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ABSTRACT

Unlike many superlattice structures, Ruddlesden-Popper phases have atomically abrupt interfaces useful for interrogating how periodic
atomic layers affect thermal properties. Here, we measure the thermal conductivity in thin films of the n=1-5 and 10 members of the
(SrTi03),,SrO Ruddlesden-Popper superlattices grown by molecular-beam epitaxy and compare the results to a single crystal of the n=1
Ruddlesden-Popper SrLaAlO,. The thermal conductivity cross-plane to the superlattice layering (ks3) is measured using time-domain ther-
moreflectance as a function of temperature and the results are compared to first-principles calculations. The thermal conductivity of this
homologous series decreases with increasing interface density. Characterization by x-ray diffraction and scanning transmission electron

microscopy confirms that these samples have a Ruddlesden-Popper superlattice structure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037765

Materials with low thermal conductivity are of interest for a vari-
ety of applications including thermal barrier coatings' and thermo-
electric devices.” ” Reducing dimensionality has been considered a
promising approach to increase the effectiveness of a thermoelectric
material.” As the dimensionality of a material is decreased, quantum-
confinement effects begin to affect material properties, providing an
additional variable to control material properties. Quantum well sys-
tems™” and superlattices™” have been investigated to lower thermal
conductivity by reducing dimensionality through the addition of inter-
nal epitaxial interfaces. An outstanding challenge in these layered
materials is the quality of their interfaces, which can suffer from

internal surface roughness due to diffusion. The lack of atomically
smooth interfaces can prevent accurate interpretation of a sample’s
thermal conductivity when compared to theoretical models. The
(SrTi05),,SrO system we study in this Letter for its thermal conductiv-
ity properties naturally has atomically abrupt and smooth layers of
(SrO), inserted into SrTiO; as these superlattice materials are stable in
bulk form as the Ruddlesden-Popper phases for n =1-3.""""*

Several factors reduce thermal conductivity in superlattice struc-
tures. In general, internal interfaces inhibit the flow of heat. Across
interfaces between dissimilar materials, differences in elastic properties
impede the transfer of vibrational energy."* Theoretical calculations
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show that the average phonon velocity decreases with increasing
superlattice period due to increased phonon band folding."”
Anharmonic phonon scattering due to the Umklapp process requires
less energy in superlattices relative to the parent bulk materials due to
a smaller reciprocal-lattice vector.'® These properties have been well
studied experimentally in synthetic semiconductor superlattices of
GaAs-AlAs for their unique thermal conductivity'”'® and phonon
transport.”” In this system, the conductivity measured in the in-plane
direction was found to decrease with reducing superlattice period'”
and an even stronger reduction was found in the cross-plane direction
(perpendicular to the layering).'® As an analog system to the semicon-
ductor superlattices, oxide superlattices show potential for thermoelec-
tric applications.”’

In this work, we report an experimental study on the thermal
properties of a broad spectrum (n = 1-5 and 10) of (SrTiO3),,SrO epi-
taxial films measured by the time-domain thermoreflectance (TDTR)

(a)
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technique.” The thermal conductivity of this homologous series shows
decreasing thermal conductivity with n and is compared to first-
principles calculations; the results of these first-principles calculations
are consistent with those of our earlier analysis using empirical poten-
tials.”' (SrTiO3),SrO Ruddlesden-Popper phases have drawn exten-
sive attention due to their potential applications as tunable
dielectrics”*”” and thermoelectric materials.”* A similar system of the
structurally ~ related ~ Dion-Jacobson =~ homologous  series,
A[A’,_1B,,05,,11], was found to have an ultralow thermal conductivity
(~0.4W m™" K™!) in CsBiNb,O,,”” the n =2 member. (SrTiO5),SrO
Ruddlesden—Popper phases have similar structural features; these nat-
ural superlattices are composed of an alternate stacking of double
layers of rock salt SrO and 7 layers of perovskite SrTiO; along the
c-axis, Fig. 1(b). With decreasing n, the repeat distance between
inserted additional SrO layers decreases and the structure undergoes a
transition from a two-dimensional interfacial system to a three-
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FIG. 1. (a) 6-20 x-ray diffraction scans of 300-nm-thick epitaxial (SrTiO3),SrO films grown on (001) SrTiO; for n=2-5 and 10 and 200-nm-thick films grown on (001) LSAT
for n=1. Substrate peaks are labeled with a (), and the plots are offset for clarity. Peaks labeled “6” denote hybrid diffraction peaks (see Ref. 39). (b) Schematic of the
(SrTiO3),SrO series unit cells, n=1-5, 10, and oo, pure SrTiO3. Strontium atoms are shown in green and the TiO,6 oxygen coordination octahedra around each titanium ion
are shown in yellow. (c) Low-angle annular dark-field scanning transmission electron microscopy (LAADF-STEM) of the n= 10 (SrTiOj),SrO film. A schematic of the n=10

unit cell is shown on the left side of the image.
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dimensional monolithic single crystal. The investigation of this homol-
ogous series provides an opportunity to tailor the thermal properties
through changing dimensionality.

The synthesis of single-crystal (SrTiOs),SrO Ruddlesden-Popper
phases is a challenging task. Conventional solid-state reactions only
yield polycrystalline 7 = 1-3 members'’"” due to the thermodynamic
degeneracy of the higher-n phases of the series.””” Severe intergrowth
of mixed-n phases is generally found in attempts to make higher n
members.”” Here, we use the precise layering ability of oxide
molecular-beam epitaxy (MBE) to grow not only the first five but also
n=10 (SrTiO3),SrO single-phase epitaxial films of 300 nm thickness.
Oxide MBE can supply incident species in any desired sequence with
submonolayer composition control and essentially arbitrary n values
can be synthesized even though nearby phases have similar formation
energies.””

We used a Veeco GEN10 oxide MBE system to grow the
(SrTi0;),,SrO (n=1-5 and 10) films. The majority of the films were
grown to a thickness of ~300nm onto (001) SrTiO; (a=3.905 A)
substrates; further growth details can be found in the supplementary
material. The lattice mismatch of the (SrTiOs),SrO (n=1-5 and 10)
series to (001) SrTiO; decreases monotonically with 7, from 0.6% for
n=1 to about 0.01% for n=10. The mismatch for n>2 was esti-
mated from the weighted average of the in-plane lattice constants of
bulk 7 =2 Sr;Ti,0, (a = 3.9026 A)* and bulk SrTiO; (a = 3.905 A).**
Two n =1 samples (a = 3.883 A) of 200 nm thickness were grown on
(001) (LaAlO3)g6(StAly5Tag505)071 (LSAT) (a=3.869 A) for better
lattice match (—0.4% vs 0.6% on (001) SrTiO;) to allow us to grow a
large enough volume of material for the accurate TDTR measurement
without contribution from the substrate or added defects from lattice
relaxation due to epitaxial stress as well as to approximate the bulk
Sr,TiO, lattice.” The predicted thermal penetration depth of TDTR
in Sr,TiO, at room temperature is 203 nm, d=+/A/(nCf), where
thermal conductivity, A, was measured to be 2.9 W/m K, the heat
capacity, C, of Sr,TiO, is 2.41 I/cm3 K, and the laser frequency, f,
used in our TDTR experiments is 9.3 MHz.

The structural perfection of the (SrTiO;),,SrO homologous series
was examined by x-ray diffraction (XRD). Figure 1 shows 0-20 scans
of the 300-nm-thick n=2-5 and 10 films on (001) SrTiO; and the
200-nm-thick # =1 films on (001) LSAT. Scans of each sample show
all peaks corresponding to phase-pure (SrTiOs),SrO (1 = 1-5 and 10).
X-ray rocking curves in w confirm the high structural perfection of
the films; the full width at half maximum (FWHM) of the n=1-5
and 10 films is less than 52 arc sec (<0.014°), comparable to the rock-
ing curve FWHM of the 002 peak of the SrTiO; substrates themselves
(see the supplementary material, Fig. S1). Sample quality affects ther-
mal conductivity from the addition of phonon-scattering defects.
Multiple samples of #n =1 and 2 are shown here to demonstrate how
small variations in superlattice quality affect the trend in thermal con-
ductivity in both interface density and temperature. The n=10
(SrTi0;),,SrO thin film was examined by low-angle annular dark field
scanning transmission electron microscopy (LAADF-STEM); a micro-
graph is shown in Fig. 1(c). The film has the expected
Ruddlesden-Popper structure with the larger atomically spaced (SrO),
layers appearing bright as compared to the surrounding SrTiOs. The
film also shows vertical (SrO), intergrowths and projections through
the sample seen as bright vertical lines and patches, respectively,
forming a brick and mortar, patchwork structure of bulk SrTiO; and

scitation.org/journal/apl

(SrO), planes due to the low energy of formation of (SrO), in
SrTiO}S(),SZSS

Cross-plane thermal conductivity (ks;3) of the entire series of
(SrTi0;),SrO (n=1-5 and 10) films was measured by TDTR.**
TDTR is a non-contact, pump-probe optical technique that can be
used for measuring thermal properties of materials on nanometer
length scales. In our implementation of TDTR, a thin aluminum layer
is deposited on the surface of the thin film and is pumped with a short
pulse of a 9.8 MHz laser beam. A small fraction of energy from each
pulse in the pump beam produces a sudden temperature jump of
~3 K near the surface of a sample. Decay of this near-surface tempera-
ture is then examined by the reflected energy of the pulses in the probe
beam, ie., the temperature change of the sample is measured by its
temperature-dependent reflectance. The results of these time-resolved
measurements are analyzed to obtain the cross-plane thermal conduc-
tivities. Further details of the TDTR measurements can be found in
the supplementary material.

Figure 2(a) compares the thermal conductivities of the
(SrTi0O3),SrO phases acquired from TDTR measurements at room
temperature to conductivities calculated from first-principles methods
for the same temperature. The MBE syntheses and the atomic-level
simulations were performed for six (n=1-5 and 10) and four
(n=1-4) members, respectively, and reveal significant agreement in
trends, minima, and magnitude of the thermal conductivity across the
series. All samples show the expected trend of the conductivity
decreasing with increasing density of thermal-resistant interfaces. Very
similar trends, albeit with slightly larger values of thermal conductivity,
were seen in the earlier empirical calculations of this system.”'
Phonons experience scattering at the interfaces between rock salt SrO
and perovskite SrTiO; layers, which increases as n becomes smaller.
For n <4, the phonon mean free path is predicted to be larger than
the spacing between the (SrO), layers sandwiching SrTiOs [Fig. 2(a)
inset]. A transition in the thermal conductivity, Fig. 2(a), and phonon
mean free path, Fig. 2(a) inset, is predicted by our theoretical calcula-
tions for the n =1 member as the system changes from being best rep-
resented as SrTiO; with SrO interfacial layers to a well-defined
monolithic Ruddlesden-Popper crystal with its own phonon spectrum
and thermal transport properties (Sr,TiO,4). From the current experi-
mental data, it is unclear if the #» = 1 member has an increase in ther-
mal conductivity as compared to n=2.

A similar trend with interface density was observed in SrTiOs-
BaTiO; superlattice materials.”” Compared to the perovskite-on-
perovskite system, the Ruddlesden-Popper superlattices not only have
an atomic-mass variation, but also a structural variation between
superlattice layers from the perovskite slabs interleaved with rock salt-
type SrO layers. Structural changes from layer-to-layer are believed to
provide additional contributions to phonon scattering at the internal
interfaces.

We used the VASP suite to carry out all the ab initio calculations
shown in Fig. 2.”~*° Full details of the calculations can be found in the
supplementary material. In Fig. 2(b) at 300K, excellent agreement
between the ab initio calculations and experiment is observed for
SrTiO;, while the calculations slightly overpredict the measured ther-
mal conductivity of the Ruddlesden-Popper phases. The disagreement
might be related to the calculations having been carried out for the
perfect structure, while measurements were performed on thin films
with defects that are evident in Fig. 1(c).
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FIG. 2. (a) Summary of experimental and calculated cross-plane thermal conductivities (ks3) of the Ruddlesden—Popper (SrTiO3),SrO phases as a function of interface density
at 300 K. The error bars of the experimental data taken at room temperature are the result of multiple measurements taken from different regions of the samples. To match our
experimental series, the DFT simulation was performed for bulk SrTiO3, and biaxial strained structures of n = 1—4 to replicate the epitaxial strain of the substrates used in our
experiment, (001) SrTiO3 or (001) LSAT. Inset: the phonon mean free path as calculated by DFT. (b) The ab initio calculated cross-plane thermal conductivities (ks3) of the
Ruddlesden-Popper (SrTiO5),SrO phases, the Ruddlesden—Popper SrLaAlO,, and its parent phase LaAlO; as a function of temperature.

The thermal conductivity was measured from 150K to 500K for
all samples to investigate the temperature dependence of the thermal
conductivity of superlattices with different interface densities. The
experimental results are shown in Fig. 3(a). The thermal conductivities
of n=1-3 samples are relatively temperature independent. For n =4,
5, and 10 samples, the slope of the thermal conductivities at higher
temperatures approaches that of bulk SrTiO; with increasing n. To
compare our thin film superlattices to a single crystal, samples of single
crystal SrLaAlO,, an n =1 Ruddlesden-Popper, and its parent phase,
LaAlO; (an n =00 Ruddlesden-Popper), were measured by TDTR
from 150 K to 500 K. At room temperature, SrLaAlO, was observed to
have a thermal conductivity of around 4W m™' K", The ab initio
calculation of ki3 for SrLaAlO, is 74 W m™' K™ and for LaAlOs,
143 W m ' K. The ab initio calculated values were found to be sys-
tematically higher when compared to the TDTR measurements. The
measured thermal conductivity of our Sr,TiO, films, 2.8-3 W m™!
K™, is significantly lower than the result of the ab initio calculations,
54W m~' K, likely due to interface disorder in our MBE-grown
films. The lack of perfect single-crystal quality is further confirmed
when the temperature dependence of k3 of our Sr,TiO, films is com-
pared to that of single-crystal SrLaAlO,. The two materials show a
clear difference in trend, Fig. 3(b), indicating that our thin film sam-
ples have some atomic disorder possibly due to vertical (SrO),
faults,”*** flattening and lowering the temperature-dependent
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FIG. 3.(a) Experimental cross-plane thermal conductivities (ks3) of the
Ruddlesden-Popper (SrTiO3),SrO phases measured from 500K to 150K. The
error bars of the experimental data are the result of multiple measurements taken
at different regions of the samples. (b) Comparison of experimentally measured ka3
of n=1 thin-film Sr,TiO, with its parent (n = cc) phase, a single crystal of SrTiOs.
Also shown is a comparison of the experimentally measured k3 of an n= 1 single-
crystal SrLaAlO4 and a single crystal of LaAlO; (n = o).
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thermal conductivity. The temperature-dependence of the calculated
and measured k33 of the Ruddlesden-Popper superlattices [a compari-
son between Figs. 2(b) and 3(a)] also shows that the thin films have a
flatter temperature dependence than predicted by theory. The variance
between our experimental results and theory improves at higher tem-
peratures where defects dominate less of the phonon scattering as seen
from the converging of the multiple n =1 and 2 films with tempera-
ture in Fig. 3.

The investigation of this Ruddlesden-Popper series provides an
opportunity to tailor the thermal properties through changing dimen-
sionality. In this Letter, we summarize the experimental and theoreti-
cal thermal conductivity cross-plane to the superlattice layering of
(SrTi03),,SrO phases as a function of interface density. The minimum
in the temperature-dependent thermal conductivity as a function of n
allows the thermal conductivity and its temperature dependence to be
tuned. A transition in k33 at room-temperature is predicted but experi-
mentally inconclusive for the # =1 member as the distance between
interfaces becomes smaller than the phonon mean free path.
Intergrowths and planar faults in Ruddlesden-Popper phases likely
serve as additional scattering centers and lower the effective phonon
mean free path as compared to single crystal samples.

See the supplementary material for additional details on the
(SrTi0;),,SrO thin film growth and XRD characterization, the TDTR
experimental setup, and further details of the ab initio calculations.
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Supplementary Information
Thermal conductivity of the n =1 — 5 and 10 members of the (SrTiO3),SrO Ruddlesden-Popper

superlattices

Molecular-Beam Epitaxy Thin-film Growth

Molecular beams of strontium and titanium were generated using a low-temperature effusion cell
and a Ti-Ball™.,! respectively. The fluxes of both elements were pre-calibrated using a quartz crystal
microbalance. A more accurate flux calibration was done by following the reflection high-energy
electron diffraction (RHEED) intensity oscillations.? Judging from the change of maximum/minimum
intensity and the shape of oscillations, the shutter time needed for an absolute monolayer dose of each
element is precisely determined. To grow (SrTi0O3),SrO phases, both the stoichiometry and each
monolayer absolute dose cannot be off by more than 1%. Each of the members in this series has
different sequences of SrO and TiO> layers. We controlled the shutter ordering of strontium and titanium
ions to match the layering sequence of the desired (001)-oriented (SrTiO3),SrO phases. All films were
grown in an oxidant background pressure (O2+ ~10% Os) of 7x107 Torr at a substrate temperature of
850 °C (as measured by a thermocouple that is not in direct contact with the substrate); the true

temperature of the substrate is closer to 750 °C.



X-Ray Diffraction Structural Characterization

To assess the quality and epitaxy of the 300 nm thick » = 2-5, and 10 (SrTi03),SrO films grown on (100)
SrTiO3 and the 200 nm thick n» = 1 (SrTi03),SrO films grown on (100) LSAT, rocking curves in @ were
measured shown in Fig. S1. All films were found to have full width at half maximums (FWHM) similar
to the underlying substrates, indicative of high-quality epitaxial growth. From Fig. 1(a) in the main text
the c-axis lattice constants of each member of the series, determined by Nelson-Riley analysis,> are
found to be 12.63+0.03 A, 20.29+0.01 A, 28.16+0.02 A, 35.84+0.03 A, 43.68+0.02 A, and

82.90+0.02 A for the n =1 (LSAT), 2, 3, 4, 5, and 10 phases, respectively. These values are similar to

prior Ruddlesden-Popper films grown on (001) SrTiO3 (Ref. 4) and (001) LSAT (Ref. 5).
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FIG. S1. w rocking curves of the 300 nm thick n = 2-5, and 10 (SrTi0O3),SrO films grown on (100) SrTiO3
(a)-(f) and the 200 nm thick n = 1 (SrTi0O3),SrO films grown on (100) LSAT (g) and (h). Superimposed
XRD rocking curves of the 002 peaks of the SrTiO3; or LSAT substrate (shown in black) and selected film peaks
of the (SrTi03),SrO n =1 - 5, and 10 films: (a) n = 10 (0042 peak, blue). (b) n =5 (0022 peak, red). (c) n =4
(0018 peak, orange). (d) n =3 (0014 peak, green). (¢) n = 2 (0010 peak, light blue). (f) n =2 (0010 peak, light
blue). (g) n =1 (006 peak, gray). (h) n =1 (006 peak, gray). The full width at half maximum (FWHM) is given as
a measure of crystalline quality for the substrate and film peaks.



Time-domain Thermoreflectance (TDTR) Measurements
Analysis of the TDTR data requires the heat capacities per unit volume of the thin film and the

substrate. In cases where no published data of a material’s heat capacity was available, we used the heat
capacity of chemically and structurally similar phases to analyze the data. For (SrTiO3),SrO, the
temperature-dependent heat capacities were obtained by using the rule of mixtures to calculate the
volumetric average of SrTiO3 and SrO based on the index number 7. Any systematic errors introduced
by uncertainties in the heat capacity in TDTR are smaller than the other uncertainties in the experiment.

To measure TDTR at various temperature, samples were annealed at 300 °C for 30 minutes in
order to remove any leftover organic residue on the surface of the sample. The samples were then coated
with a 60—70 nm thick Al transducer layer using DC magnetron sputtering. The measurement was done
using a single microscope objective lens, with a focused spot size of 10.7 pum. The power of the laser
was controlled so that the steady-state temperature increase from the laser heating is less than 10 K. The
thermal conductivity of the substrate was taken from the literature for LSAT® or was measured

experimentally from single-crystal SrTiO3 substrates.

Ab Initio Calculations

We performed fully ab initio calculations of the thermal conductivity in the Ruddlesden-Popper
phases via the full solution of the Boltzmann transport equation (BTE)’ within cubic anharmonicity. We
obtained second- and third-order force constants via the temperature-dependent effective potential
scheme by fitting the force constants to the forces produced during short ab initio molecular dynamics
(AIMD) runs.® We adopted this approach since SrTiOs is dynamically stabilized in the cubic structure,
and thus within the standard harmonic approximation the phonon spectrum features imaginary
frequencies.” 4b initio molecular dynamics (AIMD) runs were performed for the total of 2000 time steps

of 1 fs at 300 K by preparing 20 initial configurations drawn from a canonical distribution and



propagated for 100 time steps. This dataset features statistically independent set of forces and positions,
appropriate for force constants fitting. The quality of each dataset was assessed by sampling different
atomic configurations for force fitting and the results shows negligible differences between different
samples. In VASP, the PBESol density functional '’ was adopted, with a 500 eV energy cutoff of the
plane-wave expansion of the wavefunctions. The in-plane lattice constants of the simulated
(SrTi03),SrO phases were fixed to the corresponding substrate on which the material was grown, while
the out-of-plane lattice constant (the c-axis of each (SrTi03),SrO phase) was optimized. Primitive-cell
calculations were performed with k-grid resolution of 6x6x6, while all AIMD runs were carried out at
the Gamma point only on supercells ranging from 3x3x3 for SrTiO3 to 3x3x1 for SrsTi4O13. The
distance cutoffs for second- and third-order force constants were 5 A and 4.5 A, respectively, and we
neglected electrostatic long-range contributions to the phonons, i.e., the spectrum does not feature
splitting of the longitudinal and transverse optical phonons. We further assumed that the force constants
are only weakly temperature-dependent in the range relevant for the experimental observations, and thus
we used resultant force constants to calculate the thermal conductivity in the 150-500 K range for
comparison with the experimental data. The phonon mean free path for a given compound was estimated

as the 50% point of the thermal conductivity accumulation function.
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