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ABSTRACT: We report dramatic variations in cation
stoichiometry in SrTiOj; thin films grown via pulsed laser
deposition and the implications of this nonstoichiometry for
structural, dielectric, and thermal properties. The chemical
composition of SrTiO; thin films was characterized via X-ray
photoelectron spectroscopy and Rutherford backscattering
spectrometry. These studies reveal that deviations in laser
fluence and deposition geometry can result in deviations of
cation stoichiometry as large as a few percent. Additionally, X-
ray diffraction was used to probe structural evolution and
revealed an asymmetric strain relaxation mechanism in which
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films possessing Sr-excess undergo relaxation before those possessing Sr-deficiency. Furthermore, the dielectric constant
decreases and the loss tangent increases with increasing nonstoichiometry with intriguing differences between Sr-excess and
-deficiency. Thermal conductivity is also found to be sensitive to nonstoichiometry, with Sr-excess and -deficiency resulting in
65% and 35% reduction in thermal conductivity, respectively. These trends are explained by the expected defect structures.

KEYWORDS: pulsed laser deposition, SrTiO;, dielectric, thermal conductivity, thin films

B INTRODUCTION

For decades, oxide materials such as SrTiO; have been
considered for electronic, dielectric, and thermoelectric
applications. The static dielectric permittivity (e,) of SrTiO,
is ~300 at room temperature and rapidly increases upon
cooling to the quantum paraelectric state." Likewise, SrTiO,
has drawn attention as a candidate material for thermoelectrics
based on its large carrier effective mass and resulting large
thermopower.”~* More generally, SrTiO; is one of the most
widely studied perovskite oxides and is highly susceptible to
donor-doping by cationic substitution, oxygen vacancies, and
field effects that result in a dramatic range of transport
properties.”

More recently, researchers have been doggedly pursuing one
of the most exciting discoveries in the study of SrTiO;—the
development of unexpected phenomena at the heterointerface
between LaAlO; and SrTiO;. Since the seminal discovery of a
conducting state at such heterointerfaces in 2004, researchers
have made a number of exciting findings related to these
interfaces including the observation of magnetic ground
states,'® superconductivity,'' and built-in polarizations.'*
Researchers have incorporated these interfaces on silicon
wafers'® by synthesizing high-quality LaAlO; and SrTiO; thin
films and have demonstrated electric-field writing of insulating
and conducting states at the nanometer-scale."* Among the
more pressing challenges facing researchers in this field is
answering the question of whether these exotic phenomena are
the result of intrinsic electronic effects or if they arise because
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of spurious effects in the samples. It has been hypothesized that
the alternating planes of LaO* and AIO*” in LaAlO; build up an
electrostatic potential thereby driving electrons to occupy Ti 3d
states in the nearby SrTiOj; that, in turn, forms 2-dimensional
bands parallel to the interface.'> Alternative models have been
proposed including conductivity derived from oxygen vacan-
cies'®'® or from intermixing of cations across these interfaces
and the formation of n-type conducting La-doped SrTiO,."”
Recent studies have investigated the extent of cation
intermixing in films grown via pulsed laser deposition, how
this intermixing is influenced by the (non)stoichiometry of the
growing layers, and the implications for the electronic structure
(including the band offsets, band bending, and built-in electric
fields).'"®"” Although many researchers have observed these
effects, the mechanism for this exotic phenomenon has not
been uniquely identified.

Similarly, over the past few years there has been increasing
study of SrTiOj; as a candidate thermoelectric material. Much of
this work has focused on fine-level control of doped varieties of
this material. SrTiOj; is a large band gap semiconductor that can
be controllably doped on either the Sr- or the Ti-sites or with
O-vacancies to achieve n-type carriers. For thermoelectric
applications, one must maximize the figure of merit for
thermoelectrics (ZT) which is defined as (S%/x)T where S% is
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the power factor, « is the thermal conductivity, and T is the
temperature. In SrTiO;, the power factor can be as large as 36
YW K? cm™' near room temperature, comparable with
commercial thermoelectrics.”® The prevailing opinion is that
SrTiO; may be a promising thermoelectric if the thermal
conductivity of this material can be reduced. Recently
researchers have tried nanostructuring via superlattice for-
mation””** as a way to reduce the thermal conductivity.
Furthermore, recent reports of double-doping SrTiO; suggest
improved performance in part arising from a diminished room
temperature thermal conductivity.* The work to-date does not,
however, provide an in-depth discussion of the mechanism for
diminished thermal conductivity despite the importance of
these observations for the observed improvements in perform-
ance.

A the core of these observations, is a growing concern that as
we push the limits for growth and characterization of modern
thin film materials, we are increasingly observing exotic
phenomena that may not be intrinsic properties of materials.
These phenomena, however, may be the result of advanced
characterization techniques probing our inability to synthesize
materials with the precision we desire. In the current work, we
investigate the validity of one of the most fundamental
assumptions about pulsed laser deposition: that this technique
has an exquisite ability to maintain stoichiometric transfer of
components from target to film.”>** In particular, we examine
the laser fluence®*® and angular dependence®” of stoichiom-
etry and the impact of variations in stoichiometry on the
structure,”® dielectric response,” ' and thermal conductivity>>
of SrTiOj; thin films. As the interest in thin films of complex
oxide materials has blossomed, researchers have pushed the
limits of the available growth techniques as they search for
control of these materials at the same level as conventional
semiconductor materials. In SrTiOj;, this has driven a revisit to
homoepitaxy®® and studies of quantum phenomena in
homoepitaxial structures including the observation of excep-
tionally high (>30,000 cm® V™! s7!) charge-carrier mobility.”*
These studies have required state-of-the-art deposition methods
(including custom molecular beam epitaxy techniques)® to
elicit fine-level control over chemistry, low-temperature trans-
port studies, and more. The majority of work on LaAlO;/
SrTiO; heterointerfaces and SrTiO;-based thermoelectrics,
however, is based on pulsed laser deposition which requires
equal attention to detail to obtain high-quality films. The
current work develops a better understanding of the effect of
variations in the pulsed laser deposition growth parameters
(especially laser fluence and growth geometry) on the
chemistry and properties of intrinsic SrTiO; thin films. The
current work examines a number of nondestructive character-
ization routes by which we can examine the chemistry,
structural quality, and physical properties of instrinsic-SrTiO;
films.

B EXPERIMENTAL SECTION

Thin films of SrTiO; were grown via pulsed laser deposition using a
KiF excimer laser (LPX 205, Coherent) at 750 °C (temperature
measured by a thermocouple embedded in the heater block) in 100
mTorr of oxygen pressure from a single crystal SrTiO; target. Films
were grown on SrTiO; (001), NdGaO; (110), and 0.5% Nb-doped
SrTiO; (001) single crystal substrates attached to the heater block via
Ag paint (Ted Pella, Inc.). A laser spot size of 0.19 cm” was used for
the growth of all films and by changing the laser energy the laser
fluence was varied between 0.35 and 0.69 J/cm? Films grown at 0.35
J/ cm? were grown at 15 Hz and films grown at fluences in excess of
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035]/ cm? were grown at 5 Hz. We note that this variation in laser
repetition rate was found to have a negligible effect on the properties
reported here. Laser fluence was determined by measuring the laser
energy with a calibrated, external energy meter, and the ablation spot
size was measured via optical techniques. The target for this study was
a 0.5 mm thick SrTiO; (001) single crystal (Crystec, GmbH).
Consistent with previous studies,”>*S the target was sanded, cleaned,
and sufficiently preablated to ensure the target surface had reached
steady state prior to growth. The on-axis target-substrate distance was
maintained at 6.35 cm for all depositions. Substrates were placed at
different locations upon the heater block to vary deposition angle
(which resulted in small deviations in target-substrate distance)
(Figure 1a). As part of this study we have investigated films between
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Figure 1. (a) Schematic illustration of deposition geometry. (b)
Summary of XPS results for SrTiO3 films grown on NdGaO;
substrates. Graph shows the atomic percentage of Sr (Sr/[Sr+Ti])
as a function of growth geometry and laser fluence. The dashed line
indicates XPS results for bulk, stoichiometric SrTiO;.

50 and 320 nm in thickness. Following growth, films were cooled at 5
°C/min to room temperature in 700 Torr of oxygen to promote
oxidation.

Films were characterized by an array of techniques to probe their
chemical, structural, electrical, and thermal properties. Chemical
analysis of samples was completed using a combination of X-ray
photoelectron spectroscopy (XPS, Kratos Axis XPS, monochromatic
Al X-ray source with charge neutralization during collection via
electron beam bombardment) and Rutherford backscattering spec-
trometry (RBS, incident ion energy of 2000 keV, incident angle a =
22.5°, exit angle f§ = 52.5°, and a scattering angle 6 = 150°). Structural
studies were completed using high-resolution X-ray diffraction and
reciprocal space mapping (RSM) (Panalytical, X’Pert MRD Pro).
Electrical characterization included the study of dielectric constant and
loss tangents of 110 nm Pd/200 nm SrTiO;/0.5%Nb-SrTiO; capacitor
structures using an Agilent 4284A LCR meter for frequencies between
10>~10° Hz. Finally, thermal conductivity was probed using time-
domain thermoreflectance (TDTR) which is a rapid and accurate way
to measure the thermal conductance of interfaces and the thermal
conductivity of thin films and bulk materials.***’

B RESULTS AND DISCUSSION

We begin by discussing the results of chemical analysis of the
cation stoichiometry of these films. One nondestructive
technique for characterizing film composition is to measure
core-level photoelectron yields via XPS. For this study, we focus
on the Sr 3d and Ti 2p core electron peaks, as those peaks
represent the dominant contributions to the XPS signal for
SrTiO; and provide direct insight into the cations of interest
(we provide characteristic XPS spectra for a number of samples
in Supporting Information, Figure S1). We note that
considerable effort was invested to calibrate this system for
the study of these and other chemical species includin
extensive studies of as-received and etched-and-annealed**?
versions of the same SrTiOj; single crystals used as targets and

dx.doi.org/10.1021/cm203042q | Chem. Mater. 2012, 24, 331-337
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Figure 2. RBS results for SrTiO; films grown on NdGaO; (110) substrates at laser fluence (a) 0.35 J/cm? [170 nm thick], (b) 0.50 J/cm? [70 nm
thick], and (c) 0.69 J/cm® [50 nm thick] which correspond to Sr atomic-percentages of 52%, 50%, and 48%, respectively.

substrates. Such studies have provided a strong foundation for
the current analysis and have been used as a calibration for the
1:1 Sr/Ti cation ratio from XPS (Supporting Information,
Figure S1).

The XPS data provide an overview of the results of this study
(Figure 1b). The XPS data suggest that in the growth of SrTiO,
films from a SrTiO; single crystal target that there is not a
strong angular dependence in the composition. This is in
contrast to previous studies on LaAlO;, which have shown a
stron% relationship between deposition angle and stoichiom-
etry.** The discrepancy in behavior may be explained by the
large discrepancy of the atomic masses of cations in LaAlO;
(515%) as compared to those in SrTiO; (183%). Early studies
focusing on growth from ceramic SrTiO; targets (which show
dramatically different laser fluence dependence as compared to
single crystal targets)*>>”* also exhibit minimal angle
dependence. Large deviations in stoichiometry, however, are
seen to occur from even relatively small variations in the laser
fluence. This strong relationship between fluence and
stoichiometry has been observed in previous studies of
SrTiO; homoepitaxy.”>*® We observe that intermediate laser
fluence (i.e., 0.50 J/cm?) yields films with nearly stoichiometric
1:1 Sr/Ti ratios. The trends observed here are consistent with
prior studies which have suggested an optimum laser fluence
considerably less than 1 J/cm? at which stoichiometric films are
obtained. Note that deviations from this value are expected
considering differences in the lasers used in the deposition
process between papers (e.g, differences in pulse duration,
pulse-to-pulse energy stability, beam profile, beam divergence,
etc.).” Increasing the laser fluence beyond this threshold yields
Sr-deficient films (red data, Figure 1b) and decreasing the laser
fluence below this threshold yields films with Sr-excess (blue
data, Figure 1b).

It is worth noting that ~95% of the signal in these XPS
studies comes from the top few nanometers (<5 nm) of the
film. Thus, further studies of stoichiometry throughout the film
thickness were done via RBS. We focus on a series of on-axis
samples (¢ = 0°, Figure 1b) to further investigate the effect of
laser fluence on the cation stoichiometry and to validate the
range of stoichiometries observed here. Consistent with the
XPS data, RBS studies of films grown at 0.35 J/cm?* (Figure 2a),
0.50 J/cm?® (Figure 2b), and 0.69 J/cm* (Figure 2c) are found
to exhibit Sr-excess (52 atomic-percent Sr), a nearly 1:1 Sr/Ti
ratio (S0 atomic-percent Sr), and Sr-deficiency (48 atomic-
percent Sr), respectively. The fits of the RBS spectra have an
uncertainty of 1.2%, but match the cation stoichiometry from
XPS to within 0.5%. Cross-correlated XPS/RBS studies were
done on nearly 10 samples with similar results. We provide
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further analysis and demonstration of RBS sensitivity in the
Supporting Information, Figure S2. Thus two different
methods, one probing near surface chemistry and one probing
through-thickness chemistry, reveal similar trends in the
variation of cation stoichiometry in SrTiO; thin films with
variations in fluence and angle of deposition.

The idea that pulsed laser deposition can result in
nonstoichiometric films is not new. As early as 1998 initial
studies suggested that varying laser fluence in the growth of
SrTiO; from polycr;rstalline targets could result in non-
stoichiometric films.”” These results suggested that at low
laser fluence (<1.3 J/cm?) preferential ablation of Sr occurred
from the ceramic targets, resulting in nonstoichiometric films.
Likewise, much of the work on SrTiOj-based thermoelectrics
over the years has also focused on doped-SrTiO; ceramic
targets, and the literature provides an incomplete description of
growth processes to assess the resulting film chemistry. Over
the years, researchers have predominantly switched to single
crystal SrTiOj targets, but with similar results.”> More recently
work on exotic phenomena at the LaAlO,/SrTiO; interface has
seen researchers focus on specific film growth parameters that
give rise to interfacial conductivity, especially growth from
single crystal targets at laser fluence well in excess of 0.7 J/ cm?®
(some as high as 1.6 J/cm?)."” Although it is difficult to
accurately compare individual growth systems, a number of
reports suggest that growth from single crystal SrTiOj; targets at
laser fluence in excess of 0.5—0.6 J/cm? results in Sr-deficient
thin films. Despite the important implications for materials
properties, the trend has been to assume correct stoichiometric
transfer and to focus on advanced characterization studies. Here
we present a number of techniques that can be used to quickly
characterize the stoichiometry of films prior to such in-depth
physical property studies.

We used X-ray diffraction to characterize the structure of the
films. The out-of-plane lattice parameter of the films was
investigated by 20 scans about the 110/220 and 001/002
diffraction peaks of NdGaO; and SrTiO; respectively.
Reciprocal space maps about the pseudocubic 103 and 013
diffraction conditions of the film and substrate were taken to
determine the in-plane lattice parameters of the film and
provide a clear picture of the strain state. Wide range 26 scans
for the same films studied by XPS/RBS revealed the presence
of single-phase, 00l-oriented SrTiO; films in all cases
(Supporting Information, Figure S3). No evidence for any
Ruddlesden—Popper series phases or TiO, was observed
suggesting the films, in all cases, are either within the effective
solubility limit for Sr-excess and -deficiency or possess fractions
of these phases below the sensitivity of the diffraction

dx.doi.org/10.1021/cm203042q | Chem. Mater. 2012, 24, 331-337
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Figure 3. (a) Shows 20 scans of the 002 diffraction peaks for SrTiO; films grown at three different laser fluences: 0.35, 0.50, and 0.69 J/cm?. (b)
Change in c-axis lattice parameter of a number of SrTiO; thin films. Films found to be strained have been corrected based on reciprocal space maps
and subsequent calculation of strain-free intrinsic lattice parameter. Direct comparison of filled circles suggests a symmetric lattice parameter change
with excess Sr or Ti, but an asymmetric strain relaxation mechanism. In general stoichiometric and Ti-rich films are found to remain coherent

strained to thicker films.

experiments. Close inspection of the 002-diffraction peak of the
SrTiO; films (Figure 3a) demonstrates that small variations in
the laser fluence result in dramatically different structures.
Similar results were observed for homoepitaxial SrTiO; films.*
Figure 3b shows the intrinsic, stress-free out-of-plane lattice for
all films as a function of laser fluence. Films were found to fall
into one of two categories: fully relaxed (ie., taking on the
intrinsic in-plane lattice parameters expected for that
composition) and strained (i.e, coherently matched to the
underlying substrate’s in-plane lattice parameters) films. The
data here are for films grown on NdGaO; (110) substrates
(which allows us to accurately observe the SrTiO; diffraction
peaks without concern for peak overlap with the substrate).
NdGaO; has slightly anisotropic in-plane lattice parameters a =
3.86 A and b = 3.85 A that are somewhat smaller than the
lattice parameter of SrTiO; (a = 3.905 A). This results in an
effective in-plane compressive strain on the SrTiO; thin films
and an expectation of larger out-of-plane lattice parameters for
the SrTiO; films.

Analysis of these data suggest an asymmetric response in
terms of structural evolution depending upon the nature of the
nonstoichiometry. In particular, films that were (nearly)
stoichiometric or Sr-deficient revealed significantly enlarged
out-of-plane lattice parameters (0.5 and 0.69 J/cm? open
circles in Figure 3b), while those films known to possess a St-
excess consistently showed nearly intrinsic out-of-plane lattice
parameters (0.35 J/cm? Figure 3b). All films were then
analyzed using RSM to probe the in-plane strain state of the
film (typical RSM data for a variety of laser fluences and film
thicknesses are provided in Supporting Information, Figure S4).
In general, it was found that films possessing a Sr-excess quickly
relaxed to the bulk-like in-plane lattice parameters at
thicknesses >50 nm. On the other hand, stoichiometric and
Sr-deficient samples were found to remain strained up to
thicknesses of ~200 nm. For films found to be strained to the
substrate by RSM analysis, we have calculated the intrinsic,
stress-free lattice parameter (a,) using

B (1 =v)a, + v(a, + ay)
ao =

(1)

where v is the Poisson’s ratio of SrTiO;, here assumed to be
0.2,*" a4, is the strained out-of-plane lattice parameter of the
film, and a, and a, are the in-plane lattice constants of the

1+v
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pseudocubic NdGaOj; lattice. Using this equation we have
corrected the strained film lattice parameters (open circles,
Figure 3b) to allow direct comparison with the fully relaxed
films (blue filled circles, Figure 3b).

This data suggests an important limitation to X-ray
diffraction based studies of nonstoichiometric films. Specifically
X-ray diffraction alone can only tell you that your film is off-
stoichiometric, but does not provide insight into the nature of
that off-stoichiometry. The general trend of increasing lattice
parameter with increasing off-stoichiometry has been observed
previously and is thought to be the result of the formation of
disordered planar-like SrO faults in the case of low-fluence (Sr-
excess) and Sr-vacancies in the case of high-fluence (Sr-
deficient) films.*® Furthermore, recent studies have observed
that in films grown on SrTiO; (001) substrates with a sufficient
density of Ti-vacanices (Sr-excess), expansion and elongation of
the lattice parameters may also occur.*” The tendency for Sr-
excess films to relax at considerably thinner film thicknesses
than stoichiometric or Sr-deficient films could result for a
number of reasons. Sr-excess may change the energy barrier of
formation of dislocations, formation of planar-like SrO faults
could help nucleate strain-relaxing dislocations, or strain could
be accommodated by the disordered planar-like SrO faults that
run perpendicular to the surface of the substrate themselves.
Analysis of highly off-stoichiometric films suggests the
possibility of forming 3D networks of these structures is
unlikely since local lattice distortions might drive the structure
energetically unstable and models sug§ested layered planar-like
SrO faults might be more favorable.”® More recent work on
molecular beam epitaxy grown films suggests alignment of
these layered planar-like SrO features perpendicular to the
substrate surface®® which might represent an alternative mode
of strain relaxation. The absence of similar layered structures in
Sr-deficient films might preclude this mechanism of strain
relaxation and allow thicker films to remain coherently strained.

We have gone on to probe the effect of this non-
stoichiometry on the dielectric and thermal properties of
these films. We begin here with a discussion of the effect of
stoichiometry on dielectric response. Over the years, the
dielectric properties of SrTiO; thin films have traditionally been
found to be diminished when compared to bulk samples of
StTiO;. Early studies of permittivity in SrTiO; thin films as a
function of composition suggested a possible explanation.””~>!
These early reports focused on growth from compositionally

dx.doi.org/10.1021/cm203042q | Chem. Mater. 2012, 24, 331-337
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Figure 4. (a) Low-frequency dielectric constant for Pd/SrTiO;/Nb:SrTiO; (001) films grown at 0.35, 0.50, and 0.69 J/cm?. (b) Corresponding loss
tangent as a function of frequency. Error bars are present in both figures, but are too small to see on this scale.

varied ceramic targets and suggested somewhat contradictory
results for optimal properties. For instance, one study suggested
that 10% excess Ti was needed in the target to obtain bulk-like
g, at 300 K*' while others observed a dramatic increase in
dielectric response with targets possessing either Sr- or Ti-
excess,” and still others suggested the need for laser fluence as
large as § J/cm? to achieve bulk-like dielectric response.*® In no
case has a report provided measures of film stoichiometry (as
opposed to target stoichiometry) and the connection to
dielectric response; and none of these reports provide
significant details concerning the effect of nonstoichiometry,
the resulting defect types, and properties.

Low-frequency ¢, and tan § (10°—10° Hz) were estimated
from capacitance—voltage measurements across this frequency
range. The room temperature &, of stoichiometric films grown
at 0.50 _]/cm2 was found to be ~300 and was essentially
constant across the 4 decades of frequency studied here (black
data symbols, Figure 4a). Moving to higher laser fluence (Sr-
deficient films) resulted in a slight decrease in the overall
magnitude of €, and a more noticeable frequency dependence
across the range studied (red data symbols, Figure 4a).
Likewise, transitioning to lower laser fluence (Sr-excess films)
resulted in the most significant decrease in permittivity (blue
data symbols, Figure 4a). Consistent effects were observed in
the losses (tan &), with the most pronounced differences
occurring at low frequencies (Figure 4b). We note that
although all off-stoichiometry films were found to have high
loss levels, the relative increase in loss was not directly
correlated to the loss in permittivity. In fact, films with Sr-
deficiency are found to have the largest losses in all cases.
Similar dramatic effects on electrical properties have been
observed in Nb-doped SrTiOj thin films where growth-induced
nonstoichiometry resulted in order of magnitude increases in
the electrical resistance.*®

Overall there are likely a number of competing factors that
give rise to these changes in dielectric response. First,
generation of increased defect concentrations and lower
crystalline quality samples (which coincide with off-stoichiom-
etry) are known to reduce dielectric response and lead to
increases in losses. Second, the formation of other phases (i.e.,
the disordered planar-like SrO faults) which have lower static
dielectric constants effectively lowers the overall response of
the system. The static dielectric constant of SrO is 13.1 (at 10
kHz).® Using a simple model of series capacitors for the
composite film and using the known Sr-excess to estimate the
fraction of volume occupied by the planar-like SrO-phase, we
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can estimate the reduction in the permittivity. Within the error
of the stoichiometry measurements (+1.2%) we calculate an
estimated permittivity for the SrTiO;/planar-like SrO faults
composite films to be 150+1S. This matches well with the
experimentally observed values. The slight discrepancy could be
explained by the fact that not all of the excess Sr may be present
in the planar-like SrO faults, but some could be accommodated
(along with Ti-vacancies) in the SrTiO; or that some fraction
of the planar-like SrO faults are running parallel to the
measurement direction and do not contribute equally to the
loss of dielectric response. Sr-deficient films on the other hand
are thought to accommodate more Sr-vacancies and do not
form a Ti-rich second phase until larger off-stoichiometry. This
results in a diminished permittivity, but not to the same extent
as Sr-excess films. The difference in these defect structures, also
gives rise to a large difference in tan &. The Sr-deficient samples
(which are thought to possess an increased concentration of Sr-
and O-vacancies) show a slight decrease in ¢, but a dramatic
increase in tan O, consistent with the production of excess
charge carriers and significantly increased losses. On the other
hand, Sr-excess samples (which are thought to possess
disordered planar-like SrO faults) experience a dramatic
reduction of ¢, but only limited enhancement of losses
consistent with only a nominal increase in charge carrier
concentration in the film.

Thermal conductivity was measured via TDTR. A coating of
~100 nm of Al was used as the optical transducer for all
measured samples. The results for these characterizations are
summarized in Figure S. The thermal conductivity of the films
shows a strong correlation to laser fluence, and therefore, film
composition. Nearly stoichiometric films grown at a laser
fluence of 0.50 J/ cm? show the highest as-grown thermal
conductivity. Increasing the laser fluence by 28% to 0.69 J/cm*
(resulting in a ~2—4% Sr-deficiency) results in a reduction of
the thermal conductivity by ~35% compared to stoichiometric
films. Likewise, reduction of the laser fluence by 30% to 0.35 J/
cm® (resulting in a ~2—4% Sr-excess) reduces the thermal
conductivity in the film by nearly 65% as compared to the
stoichiometric films. Much like the epitaxial strain relaxation
process, the deviation in thermal conductivity is found to be
highly asymmetric, with small deviations toward Sr-excess
driving dramatic changes in thermal conductivity. The thermal
conductivity of SrTiO; is dominated by the phonon
contribution,** and the observed effect of stoichiometry on
this thermal conductivity is a direct manifestation of the impact
of how defects in materials impact phonons. Recall that films
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Figure S. TDTR results for SrTiO; films grown on NdGaO; (110)
substrates as a function of deposition geometry and laser fluence. The
dashed line indicates the thermal conductivity of bulk SrTiO;. In
general, films with excess Sr (blue circles) exhibit a drastic reduction of
thermal conductivity, those with excess Ti (red diamonds) show a
somewhat diminished thermal conductivity, and nearly stoichiometric
(black triangles) show the highest thermal conductivity.

possessing Sr-deficiency have an enhanced concentration of Sr
vacancy point defects. Such point defects tend to scatter higher
frequency phonons, leading to a smaller, but non-negligible
reduction in thermal conductivity. On the other hand, however,
Sr-excess results in the formation of disordered planar-like SrO
faults which lead to an increase in crystalline interfaces
throughout the film.***> These interfaces cause increased
scattering rates of all phonons, producing a much larger
reduction of thermal conductivity.

We also note that the nearly stoichiometric films show
thermal conductivities somewhat diminished from the bulk
thermal conductivity of SrTiO,>* A number of important
considerations should be discussed. First, the data here is for
films grown on NdGaOj; (110) substrates and represent a range
of strained and unstrained films. It is thought that the extended
defects and residual strain created by growth on a lattice
mismatched substrate should not have a significant effect on
thermal conductivity at temperatures T > 150 K. This weak
strain effect can be explained by the Leibfried—Schlomann
equation which states that the thermal conductivity should scale
with the cube of the Debye temperature.**S The Griineisen
parameter of SrTiO; is 1.5* and thus a strain of 1.1%
(consistent with a coherently strained film on NdGaO;) should
produce only a 1.7% change in the Debye temperature, and
therefore a 5.1% increase in thermal conductivity. This cannot
explain the nearly 14% reduction in thermal conductivity
observed for the stoichiometric films. Furthermore, because
some films are fully strained, some partially relaxed, and others
completely relaxed, a more dramatic variation in results would
be expected if strain was producing a dramatic effect. We
believe that the diminished thermal conductivity can be
explained by the effects of oxygen vacancies. Upon annealing
the nearly stoichiometric samples in 760 Torr of O, at 700 °C
for 2 h, we observe the thermal conductivity to be enhanced
relative to the as-grown samples. Similar changes in thermal
conductivity were observed in significantly oxygen deficient
single crystal SrTiO;.**

B CONCLUSION

We have shown that the stoichiometry of SrTiO; thin films
grown via pulsed laser deposition can vary dramatically from
the expected. In particular, the laser fluence has a marked effect
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on the stoichiometry and small variations in laser fluence can
drastically change the stoichiometry. Furthermore, these
compositional variations can lead to diminished structural
quality and, in turn, diminished dielectric and thermal
properties.

Recent work on LaAlO;/SrTiO; heterointerfaces and
SrTiO;-based thermoelectrics has provided exciting possibilities
for new devices and applications based on oxide materials. In
the pursuit of these exciting results, however, researchers may
have overestimated the robustness of our synthesis methods. In
an effort to fully understand the mechanisms behind these
intriguing phenomena, we cannot overlook basic materials
concepts such as (non)stoichiometry and the importance of
these effects in determining our ultimate performance.
Regardless of the fundamental mechanism for such effects,
researchers are finding innovative ways to utilize such
phenomena in first generation devices. Nonetheless, by
combining two or more of the techniques of X-ray diffraction,
dielectric response, and thermal characterization researchers
can accurately probe cation stoichiometry in these intrinsic (i.e.,
undoped) complex oxide systems. In the end, it is important for
researchers to fully understand how failures in our assumptions
about deposition techniques can impact the properties of the
samples produced. How such stoichiometric deviations could
result in the manifestation of a range of exotic phenomena
observed in SrTiO;-based systems is beyond the scope of this
paper, but what is clear is that such deviations must be carefully
studied in these exciting systems to uniquely identify the
fundamental mechanisms for these important phenomena.
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