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We demonstrate the ability to tune the thermal conductivity of homoepitaxial SrTiO; films deposited
by reactive molecular-beam epitaxy by varying growth temperature, oxidation environment, and cat-
ion stoichiometry. Both point defects and planar defects decrease the longitudinal thermal conductiv-
ity (ks3), with the greatest decrease in films of the same composition observed for films containing
planar defects oriented perpendicular to the direction of heat flow. The longitudinal thermal conduc-
tivity can be modified by as much as 80%—from 11.5W m 'K ! for stoichiometric homoepitaxial
SrTiO; to 2W m™ 'K ™! for strontium-rich homoepitaxial Sry sTiO, films—by incorporating (SrO),
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Ruddlesden-Popper planar defects. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927200]

The ability to control thermal conductivity is important
to numerous applications. For instance, improvements to
both oxide thermal barrier coatings and thermoelectrics
hinge on engineering a thermally resistive material that is
optimized in conjunction with other parameters such as ther-
mal expansion, microstructure, toughness, or carrier mobil-
ity. The phenomenal adaptability of perovskites to
incorporate a majority of the elements in the periodic table
provides for a broad variation of properties based on elemen-
tal selection alone. Because this compositional tunability is
accompanied by high-temperature stability, oxide materials
in the perovskite family hold promise for thermal barrier'
and thermoelectric applications.*”

The quintessential perovskite oxide, SrTiO;, exhibits
many of the useful properties found in oxide materials and
provides a rich experimental parameter space since defects are
easily accommodated into the structure as point defects™ or
planar defects, where the latter are in the form of Ruddlesden-
Popper (RP) planar faults.*'® These RP phases have been
suggested as a pathway to achieving thermal barrier coatings
using SrTiO;-based materials.!' N-type SrTiOs has itself been
proposed as a candidate for high-temperature thermoelectric
applications.'? Doped epitaxial films of SrTiO; have a figure
of merit (ZT) of 0.28 at 873 K." In order to improve the ZT of
thermoelectrics, attempts are often made to reduce the thermal
conductivity without detrimentally influencing the electrical
conductivity and Seebeck coefficient. Altering the microstruc-
ture of the material or introducing point defects can achieve
this;'* the introduction of RP planar faults may also be a route
to ZT enhancement,'' though negligible enhancement of ZT
has been found in bulk.'>'®

Small deviations in growth conditions have been shown
to influence the thermal conductivity of epitaxial SrTiO; thin
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films."” The thermal conductivity of SrTiO; films grown by
pulsed-laser deposition (PLD) has been observed to vary by
a factor of three with laser fluence, which also affects other
film attributes including composition.'®

Here, we demonstrate the ability to tune thermal con-
ductivity by controlling the formation of defects in homoepi-
taxial films grown by reactive molecular-beam epitaxy
(MBE)." This is achieved by varying the substrate tempera-
ture, oxidation environment, and incident flux ratio between
molecular beams of the constituent elements during the dep-
osition process. Due to the independent control of growth pa-
rameters available when depositing films by MBE, we are
able to isolate the effect of film stoichiometry from other
variables. We observe reductions in thermal conductivity of
Sr;sTiO, films by as much as ~80% compared with stoichi-
ometric SrTiO5. This significant reduction occurs when RP
planar faults®® (a syntactic intergrowth of an extra plane of
SrO) form perpendicular to the growth direction. We note
that the orientation of the RP defects depends on growth tem-
perature as well as film composition.

When it comes to assessing the perfection of semiconduc-
tor materials, measurements of transport properties can be far
more sensitive than structural characterization. For this reason,
electrical mobility at low temperature is commonly used to
assess the quality of lightly doped semiconductors®>*! or two-
dimensional electron gasses.”> Thermal conductivity, another
transport property, is a useful metric for assessing the crystal-
line quality of thin films with high-quality films of sufficient
thickness reproducing the thermal conductivity observed in
bulk single crystals.'” We studied the thermal conductivity of
the films along the direction perpendicular to the (001) SrTiO;
substrate surface (ks3), referred to as the longitudinal thermal
conductivity,” by time-domain thermoreflectance (TDTR)."”

© 2015 AIP Publishing LLC
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Stoichiometric SrTiOjz films, independent of the film
deposition temperature, do not exhibit x-ray diffraction
(XRD) reflections distinct from those originating from the
underlying SrTiOj3 substrate. This is shown in the 6-20 XRD
scans displayed in Fig. 1(a) indicating the out-of-plane lat-
tice constant of the stoichiometric films grown by MBE and
bulk SrTiOj; substrate are identical within the resolution of
the measurement, which are limited by overlapping film and
substrate reflections. The films with non-stoichiometric
strontium content (0 # 0) deposited at 800°C are shown in
Fig. 1(b); the 0-20 scan of one of the samples (6 =0.25) is
plotted over a wider range in Fig. 1(c).

The many peaks in Fig. 1(c) can be indexed with a single
c-axis length of ~35.8 =0.2 A, which is about the value of the
n=4 Sr,,Ti,05,,, phase, ie., SrsTi4O3. This phase has a
composition consistent with 6 = 0.25. An important difference,
however, is that single-phase SrsTi;O;3 contains a glide plane
half way up its unit cell, resulting in destructive interference
and the absence of all odd 00¢ peaks.* In contrast, many of the
intense peaks in Fig. 1(c) have odd indices, making the
observed XRD pattern inconsistent with single-phase
SrsTi4045. This observation is reminiscent of unusual XRD pat-
terns seen in the growth of “Bi,Sr,Ca,,_1Cu, 05,4 films,>>°
where again both even and odd 00¢ peaks were used to index
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FIG. 1. (a) 6-20 XRD spectra of the 002 peaks of stoichiometric SrTiO3
films deposited at different temperatures in 10% ozone and at 650 °C in dis-
tilled ozone. (b) 0-20 XRD spectra of strontium-excess Sty sTiO, films de-
posited at 800°C. (c) A 6-20 XRD scan over a wider region reveals RP
phase peaks that can be indexed as SrsTi;Oy3 (n=4) with both even and
odd 004 peaks due to the presence of significant layering disorder.
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the observed XRD patterns even though odd peaks are system-
atically absent in all known Bi,Sr,Ca, Cu,O,,,4 phases
because they contain a glide plane half way up their unit cells.
The explanation revealed by XRD simulations®** and TEM*®
on the unusual “Bi,Sr,Ca, Cu,O,,,4” films was that they
consisted of layering disorder,” ™ i.e., syntactic intergrowths
of Bi,Sr,Ca,,_Cu,0,, 4 phases; the same explanation is likely
for our 6 = 0.25 film.

All non-stoichiometric SrTiO; films show film 002
peaks at lower 20 angle than the substrate 002 peak, signify-
ing an apparent expansion of the out-of-plane lattice constant
of the film relative to the substrate. This is commonly seen in
non-stoichiometric SrTiO; films.>**> The apparent out-of-
plane lattice constants for the films, shown in Fig. 2, were
calculated from the XRD results. Strontium excess samples
(0 > 0) display a large increase in this c-axis lattice constant.
In Fig. 2, these results are shown alongside calculated values
for the apparent or pseudocubic c-axis lattice constant for the
RP series of Sr,,Ti,05,, films. This value is calculated
according to ¢ =2(n X asto + ds;o-s:0)/(2n + 1), where asro
is the SrTiOj lattice constant and ds;o_s;0 is the average SrO
bilayer distance in the RP phases.*® In addition to these lat-
tice constants from the RP series, Fig. 2 includes estimated
values for a mixture of RP planar faults for the same compo-
sition, but distributed evenly along the out-of-plane c-axis
and the in-plane a and b axes as well. Such a distribution
would reduce the out-of-plane lattice expansion by a factor
of three. If the lattice expansion observed in these films is
solely due to the inclusion of RP planar faults, then the RP
phases should represent the upper limit. All of the Sr-excess
films in this study fall below this upper boundary indicating
that alignment of planar faults along the growth direction
can more than account for all observed lattice expansion in
these films.

Bright-field images of the 6=0.25 film deposited at
800 °C, shown in Figs. 3(a) and 3(b), reveal that the film has
RP planar faults that appear to primarily lie in the plane par-
allel to the substrate and perpendicular to the film growth
direction. This alignment and tendency to order in a periodic
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FIG. 2. The apparent out-of-plane or c-axis lattice constant measured by XRD
for Sry, sTiO, films versus Sr:Ti stoichiometry ratio determined by RBS. Both
the pseudocubic c-axis lattice constant of the RP phases of Sr,1Ti,03,.; up
to n=12 and the expected apparent lattice constant for a RP phase of mixed
alignment for the same composition are plotted for comparison.
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FIG. 3. Bright-field STEM images taken at different magnifications (a) and
(b) of the film with 0 = 0.25 grown at 800 °C. (c) and (d) show images of the
sample with 6 =0.25 deposited at 650°C. The excess strontium is clearly
seen to form layers perpendicular to the growth direction at high temperature
in (b) and parallel to the growth direction in (d).

manner were observed to occur for films deposited at the
highest temperature, as evidenced by the presence of super-
lattice type reflections in the XRD data, displayed in Fig.
1(c). This periodic ordering along the growth direction has
been seen in n=1 (Sr,TiO4) films deposited at high-
temperature by other techniques®’ and in other RP forming
compositions.>®*™** A strontium-rich sample deposited at a
lower temperature of 650 °C is shown in Figs. 3(c) and 3(d)
appears to mostly contain planar faults perpendicular to the
in-plane directions instead of the growth direction, in con-
trast to the film deposited with the same composition at
800 °C. This demonstrates the ability to control RP fault ori-
entation with growth temperature. The RP planar faults pre-
dominantly form perpendicular to the growth direction when
a film with excess strontium is deposited at the relatively
higher temperature of 800 °C, thus approaching an intention-
ally ordered c-axis oriented RP film (e.g., Sr,,Ti,03,.) of
equivalent composition. Some alignment of these faults has

Appl. Phys. Lett. 107, 051902 (2015)

been observed previously in non-stoichiometric Sry, sTiO,
samples deposited through source shuttering at 650 °C.** Of
course, deliberately shuttering extra SrO planes into stoichio-
metric SrTiOj; is an effective way of introducing RP faults
along the growth direction,”*** and has been used to make
Sr,,1Ti,03,,1 phases with n as high as 10.* Such a method
is not employed, however, in the work described here.
Partial orientation of RP faults has also been attributed to
composition changes achieved through controlling laser flu-
ence in PLD.*® No such ordering of defects is observed for
strontium-poor samples. A disordered appearance in the
bright-field image is commonly observed in strontium defi-
cient films,***” and consistent with the presence of high con-
centrations of point defects.

Figure 4(a) shows a comparison between the tempera-
ture, at which the films were grown, and the longitudinal
thermal conductivity of SrTiO; films determined to be stoi-
chiometric to within =5% by RBS. Interestingly, these films
appear to have the same out-of-plane lattice constant by
XRD, yet vary in film longitudinal thermal conductivity by
as much as 4 W/m-K depending on growth temperature and
oxygen background pressure. Growth temperature has been
reported to affect both film lattice constant and thermal con-
ductivity in homoepitaxial SrTiO; films deposited by sputter-
ing.48 For a comparable range of temperatures, our results
show a similar though lesser effect (~30%) without the clear
difference in out-of-plane lattice constants from XRD. The
stoichiometric film deposited in distilled ozone (~80% O3)
at 650 °C shows the highest longitudinal thermal conductiv-
ity, 11.5W/m-K at room temperature. It is higher than the
samples deposited in the less oxidizing environment of
~10% ozone. In addition, post-growth annealing of the sam-
ples in 1 atm of O, at 700°C for 1h failed to consistently
improve the film longitudinal thermal conductivity, suggest-
ing that the defects involved in films grown under less oxi-
dizing conditions are not simply oxygen vacancies, but
rather defect complexes that also involve cation species
(which have much lower diffusion coefficients than oxy-
gen®). Growing with ~10% ozone instead of distilled ozone
resulted in a ~23% reduction in longitudinal thermal con-
ductivity. Reductions as high as ~32% have been observed
in reduced bulk SrTiO;.°° Even larger reductions in longitu-
dinal thermal conductivity of oxygen-deficient SrTiO; films
grown by PLD have been observed,'® but low growth pres-
sures in PLD also alter the plasma and bombardment effects,
thus complicating the interpretation as being purely due to
oxygen-related defects.”!

The dependence of longitudinal thermal conductivity on
film composition is displayed in Fig. 4(b). The longitudinal
thermal conductivity of the 6 =0.25 film deposited at 800 °C
is comparable to that of a phase-pure n =4 RP film, while
also sharing a similar overall film composition.’?
Simulations predict that the minimum in the longitudinal
thermal conductivity as a function of n in Sr,,Ti,03,.
phases occurs at n =35 for heat transport perpendicular to the
RP planar faults.!' Note that the distance between RP planar
faults in an n =4 RP phase is about 1.8 nm, which is in the
range of 1-3 nm, where the minimum in longitudinal thermal
conductivity has been observed in other layered heterostruc-
tures, including related oxides.”*”* Superlattices and bulk
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FIG. 4. (a) The longitudinal thermal conductivity of the same stoichiometric
SrTiO;5 samples, as shown in Fig. 1(a). (b) The dependence of longitudinal
thermal conductivity in relation to film composition with excess strontium
films showing the largest decrease. (c) The longitudinal thermal resistivity
versus the apparent out-of-plane lattice constant of the film. The open circles
correspond to measurements of the same films following a 700 °C anneal in
1 atm of oxygen for 1 h. Multiple TDTR measurements taken in different
sample areas were found to be consistent. The vertical-axis error bars for
sample thermal conductivity were determined from the uncertainties in the
TDTR measurement.

Sr,,.1Ti,03,,1 RP phases with n=1 and n =2 also exhibit
reduced thermal conductivity (k33) compared with bulk stoi-
chiometric SrTiO3.>> RP planar defects in films significantly
decrease the longitudinal thermal conductivity when aligned
perpendicular to the growth direction. Films deficient in
strontium show a reduction in longitudinal thermal conduc-
tivity of ~30% on average when compared with stoichiomet-
ric samples, similar to other studies.'® These strontium
deficient samples show the largest increase in longitudinal
thermal conductivity following an anneal in oxygen (700 °C
for 1hin 1 atm of O,).

Appl. Phys. Lett. 107, 051902 (2015)

Although the films in this study were grown by MBE,
the growth conditions should be adaptable to other growth
methods as well since the ~80% reduction in longitudinal
thermal conductivity observed primarily depends on the
presence of excess strontium forming RP faults and does not
rely on features unique to MBE such as individual source
shuttering. This should allow for Sry,sTiO, films of low
thermal conductivity to be deposited by alternative deposi-
tion methods. These results imply that the longitudinal ther-
mal conductivity of other perovskite systems may be
similarly reduced through the introduction of RP faults.
Further, although electrical conductivity measurements were
not part of this study, steps may be taken to increase the elec-
trical conductivity of Sr;,sTiO, samples, such as doping
with niobium, lanthanum, or oxygen vacancies, as has been
used to increase the conductivity of Sr,,Ti,03,,1 RP
phases in both bulk®® and thin film form.**->7-

In summary, we have shown the dependence of longitu-
dinal thermal conductivity on growth temperature and oxida-
tion environment for stoichiometric SrTiO; films deposited
by MBE, all of which display no detectable change in film
lattice constant. We also observed a significant reduction of
~80% in longitudinal thermal conductivity in Sr;,sTiO,
films (6 =0.25-0.5) through the introduction of a significant
concentration of RP planar faults. Some evidence for the
ordering of these faults is seen for films deposited at 800 °C,
but the ordering is not necessary to achieve a significant
reduction in longitudinal thermal conductivity. These results
provide an avenue for minimizing longitudinal thermal con-
ductivity in films of SrTiO; or related perovskites for appli-
cations in areas such as thermal barrier coatings and high-
temperature thermoelectrics.
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