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Reduction of thermal conductivity in ferroelectric SrTiO; thin films
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Bulk SrTiOs; is a quantum paraelectric in which an antiferrodistortive distortion below ~105 K and quantum
fluctuations at low temperature preclude the stabilization of a long-range ferroelectric state. However, biaxial
mechanical stress, impurity doping, and Sr nonstoichiometry, among other mechanisms, are able to stabilize a
ferroelectric or relaxor ferroelectric state at room temperature, which develops into a longer-range ferroelectric
state below 250 K. In this paper, we show that epitaxial SrTiOs thin films grown under tensile strain on DyScO,
exhibit a large reduction of thermal conductivity, of ~60% at room temperature, with respect to identical
strain-free or compressed films. The thermal conductivity shows a further reduction below 250 K, a temperature
concurrent with the peak in the dielectric constant [J. H. Haeni et al., Nature (London) 430, 758 (2004)]. These
results suggest that strain gradients in the relaxor and ferroelectric phase of SrTiO; are very effective phonon

scatterers, limiting the thermal transport in this material.
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I. INTRODUCTION

Stoichiometric SrTiO3; (STO) undergoes an antiferrodis-
tortive structural transition at 105 K, from cubic to tetragonal,
that competes with ferroelectricity [1,2]. This competition can
be biased by external pressure or a sufficiently large epitaxial
strain [3]. Following this approach, Haeni er al. [4] stabilized
a ferroelectric state at room temperature in thin films of STO
under ~1.1% biaxial tensile strain, creating a large in-plane
electric polarization with a complex domain structure [5].
Temperature-dependent spectroscopic experiments pointed
towards the development of a full ferroelectric state below
270 K in this system, driven by a soft-phonon instability [6].
Independent measurements confirmed the maximum in the
dielectric constant at ~250 K [7], and highlighted the critical
role played by defects in stabilizing a relaxor-ferroelectric be-
havior in strained STO thin films [8]. Actually, Jang et al. [9]
proposed that nanopolar regions linked to unintentional Sr>*
vacancies in STO result in a relaxor ferroelectric state at
room temperature. In this scenario, tensile epitaxial strain will
induce long-range correlation between these preexisting polar
domains and stabilize a longer-range ferroelectric state at low
temperature.
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The presence of domains with electrical polarization point-
ing along different directions will riddle the material with
polarization and strain gradients extending along ferroelectric
domain walls (FEDWs), which in turn are proposed to be
effective phonon scatterers [10—-16]. In this regard, strained
STO offers a unique model system to quantify the effect of
FEDWs on the thermal conductivity « (7).

Here, we report a large reduction of « at room temperature
for epitaxial thin films of STO under tensile strain, and a
further suppression below ~250 K, suggesting the complex
transition to a ferroelectric state in this system. Our results
thus support the argument of the ability of FEDWs to control
k of ferroelectric materials.

II. SAMPLE PREPARATION

Epitaxial thin films of STO were grown by pulsed laser de-
position (PLD) (KrF, A = 248 nm, and Nd:YAG, A = 266 nm,
laser fluence 0.9 J/cm?, 5 Hz, at 800°C) on single-crystal
(001) STO (a = 3.905 A), (001) (LaAlO3)3(Sr2AITaOg)o 7
(LSAT, a = 3.87 A), and (110) orthorhombic DyScO; (DSO,
ape = 3.95 A) substrates. These have been selected to in-
duce an epitaxial strain in STO from ~—0.9% in LSAT,
to ~+41.15% on DSO. The oxygen pressure inside the
PLD chamber was 0.1-10~% Torr, depending on the sample.
The substrates were thermally treated, before deposition, to
achieve atomically flat surfaces [17]. As a source material for
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FIG. 1. High-resolution reciprocal space maps (RSMs) of STO thin films grown on (a) LSAT (65 nm) and (f) DSO (50 nm) substrates at
100 mTorr, around the asymmetric Bragg reflections (103) and (332), respectively. Cross-section high-resolution HAADF-STEM images of
STO thin films grown on (b) LSAT and (g) DSO, along with their corresponding in-plane, ¢,, [(c) and (h)], and out-of-plane, ¢,, [(d) and (1)],
strain maps obtained from a geometrical phase analysis of the HAADF-STEM images. The line profiles of &, and &y, along the film thickness,
for the films on LSAT and DSO substrates, are plotted in (e) and (j), respectively.

the depositions, a ceramic target was used whose stoichio-
metric composition was verified by energy-dispersive x-ray
spectroscopy (EDX) analysis. The ceramic target was ball
milled and sintered at different temperatures three different
times to achieve the optimal density.

III. STRUCTURAL CHARACTERIZATION

A 0/26 x-ray diffraction and reciprocal space map (RSM)
analysis shows good matching between the in-plane lattice
parameter of the STO films and the different substrates; see
Figs. 1(a) and 1(f). In response to epitaxial strain, the films
expand/compress in the out-of-plane direction.

The crystalline quality and the distribution of strain
along the film’s thickness were studied on selected cross-
sectional specimens by the geometrical phase analysis
(GPA) of high-angle annular dark field (HAADF) im-
ages in scanning transmission electron microscopy (STEM).
The compressive/tensile strain results in a homogeneous
elongation/contraction of the out-of-plane lattice parameter,
as shown by line profiles of &y, and &y, in Figs. 1(e) and 1(j).
Only a minor variation over the film thickness is observed
in the in-plane deformation of the STO grown on the LSAT
substrate. Therefore, the STO thin films have undergone a
uniform tetragonal deformation, without notable indications
of microstructural relaxation.

IV. THERMAL CONDUCTIVITY MEASUREMENTS &
ANALYSIS METHODS

The thermal conductivities of the films were measured
by frequency domain thermoreflectance (FDTR) [18,19]. A
sinusoidally modulated continuous wave (cw) pump laser
(A =488 nm, modulating f = 0.1-6 MHz) is focused on
the surface of the film, coated by a 70-nm-thick layer of

sputtered Au, to produce an oscillatory modulation of the
surface temperature. This, in turn, results in a periodic change
of the Au thermoreflectance, which is subsequently measured
by a cw probe laser beam (A = 532 nm). From the phase lag
between the pump and the probe laser beams, the effective
thermal conductivity of the thin film, ., can be determined.
If the characteristic time for heat diffusion in the sample
(t?/a, where ¢t and « are the film thickness and thermal
diffusivity, respectively) is much shorter than the timescale
of the heat modulation (f~!), the temperature profile in the
film can be approximated by a steady-state one-dimensional
(1D) solution along its thickness. In this limit, the contribu-
tion of the “intrinsic” thermal resistance of the film and the
different interfaces can be added to obtain the total thermal
resistance,
t t

— = — + Rins ey

Keff K
where « is the “intrinsic” thermal conductivity of the film
and R;, is the total sum of the thermal resistance due to the
interfaces. Thus, the “intrinsic” thermal conductivity of every
film can be obtained from the slope of ¢ /kes vs t, measured
for a series of samples of different thicknesses as long as the
film’s thermal conductivity is not thickness dependent. We
grew four different films with thicknesses between 10 and
65 nm on each substrate under identical conditions. The good
fitting to Eq. (1) [shown in Fig. 2(a)] validates the steady-state
1D approximation, and justifies the validity of the “intrinsic”
thermal conductivity. This procedure was repeated for every
temperature analyzed in this paper. Note that increasing the
film thickness also increases the grain size in polycrystalline
films, and, in the case of ferroelectrics, also the FE domain
size [20-22]. If domain sizes are comparable to phonon mean
free paths and their changes with thickness are significant,
k itself may increase with thickness. Increases in k with
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FIG. 2. (a) Thickness dependence of the effective thermal con-
ductivity, according to Eq. (1). The data correspond to a set of films
deposited on LSAT (squares) at PO, = 0.1 Torr, STO (circles) at
PO, = 1072 Torr, and DSO (triangles) at PO, = 10~ Torr, sub-
strates. (b) Room-temperature “intrinsic” « of the STO thin films
deposited on top of LSAT, STO, and DSO substrates at different
oxygen pressures.

thickness would register as nonlinear, concave down ¢ /k.s VS
t, which we do not observe (see Fig. SO3 in the Supplemental
Material [23]).

V. RESULTS & DISCUSSION

The results show that at room temperature, k ~
2.5 W m~!' K~! for STO on DSO, which is ~60% lower than
~6 W m~! K~! measured for STO on LSAT and STO.

To probe any possible contribution from an anoma-
lously large concentration of vacancies on the STO on DSO
films [24,25], a series of samples was deposited at lower
oxygen pressures, down to 1073 Torr. Reducing PO, during
deposition increases the c-axis expansion, due to an increasing
concentration of point defects (mostly Sr’>* and O*~ vacan-
cies) [24,26-30].

However, as can be seen in Fig. 2(b), the density of vacan-
cies generated in this range of pressure has only a moderate
impact in «. We also performed a postdeposition annealing
at 600°C at 107® Torr. The number of generated Vo was
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FIG. 3. Temperature-dependent thermal conductivity for STO
thin films deposited on top of LSAT and DSO at PO, = 0.1 Torr. The
solid line correspond to the fitting to the modified Callaway model
for STO on LSAT.

estimated ~2% from the charge carrier density determined
by Hall effect measurements, assuming that each Vy donates
two electrons to the conduction band of STO [28]. The
thermal conductivity was reduced ~25% after annealing [see
Fig. 2(b)]; therefore, the ~60% reduction of « observed for
STO grown on DSO seems too large to be compatible with
the effect of point defects.

The change in the total unit-cell volume is also too small to
account for the large reduction of «. For instance, ~+1.15%
in-plane enlargement and the corresponding out-of-plane con-
traction observed from x-ray diffraction resulted in an increase
of the volume of STO of ~+2%. This causes a change in
the Debye temperature 6, and therefore in «, which can
be estimated through the Griineisen parameter y = —‘2111:1 9‘5
Taking y = 1.5 [31], the measured volume change will reduce
6p by ~3%, leading to an overall reduction of ¥ by ~9% (k
63), again too small to explain the experimental observations.

To gain further insight on the origin of the reduced «
observed in tensile strained STO thin films, we measure its
temperature dependence from 100 to 300 K. For STO on
LSAT, «(T') decreases monotonically with decreasing temper-
ature (see Fig. 3), following the expectations of the modified
Callaway model [32-34] with a concentration of defects Vo =
1.5%, and Vs, = 1.75%. However, «(T) of STO on DSO
undergoes an important reduction below ~250 K.

Growing STO on orthorhombic DSO induces a rota-
tion pattern (atb~c¢™) or (a"btc™) of the TiOg octahedra,
which is different from the case under compressive strain
(atbtc®) [28]. An out-of-phase rotation of the octahedra
along the ¢ axis doubles the unit cell, and opens a phonon
band gap at the new Brillouin zone edge. This could inhibit
the propagation of some phonon modes and therefore reduce
the thermal conductivity at room temperature. However, no
change in the rotation pattern is expected to occur below 250
K; we thus conclude that this cannot be the main reason for
the change in « (T') reported in Fig. 3.

On the other hand, inhomogeneous relaxor ferroelectricity
associated with nanopolar regions (most probably linked to
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Sr vacancies) has been reported in thin films of SrTiOj3 at
room temperature [4,9,35]. Tensile strain introduces long-
range correlations among these polar domains, resulting in
the development of ferroelectric domains at lower tempera-
tures [6]. In agreement with this scenario, a strong phonon
softening and a maximum in the dielectric constant (both of
which are strong indications of a ferroelectric transition) were
reported below ~250-270 K in thin films of STO grown on
DSO [7].

The strain fields associated with ferroelastic DWs in
BiFeOs, Pb(Zr(3Tip7)03, and PbTiO; [12,13,15] impose a
very large thermal resistance, resulting in an important re-
duction of the thermal conductivity of these FE materials.
Our measurements cannot discriminate between the effect
of the contribution of different types of DWs, i.e., purely
ferroelectric 180° and ferroelastic 90°. The laser spot in our
FDTR setup has a 1/¢? radius of 2.85 m, and therefore each
measurement senses several domains and DW configurations.
In any case, purely ferroelectric 180° DWs have been also
proposed to filter transverse phonons, resulting in important
reductions of « [11].

Therefore, the most plausible hypothesis to explain the low
k of tensile strained STO on DSO reported in this paper,
and its temperature dependence, is that phonon scattering is
enhanced by DWs between regions with different polariza-
tion. Irrespective of the configuration of the domains, we
could consider STO as a material in which polar regions are
embedded in a matrix of nonpolar STO. Materials with this
structure can be described by the effective medium model for
polycrystals [36], where the ratio between the experimental
thermal conductivity « and the intrinsic thermal conductivity
of the polar or nonpolar regions k is

@:1+2RK0
K ¢

where R is the thermal boundary resistance between polar re-
gions. ¢ represents the domain size in FE phase or the average
distance between the polar regions in the high-temperature
relaxor ferroelectric phase. As ko we have used the experi-
mental thermal conductivity of STO on LSAT. Using a value
of R~ 5 x 1072 Km? W~!, the thermal boundary resistance
reported for a DW in BiFeO3; and PbTiOj3 [13,15], the average
distance ¢ can be calculated (Fig. 4).

At room temperature, the polar regions are spaced ~35-40
nm. Note also that Eq. (2) is valid in the diffusive regime,
i.e., when the phonon mean free path XA is smaller than the
value of ¢. First-principles calculations of the cumulative
thermal conductivity predicted a very large contribution from
phonons with A < 10 nm, of about 60%—70% at room tem-
perature [37,38]. Therefore, the use of Eq. (2) is justified, at
least at room temperature.

Below 250 K, as the ferroelectric transition becomes com-
plete [4], the vast majority of the domains are polar and
therefore now ¢ corresponds to the average size of these
ferroelectric domains. Their size is estimated from Eq. (2)
and is comparable to A at room temperature, although the
mean free path will increase at lower temperatures and so
the use of Eq. (2) becomes less justified. When ¢ < A, i.e., in
the ballistic phonon transport regime, phonons can propagate
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FIG. 4. Average separation between polar regions in the STO
films deposited on DSO. The values are obtained from Eq. (2) and the
experimental data in Fig. 3, as explained in the text. The highlighted
area marks the mean free path of the phonons that contribute the most
to the thermal conductivity at room temperature [37,38].

without thermal resistance inside the different regions, ko —
00, and Eq. (2) tends to ¢ = 2« R. Using the same parameters
as before, ¢ &~ 7.5 nm. This change is consistent with the in-
creased concentration of ferroelectric domains below ~250 K.

VI. SUMMARY

In summary, we observed a significant reduction in the
room-temperature ¥ of STO thin films grown under biaxial
tensile strain (*1.15%), with respect to films under compres-
sive strain and unstrained. Extending these measurements to
low temperatures reveals a further reduction of « below 250 K,
following the behavior of a soft-phonon mode previously
reported in ferroelectric STO. The « (T") results are consistent
with the development of a macroscopic ferroelectric state
below 250 K. These results demonstrate the important role of
ferroelectric domains and domain walls in the modulation of
the thermal conductivity of potential thermoelectric materials,
as doped STO [39].
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