-dimensional struc-
tures in SrTiOz-based superlattices.®1?] Ohta er al.!'% clar-
ified that an enhanced two-dimensionality improved ther-
moelectric power factor to 5 mW-m~'-K~2 at 300 K for
SrTiO3/SrTip gNby 2,03 superlattices. However, electron dif-
fusion cannot be removed thoroughly in the Nb-doped super-
lattice structures, resulting in an increased minimum thickness
of the barrier layers and a further reduction in the electrical
conductivity of the superlattices.

On the other hand, strain-induced band engineering ap-
proaches have been proven to be successful for decoupling
these parameters for an enhancement in power factor, where
the transport bands can be engineered to converge in energy,
leading to an increase in electrical conductivity.[!3!4] To date,
great efforts have been made to improve thermoelectric per-

[15-17) which opti-

formance through lattice strain engineering,
mizes the thermoelectric properties of oxides with tyg-active
bands.!"®! Furthermore, bulk STO is a well-known incipi-

ent ferroelectric material, whose ferroelectric phase transi-
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tion does not occur even at 0 K, due to the competition be-
tween quantum fluctuations and ferroelectric order.!'*?!1 In
contrast, a ferroelectric transition of epitaxial films of STO can
be induced and modified by the in-plane strain effect.[?>-24]
Bauer et al. predicted a polarization Seebeck and Peltier effect
in electrically insulating ordered ferroelectrics that depends
strongly on the direction of the ferroelectric order.!*>>%! How-
ever, few efforts have been made to experimentally explore the
effectiveness between the ferroelectric states and thermoelec-
tric performance.

In this work, we combine the strain engineering and
the quantum-well effect by fabricating epitaxial [(STO)3/(Nb-
STO)3]10 superlattices on various substrates to investigate the
strain-dependent power factor of STO-based superlattices at
room temperature. The room-temperature |S| of the superlat-
tice on DSO is measured to be 292 uV-K~!, which is greatly
larger than that of the superlattices grown on other substrates.
Moreover, the STO/DSO superlattice exhibits a high dielec-
tric constant, an elevated ferroelectric transition temperature
and a loss tangent of 0.003, which is an order of magnitude
smaller than that of the other superlattices. This results in an
enhanced density of states yielding the highest PF value of
10.5 mW-m~'-K~2. Our work demonstrates how to enhance
the thermoelectric performance of epitaxial films using strain-
induced ferroelectric transitions, paving the way for designing
highperformance oxide-based thermoelectric materials.

2. Experiments

The 25 nm [(STO)3/(Nb-STO)3]19 superlattices and
STO(001) films were epitaxially grown on LSAT(001), TiO»-
terminated STO(001), DSO(110) and GSO(110) substrates us-
ing laser molecular beam epitaxy (ultraviolet laser at 248 nm,
1.5 J/em? fluence, 2 Hz) at 750 °C.[27! The oxygen pressure
was kept at 8 x 1074 mbar during growth. Before growth,
all the substrates were acid-etched and thermal-annealed to
obtain surfaces with atomically flat terrace structures.!?8:2%]
The growth front of the superlattices and the quality are mon-
itored by in-situ reflection high energy electron diffraction
(RHEED). Crystallographic analyses of the superlattices were
performed by XRD (Cu Ko 1, D8 Discover, Bruker) and AFM
(NX10, Paker system). Synchrotron XRD measurements were
carried out at beamline BL14B1 of Shanghai Synchrotron Ra-
diation Facility at room temperature, using 18 keV x-rays
(0.6887 A).

Electrical conductivity (o) was measured at room tem-
perature by a conventional d.c. four-probe method with a van
der Pauw geometry in the physical property measurement sys-
tem (PPMS, Quantum Design). Seebeck coefficient (S) was
measured by the thermoelectric parameter test system (MRS-
3, JouleYacht). The Seebeck potential (AV) and temperature
difference (AT) were measured simultaneously, and the S val-
ues were obtained from the slope of the AV—-AT plots (the

correlation coefficient was 0.998). For dielectric permittivity
(&) measurements, 100 nm thick Au interdigitated electrodes
(IDEs) with 150-um finger lengths and 8-um finger gaps were
deposited on the 25 nm STO(001) films on various substrates
by magneton sputtering. The fingers were aligned parallel to
the [100] in-plane directions of the STO films. Measurements
of the complex dielectric permittivity were performed on the
STO films as a function of temperature 7' (10—400 K) and di-
rect current electric field E (between +40 V and —40 V across
8 um) at a measurement frequency (f) of 2 MHz using a LCR
meter (E4980A, Keysight). All the & values were obtained
after performing similar measurements for all the substrates
with equivalent IDEs using a partial capacitance model.[3%-33]
The model is based on conformally mapping the repeating air—
film—substrate units in the IDE geometry to the parallel-plate

geometry, as previously reported. !

3. Results and discussion

Bulk STO has a cubic Pm3m structure with the lattice
constant of 3.905 A (Fig. 1(b)). Depending on the choice
of substrate, STO(001) films may be grown under compres-
LSAT is cubic with the lattice con-
stant of aygar = 3.868 A, providing an in-plane biaxial com-
The DSO
and the GSO crystals have orthorhombic distorted perovskite
structures with the space group Pbnm. The DSO(110) and
the GSO(110) substrates can be considered as a pseudo-cubic
structure with in-plane lattice constants of apso = 3.944 A

sive or tensile strain.

pressive strain on STO, as shown in Fig. 1(a).

and agso = 3.970 A, respectively, providing in-plane biaxial
tensile strain on the STO, as shown in Fig. 1(c). The epi-
taxial relationship is [001]pc STO||[110]p DSO and [010]pc
STO||[001]o DSO. Hence, as shown in Fig. 1, the correspond-
ing in-plane strain € = (agp — asto)/asw for the STO(001)
films is —0.96% on LSAT, 0% on STO, +0.99% on DSO and
+1.64% on GSO.

Figure 2(a) shows AFM morphological images of the
25 nm superlattices grown on all substrates. Clear atomic steps
are observed in the AFM images, with each atomic terrace
having a height of approximately 0.4 nm, and no cracks or film
discontinuities are observed. The reciprocal space map (RSM)
images show good alignment between the in-plane lattices of
the superlattices and different substrates (Fig. 2(b)). To de-
termine the lattice constants of the superlattices grown on dif-
ferent substrates, XRD analysis was conducted. In Fig. 2(c),
high-resolution x-ray diffraction measurements reveal that the
(002) peaks of the superlattices shift to higher angles when
the strain changes from compressive to tensile. As a result,
the out-of-plane lattice constants of the [(STO)3/(Nb-STO)3];9
superlattices at room temperature are a | = 3.931 A on LSAT,
3.909 A on STO, 3.899 A on DSO, and 3.880 A on GSO. Both
the superlattice satellite peaks and the thickness fringes indi-
cate the high degree of interface abruptness in the samples.
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Fig. 1. Strained STO(001) films on different substrates. (a) The strained STO(001) film on the cubic unit cell LSAT(001) substrate. (b) The
cubic unit cell of STO bulk. (c) The strained STO(001) film on the pseudo cubic DSO(110) substrate. The ScOg octahedron is tilted for
illustration.
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Fig. 2. Morphology and structure analysis of the [(STO)3/(Nb-STO)s];0 superlattices on different substrates. (a) Atomic terraces of average
step height d ~ 0.4 nm are observed via 5 pmx5 um AFM images of the superlattices on different substrates. (b) High-resolution reciprocal
space maps (RSMs) of the superlattices around the asymmetric Bragg reflections on LSAT(103), STO(103), DSO(332) and GSO(332). (c) High
resolution short angular-range 6—26 XRD scan of the superlattice centered on the (002) superlattices peak. The labels and arrows mark the
superlattice satellite peaks.

The thermoelectric properties of the superlattices were  characterized by much lower ¢ and insulating behavior at low

determined based on the measurements of electrical conduc-  temperatures, depending sensitively on the magnitude and sign
tivity (o) and Seebeck coefficient (S). Figure 3(a) summarizes of the strain. For small strain, the conductivity of the super-
the electrical conductivity as a function of temperature (6—  lattices tends to be larger under tensile strain than that under

T) for the superlattices under different strains, ranging from  compressive strain due to the enhanced carrier mobility and
—0.96% (LSAT) to +1.64% (GSO). The highest conductiv- lower effective mass near the bottom of the conduction band
ity of the superlattice reached 4.9 x 10° S'm~! at room tem- (Ecp).13*38] This enhancement may be caused by the tensile
perature for the unstrained superlattice in Fig. 3(d). Metallic  strain-induced breaking of the tp, orbital degeneracy, leading
behavior is suppressed in the strained superlattices, which are  to suppression of the phonon—electron scattering rates and in-
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crease of mobility. 3437

1 For tensile strain, the lowest band
maintains mainly light-electron character and exhibits lower
effective mass than that of compressive strain for transport

along the in-plane directions.*® For large strain, the super-

lattice under larger strain (GSO +1.64%) exhibits more insu-
lating behavior than that under smaller strain (DSO +0.99%).
These results suggest that epitaxial strain plays a key role in
driving the insulating behavior.

350 c) 12
(a) [(STO)3/(Nb-STO)soon | (P [(STO)5/(Nb-STO)3]10 on (©) 12 [((STGY,/(Nb-STO)al10 on
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Fig. 3. Electrical and thermoelectrical properties of the [(STO)3/(Nb-STO)s];¢ superlattices on different substrates. Temperature dependence
of (a) electrical conductivity, (b) absolute Seebeck coefficient, and (c) power factor. Room-temperature (d) electrical conductivity, (e) absolute
Seebeck coefficient, (f) power factor of the [(STO)3/(Nb-STO)3];¢ superlattice under different strains.

The Seebeck coefficient is negative over the entire tem-
perature range for all superlattices, indicating that the ma-
Figure 3(b) shows the
temperature-dependent | S| of the STO-based superlattices with
four different strains. In general, the |S| value increases mono-

tonically with the temperature due to the fact that the chemi-
139
.

jority charge carriers are electrons.

cal potential decreases.?) At elevated temperatures, the slope
becomes smaller and finally saturates, indicating that there
is a narrow conduction band near Eg.!*"! Noticeably, the |S|
value for the superlattice on DSO (tensile strain +0.99%) is
292 uV-K~! at room temperature in Fig. 3(e), which is sig-
nificantly larger than that of the other strained superlattices in
the entire temperature range. Such large enhancement of |S|
suggests that a strong electron confinement can be achieved
at small tensile strain by utilizing the highly directional Ti
3d (tpg) orbitals, where the direct overlap between neighbor-
ing 3d orbitals is relatively small, and carrier electrons tend
to localize on the Ti atom.®*! For the unstrained super-
lattice on STO, the |S| is determined to be 130 pV-K~! at
300 K, which is relatively close to that of the bulk Nb-STO
(|S] = 108 wV-K~1), indicating that the confinement effect is
greatly suppressed because of higher electrical conductivity
and higher carrier concentration. [42] 1n stark contrast, strain
has little positive effect on the Seebeck coefficients of the su-
perlattices grown on LSAT and GSO, suggesting that the in-
hibited electron behavior of the superlattices on these two sub-
strates cannot be solely attributed to the carrier concentration.

Instead, the electron density of states (DOS) near the bottom of
the conduction band and the two-dimensional electronic con-
finement should be considered.

The calculated partial DOS of Nb 4d or Ti 3d in the
STO/Nb-STO superlattice indicates that the electron car-
riers can seep from the Nb-STO layers into the SrTiOs

10421 Such electron diffusion to the neighboring STO

layers.|
layers, especially in the d,; and d,; bands, reduces the two-
dimensionality and weakens the electron confinement in the
quantum wells.[*3] Therefore, the capability for binding elec-
trons of the barrier STO layers becomes more important in the
thermopower behaviors. Moreover, the abundant ferroelectric
states coupled with strong dielectric responses could be effec-
tively manipulated through the substrate engineering in STO
films. [2%!

In order to further demonstrate the relationship of the
thermoelectric properties with the strain states and ferro-
electric transition, we study the dielectric properties of the
STO(001) films on LSAT, DSO and GSO substrates and
compare them with bulk STO. Bulk STO is an incipient

[19-211 and with decreasing temperature, the di-

ferroelectric,
electric constant and loss tangent simultaneously increase as
shown in Figs. 4(a) and 4(b). No obvious dielectric response of
electric field is observed in Fig. 4(d). For compressive strain,
the STO film on the LSAT substrate suppresses the in-plane
ferroelectric transition, resulting in a decreased dielectric con-

stant, an increased loss tangent, and no observable peak in
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the temperature-dependent dielectric response. The reduced
dielectric constant disrupts the potential barrier walls of the
quantum well, leading to electron leakage and a low Seebeck
coefficient. Additionally, the dielectric constant shows no re-
sponse to the electric field in Fig. 4(c), suggesting that the TO1
mode becomes harder and further electron—phonon coupling is
suppressed. 7]

For tensile strain, the STO film on the DSO substrate pos-
sesses the highest dielectric constant of 9000 at ¢, the lowest
dielectric loss tangent of 0.003 and 88% dielectric tuning at
50 kV-cm™! (Figs. 4(a), 4(b) and 4(d)), indicating its extraor-
dinary capability of electron confinement. The smooth peak at
Tc = 264 K in Fig. 4(a) evidences a soft polar phonon mode
driven ferroelectric transition and strong electron—phonon
coupling. [>##-46] Moreover, bipolar cycles at different mea-
surement temperatures reveal that &.(E) (Fig. 4(e)) displays a
peak near Tc and splits below T¢ due to ferroelectric hystere-
sis. The inset shows the magnified &(F) at 260 K, where the
splitting behavior can still be seen. In case of large tensile
strain, the STO film on the GSO substrate possesses a signif-
icantly increased loss tangent (~ 0.02) and reduced dielectric
tuning (~ 15% with a 50 kV-cm™!) at room temperature, with
a higher T¢ above 400 K and a broader width of the peak. Ad-
ditionally, the split bipolar cycles persist until 400 K, but di-

electric tuning is suppressed with temperature possibly due to
the onset of antiferrodistortive phase transition and the rotated
directions of ferroelectric polarization.*”! The high dielectric
losses are likely one of the reasons for the leakage current and
decreased |S| of the commensurately strained superlattice on
GSO, which weaken the quantum well effect. Moreover, the
large tensile strain of the GSO splits the threefold orbital de-
generacy to a singlet degenerate state and distorts the TiOg
octahedron. This structural rearrangement is likely to weaken
the Ti—O bands, narrow the total density of states and conse-
quently degrade the thermopower. [484°]

Therefore, combining the results of the Seebeck co-
efficient and electrical conductivity, we calculated the
temperature-dependent PF values as shown in Fig. 3(c). The
PF values of the [(STO)3/(Nb-STO)3];0 superlattice on DSO
are significantly improved across all temperature ranges due
to the larger Seebeck coefficient, reaching 10.5 mW-m~!.K2
at 300 K as shown in Fig. 3(f), which doubles the value of the
STO-based superlattice in previous work.!'% According to the
significant reduction in the thermal conductivity induced by
the ferroelectric transition and phonon softening, the ZT val-
ues of the [(STO)3/(Nb-STO)3];¢ superlattice reached 1.2 at

room temperature, as reported in our previous work. (2]

(a) 10000 (c) (e) 10000
—STO||LSAT STO||LSAT 100K
STO 900 . 150 K
8000+ sTO||GSO 200 K 8000
—STO||GSO 7?{33 E
B 6000+ 800 M B 6000F
W o /Mmo\_\\ [
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2000+F 2000+
o) e — 600 ' ' ' 0 ' ' '
100 200 300 400 —50 —25 0 25 50 —50 —25 0 25 50
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Fig. 4. In-plane dielectric response of the strained STO film. (a) Temperature-dependent dielectric constant for bulk STO and STO(001) films
fabricated on LSAT, DSO and GSO. (b) Temperature-dependent dielectric loss tangent for bulk STO and STO(001) films fabricated on LSAT,
DSO and GSO. (c)—(f) Dielectric response of electrical field obtained at 2 MHz while sweeping the bias field at f ~ 1 Hz for bulk STO and

STO(001) films fabricated on LSAT, DSO and GSO, respectively.

4. Conclusions

Epitaxial oxide films offer large areas of high-quality
crystalline material in a single orientation, yet they are rarely
used to study thermoelectric effects. In this work, we demon-
strate that introducing small tensile strain into the STO-based
superlattices increases the ferroelectric transition temperature,
leading to an enhanced quantum well effect and improved

electron—phonon coupling at elevated temperatures, which in
turn enhances their room-temperature thermoelectric prop-
erties. A large PF value of 10.5 mW-m~!.K~2 has been
achieved at room temperature for the [(STO)3/(Nb-STO)s]10
superlattice under 0.99% tensile strain. Excitingly, Tc of the
ferroelectric phase transition can also be increased by apply-

ing tensile strain to a laminated freestanding STO membrane
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after being transferred to a stretchable polymer substrate, >°]

which provides great potentials in high-performance wear-
able thermoelectric devices. We conclude that combining the
strain engineering approach with the phonon-glass electron-
crystal strategy is effective to design excellent oxide-based
thermoelectric materials with high thermoelectric power fac-
tor, opening new possibilities for advancing many other ther-
moelectrics.
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