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Thermal conductivity of nano-grained SrTiO3 thin films
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We measure the thermal conductivities of nano-grained strontium titanate (ng-SrTiOs) films
deposited on sapphire substrates via time-domain thermoreflectance. The 170 nm thick oxide films
of varying grain-size were prepared from a chemical solution deposition process. We find that the
thermal conductivity of ng-SrTiO3; decreases with decreasing average grain size and attribute this
to increased phonon scattering at grain boundaries. Our data are well described by a model that
accounts for the spectral nature of anharmonic Umklapp scattering along with grain boundary
scattering and scattering due to the film thickness. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769448]

Potential applications for thermoelectric (TE) devices in
areas such as waste-energy scavenging and solid-state ther-
mal management have made the engineering of TE materials
an important area of research. Advancements in materials
and processing techniques have paved the way to produce
scalable, cost effective materials with desirable properties
for an effective TE device.! As these material systems are
created, their potential as a viable TE material is evaluated
based on their thermoelectric figure of merit, denoted ZT,
given by S?6T /x, where S is the Seebeck coefficient, o is the
electrical conductivity, x is the thermal conductivity, and T
is the absolute temperature. Nanosystems have shown prom-
ise as potential high ZT materials due to the ability to engi-
neer electrical properties somewhat separately from the
thermal and phonon properties at this scale. However, effec-
tively increasing ZT from individual nanosystems to
“device-ready” scales has proven to be a complicated chal-
lenge due to the inefficient scaling of these electronic and
phononic mechanisms and properties.

Transition-metal oxides have garnered significant atten-
tion as potentially scalable TE material solutions due to their
non-toxicity, stability, and high abundance in the earth’s
crust. In particular, SrTiO3 is a transition-metal oxide with
several properties that may make it a candidate for TE devi-
ces of the future. This large band-gap perovskite oxide can
be doped on both the A and B cationic sites or with oxygen
vacancies to increase the n-type carrier concentration. In
addition, the large orbital degeneracy of the titanium d-band
carriers results in power factors (S?¢) that compare quite
well with the current state-of-the-art.? It has been shown that
increasing the n-type carrier concentration via the aforemen-
tioned methods can improve the power factor of the material
with minimal effect on the thermal conductivity, conse-
quently causing an increase in ZT.> Furthermore, the thermal
conductivity of SrTiOs decreases with increasing tempera-
ture due to the increase in anharmonic phonon-phonon scat-
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tering at higher temperatures. Together, these trends yield a
maximum ZT between 700 and 900K, thus making SrTiO;
an attractive candidate for waste-energy scavenging in high
temperature applications (e.g., cogeneration plants, satellite
power sources, automobile exhaust recovery systems,
etc.). >

In addition to augmenting the electronic properties of
TE materials through doping, a great deal of research has
focused on improving ZT by reducing the thermal conductiv-
ity of materials via nanostructuring, a thorough review of
which can be found in Refs. 5-7. Although these approaches
have exhibited promise in creating materials with high ther-
moelectric figures of merit, the scalability of some of these
materials is lacking due to their intensive fabrication proc-
esses.® Alternatively, bulk nanostructured materials, or nano-
composites, may be produced in large quantities both
quickly and inexpensively.® The ability of producing nano-
composite SrTiO3 over large surfaces is crucial for success-
ful thermoelectric device-commercialization with this
material. This would also impact other applications requiring
materials that are stable at high temperatures, such as ther-
mal barrier coatings in turbine blades and heat shielding in
high-atmosphere or outer-space vehicles.

Clearly, an understanding of the size-dependent phonon
scaling mechanisms contributing to the thermal conductivity
of SrTiO3; nanocomposites will benefit an array of potential
applications. In turn, a well-developed knowledge of the
thermal properties of nanostructured SrTiOj is critical. In
this work, we measure the thermal conductivity, x, of nano-
crystalline SrTiO; films with varied average grain sizes
(which we refer to as nanograined SrTiO; or ng-SrTiOj3),
fabricated through chemical solution deposition (CSD). CSD
is an inexpensive and scalable technique for producing ng-
SrTiO3 over large areas with a high degree of repeatability.’
Using time-domain thermoreflectance (TDTR), we measure
the thermal conductivities of ng-SrTiO; thin films of varying
grain size. We show that the thermal conductivity of ng-
SrTiO3 decreases as the average grain sizes get smaller. We
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present a model that incorporates the effect of grain size by
means of a boundary scattering term that accounts for the
spectral nature of the phonon mean free paths in strontium
titanate.

The strontium titanate films were prepared via chemical
solution deposition using a chelate chemistry based on previ-
ous work.'®!" Briefly, anhydrous strontium acetate was dis-
solved in propionic acid (0.25 M) at room temperature with
constant stirring. Separately, titanium isopropoxide was che-
lated with one molar equivalent of 2.4-pentanedione and
mixed at room temperature to create a stable titanium precur-
sor solution. A stoichiometric amount of the strontium ace-
tate solution was added to the titanium precursor solution
and then diluted to a final concentration of 0.15M with
methanol.

The solution was spin cast at 3000 RPM for 30 sec onto
a 50 mm diameter (0001)-oriented single crystalline Al,O3
wafer (Union Carbide, UCC Crystal Products) and subse-
quently pyrolyzed at 300 °C for 3 min on a hotplate. Pyro-
lyzed films were heated at 20 °C/min to 700 °C for 30 min in
air to crystallize the SrTiOs film. An every-layer firing
approach was used to ensure high-density films,'* where the
process of spin casting, pyrolysis, and crystallization from
the same precursor solution was repeated nine times to pro-
duce nominally 170 nm thick films. After crystallization, the
wafer was diced to form 1cm? coupons that could be indi-
vidually heat treated at 700, 800, 900, or 1000 °C for 30 min
to modify the final grain size."

Phase assemblage and crystallinity of the SrTiO; films
were confirmed by x-ray diffraction (Philips MPD) using Cu
K, radiation in standard Bragg-Brentano geometry. Cross-
sectional and plan-view microstructural images (Fig. 1) were
obtained by scanning electron microscopy (SEM, Zeiss,
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FIG. 1. (a) Plan and (b) cross sectional SEM micrographs of as crystallized
SrTiO3 films on (0001) sapphire. Plan view images of films that were post
annealed at (c) 700, (d) 800, (e) 900, and (f) 1000 °C demonstrate the degree
to which post crystallization anneals impact the film microstructures.
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Gemini Supra 55VP). Average grain size measurements
were determined from film plan view images using the linear
intercept method'* and the results are summarized in Table I
where d, is the average grain size and o is the associated
uncertainty in the measured value. Transmission electron
microscopy (TEM) and spectroscopic ellipsometry (SE,
V-VASE from J. A. Woollam) were used to verify density of
the films. Porosity was extracted from SE measurements via
modeling the ng-SrTiO; layer as a mixture of void and
SrTiO; using a Bruggeman effective medium approximation.
Porosity levels of less than 13.5% were observed for films
prepared at 700°C (sample A) and decreased to 9.3% for
films processed at 1000°C for 30 min (sample F). Finally,
aluminum films nominally 90 nm thick were e-beam evapo-
rated onto the samples in order to serve as transducers for
subsequent TDTR scans. The precise thicknesses of the Al
films were determined via picosecond ultrasonic measure-
ments during TDTR scans. !>

The thermal conductivities of the ng-SrTiO;3 films were
determined using TDTR'” by fitting the data to a multi-layer
thermal model that has been detailed by several groups else-
where.'®° For this study, we modulate the pump path at
11.39 MHz with a linearly amplified sinusoid and monitor
the ratio of the in-phase to out-of-phase signal of the probe
beam with a lock-in amplifier. We assume literature values
for the heat capacities of the Al film*' and Al,O3 sub-
strate,”** as well as the heat capacity of the SrTiO;
(Ref. 24) which we then reduce according to the measured
density to account for the porosity. The thermal conductivity
of the Al is approximated from previous measurements of Al
films evaporated under identical conditions,'® although over
the time delay of our TDTR measurements, we are relatively
insensitive to the thermal conductivity of the Al. We fit the
TDTR model to the data by varying the thermal conductivity
of the ng-SrTiO; films and the thermal boundary conduct-
ance between the Al and the ng-SrTiO; samples. We are
generally more sensitive to the thermal conductivities of the
ng-SrTiOs films due to their low conductivity. In addition,
due to the thickness of the samples and their relatively low
thermal conductivity compared to the thermal penetration
depth of our laser at 11.39 MHz, we are relatively insensitive
to the thermal boundary conductance between the ng-SrTiO;
and the Al,O3 substrate. However, to ensure accuracy in our
experimental data of x for the ng-SrTiOs, we conduct TDTR
measurements at different frequencies to determine the ther-
mal properties of the ng-SrTiO3;/Al,Os interface and the
thermal conductivity of the Al,O3; (Refs. 25-27). We then

TABLE 1. Annealing conditions (temperature, treatment time) and the
resulting average grain sizes (dayg) and measurement uncertainties (o).

Anneal temperature Treatment time davg 7]
Sample ({®) (min) (nm) (nm)
A 700 0 28.3 2.4
B 700 30 313 33
C 800 30 45.5 3.6
D 900 30 59.9 4.8
E 1000 5 64.1 3.8
F 1000 30 88.1 14.1
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use these values in our TDTR analysis to determine the ther-
mal conductivity of ng-SrTiOs. Finally, due to the time scale
on which the TDTR measurements are made, our measure-
ments are only sensitive to the SrTiO3 network material and
not the effective composite.® Porosity only influences the
heat capacity adjustments used to calculate thermal conduc-
tivity with the TDTR technique, whereas the calculated dif-
fusivity values are intrinsic to the network material and not
the network-pore composite. This fact makes TDTR unique
from other diffusivity measurements such as the laser flash
techniques which sample the volume of a network and the
accompanying porosity to arrive at an effective composite
thermal conductivity.

Figure 2 shows the measured thermal conductivities of
these ng-SrTiO; films as a function of average grain size. In
addition, we plot the data of Wang et al. from Ref. 29 and
the thermal conductivity of bulk SrTiO; (Refs. 30 and 31).
The error bars represent the uncertainty calculated due to the
Al film thickness and the standard deviation about the mean
of the three measurements on each sample. In our nano-
grained samples, we find that there is a 50% to 60% reduc-
tion in thermal conductivity from the bulk value for SrTiO;
at room temperature. Furthermore, the data exhibit the trend
that the thermal conductivity decreases with decreasing aver-
age grain size. We attribute the majority of the observed
reduction in thermal conductivity to be due to phonon-grain
boundary scattering since the change in porosity will only
decrease the thermal conductivity by less than 5% as
approximated by differential effective medium theories for
thermal transport.>**> Wang et al. reported similar behavior
in their thermal conductivity measurements of SrTiO3 pellet
ceramics made with spark plasma sintering (SPS); however,
their reported thermal conductivities are slightly higher than
ours measured with TDTR. Since the grain sizes are smaller
than the film thickness, we rule out film thickness size effects
as the cause of this difference, as we quantitatively interro-
gate with the model described below. We are therefore uncer-
tain of the sources of this slight discrepancy at this time.
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FIG. 2. Thermal conductivity of ng-SrTiO3 as a function of average grain
size (hollow squares), along with the previous data of Wang et al. (filled tri-
angles) and bulk SrTiO; (solid line). In addition, we plot the prediction of
Eq. (1), which is shown to agree well with our data. The agreement between
our model and data suggests that the frequency dependence of the phonon
mean free paths in SrTiOs; must be taken into account to properly account
for the thermal conductivity reduction due to grain boundary scattering.
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The model shown in Fig. 2 was calculated using the
following expression

1 1 Ofse
3

where « is the thermal conductivity, j is the phonon polariza-
tion index, C, is the volumetric heat capacity, v is the phonon
group velocity, 7 is the total scattering time, w is the angular
frequency, Ofge/OT is the temperature derivative of the
Bose-Einstein distribution function, and & is the phonon
wavevector. In the derivation of the right-most expression in
Eq. (1), we have assumed an isotropic Brillouin zone, which
is reasonable given the high symmetry (space group Pm3m)
of SrTiOs. For SrTiO3;, we take the experimentally deter-
mined dispersion in the [100] direction from Cowley>* by
fitting each of the 15 phonon branches with fourth-order pol-
ynomials. We take the total scattering time, t;, as the combi-
nation of the scattering times due to both anharmonic
phonon-phonon (t,), and phonon-grain boundary (tg,), and
phonon-film boundary (zg) scattering. It should be noted
that additional contributions to the reduction in thermal con-
ductivity likely include phonon scattering at internal pore
boundaries, which would follow the same dependence as
grain boundary scattering. However, since TDTR cannot dis-
tinguish between grain boundary scattering and scattering at
other internal interfaces, we lump this together as a single
boundary scattering term. The total scattering rate is then
determined through Matthiessen’s rule,®” given as

o1t 1!
’Cjz —+—+—
Ta  Tegb  Tfp
C v; v; -
= |BTw; =)+ 2
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where d,, is the average grain size presented in Table I and
the last term represents scattering due to the film thickness.
The constants B and C are determined by fitting Eq. (1) to
temperature-dependent experimental data for bulk SrTiO;
(Refs. 24 and 36); we find B=6.8 x 107"sK~! and
C =40K. In Eq. (2), we see that for large grain sizes
(approaching single-crystalline films), 7, is the dominant
scattering mechanism. As d,, decreases, the relative contri-
bution of 7y, to the total scattering time increases, causing a
reduction in the thermal conductivity of the associated films.
We find only a minor dependency of our model on film
thickness, and the film thickness scattering term only leads
to a 20% decrease in the predicted thermal conductivity at
the largest grain sizes. This alludes to the fact that the sour-
ces of the difference between our data (open squares) and
Wang’s data (filled triangles) are not due to film size effects.

Our experimental data agree quite well with the model,
suggesting that the scattering mechanisms presented in
Eq. (2) accurately describe the phonon physics occurring in
the ng-SrTiO; films. This is in stark contract with the model
presented by Wang er al.,>* in which a gray medium was
assumed in the SrTiO3 and they described their data by con-
sidering a Kapitza conductance across the grain boundaries.
In general, gray approximations to thermal conductivity and
Kapitza conductance over-estimate the thermal transport
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processes due to the decrease in phonon velocities and
increase in phonon scattering rates in the dispersive modes
near the Brillouin zone edge.”’° If phonon scattering is not
dominated by grain boundary scattering, then anharmonic
phonon scattering must be accounted for in the thermal con-
ductivity model. This is due to the strong spectral depend-
ence of these Umklapp processes and their interplay with
grain boundary scattering at different phonon frequencies.
Therefore, using the Kapitza conductance approach to ana-
lyze experimental data in this regime, due to its gray body
“series resistor” interpretation of thermal conduction, would
not properly account for this interplay. In addition, as ng-
SrTiOs3 is clearly still in an Umklapp dominated regime for
these grain sizes, as shown by Wang er al.,** the grain
boundary Kapitza conductance cannot be accurately inferred
from experimental data since larger thermal resistances and
thereby temperature drops occur in the grain, not across the
grain boundary. However, for material systems in which the
thermal conductivity is dominated by grain boundary scatter-
ing (based on the temperature trends), the grain boundary
Kapitza conductance could be inferred from experimental
data (e.g., nanocrystalline yttria-stabilized zirconia*® or poly-
crystalline silicon*'*%).

In conclusion, we have investigated the effects of grain
boundary scattering on the thermal conductivity of nano-
grained SrTiO;. We find a controlled decrease in thermal
conductivity of the ng-SrTiO; for grain sizes from
~30 to90nm. Our data are well described by a model that
accounts for the spectral nature of anharmonic Umklapp
scattering along with grain boundary scattering and scatter-
ing due to the film thickness.
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