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ABSTRACT: Control over structure and composition of
(ABO;) perovskite oxides offers exciting opportunities since
these materials possess unique, tunable properties. Perovskite
oxides with cobalt B-site cations are particularly promising, as
the range of the cation’s stable oxidation states leads to many
possible structural frameworks. Here, we report growth of
strontium cobalt oxide thin films by molecular beam epitaxy,
and conditions necessary to stabilize different defect
concentration phases. In situ X-ray scattering is used to
monitor structural evolution during growth, while in situ X-ray
absorption near-edge spectroscopy is used to probe oxidation
state and measure changes to oxygen vacancy concentration as

a function of film thickness. Experimental results are compared to kinetically limited thermodynamic predictions, in particular,
solute trapping, with semiquantitative agreement. Agreement between observations of dependence of cobaltite phase on
oxidation activity and deposition rate, and predictions indicates that a combined experimental/theoretical approach is key to
understanding phase behavior in the strontium cobalt oxide system.
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B INTRODUCTION

The demand for improved performance in energy conversion
and storage devices, including solid oxide fuel cells and
electrocatalysts,' " as well as “beyond Moore” information
processing technologies,5’6 necessitates the design and synthesis
of new materials. Perovskite-derived transition metal oxides are
particularly well suited to addressing these challenges because
they offer an enormously wide range of electronic, magnetic,
and optical properties, all within a common ABOj; structural
framework.” The intimate relationship between the d orbitals of
the B-site ion and the 2p oxygen orbitals within the BOq
octahedron allows fine-scale tuning of these behaviors and even
coupling among different properties through application of an
external field.* A more recent realization was the importance of
functional ion defects in these materials,’ highlighting the
critical need for control over point defects within the different
ionic sublattices. In addition, for perovskites with multivalent B-
site cations, oxygen vacancies play an especially important role
in determining the electrochemical properties of the oxide.'~"*

A vparticularly versatile B-site transition metal is cobalt
because it exhibits oxidation states varying from 2+ to 4+ and
therefore a range of different coordination environments with
oxygen (tetrahedral, square pyramidal, and octahedral). This
allows the creation of many possible structural frameworks,
each with unique physicochemical properties, all dependent on
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the oxygen vacancy concentration. A wide range of interesting
properties have been exhibited in the cobalt oxides, including
high electrocatalytic activity,'”'> reversible magnetic states,"*
and controllable oxygen diffusivity," all of which has led to
significant interest in the controlled synthesis of these
materials.'>'*'” For instance, SrCoO; is a ferromagnetic
metal comprised entirely of corner-shared octahedra,'® while
SrCo0,; is an antiferromagnetic insulator made from both
tetrahedral and octahedral building blocks. The similarity
between the SrCoOj; and SrCoO, crystal structures permits
fully reversible oxygen intercalation between the two phases via
a topotactic phase transition,”'”'”** enabling redox-based
tuning of material properties.

Controlling oxygen nonstoichiometry in the strontium
cobaltites through experimental methods and conditions during
epitaxial thin film synthesis offers another route to achieving
defect-engineered properties in these materials. Oxygen
vacancies order to form the homologous series STCoO 3,1y,
with n = 2, 4, 8, and oo, the SrCoO; endmember, structures
having been reported.””**** These structures are shown in
Figure la—d, where brownmillerite-structured (BM-SCO)
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Figure 1. Structures of the stable members of the SrCoQ s,_,y,, homologous series for n = 2 (a), 4 (b), 8 (c), and oo (d) on SrTiO; (001) and (e—
h) their corresponding (calculated) X-ray scattered intensities along the (00L) specular rod assuming films are coherently strained, respectively. The
n = 4 and 8 members (b and c) have two possible orientations, shown separated by the dotted line, the (00L) in panels f and g are an average of
these two. The polyhedra corresponding to CoO,, CoOs, and CoOg are shown in cyan, blue, and violet, respectively. Strontium atoms and oxygen
atoms are green and red, respectively. The defect structures are expected to evolve from left to right when moving from reducing to more oxidizing

conditions.

SrCo0, and perovskite-structured (P-SCO) SrCoO; corre-
spond to n = 2 and oo, respectively. Within this defect structure
series, controlling growth parameters leads to a range of
attainable Co oxidation states increasing from Co®* to Co*'
accompanied by a decrease in the in-plane (pseudocubic)
lattice parameter, @, with increasingly oxidizing conditions.”’
Both oxygen activity and epitaxial strain play key roles in phase
determination, and it was previously demonstrated that one can
even select a particular n and intermediate oxygen stoichiome-
tries by applying epitaxial strain using different single-crystal
substrates.” The degree of oxygen vacancy ordering can be
easily measured through X-ray diffraction, with the correspond-
ing (00L) specular rod intensities for the structures in Figure
la—d shown in Figure le—h, respectively. Previous strontium
cobalt oxide films were grown by pulsed laser deposition
(PLD), which takes place in a dense plasma environment with
particle impingement energies ranging from 5 eV to over 50
eV; the films were therefore grown in conditions very far from
thermal equilibrium.>'%'>'%*>?>2¢ In contrast, the impinge-
ment energies for molecular beam epitaxy (MBE) are on the
order of 0.1 eV,%” and the growth rates are much slower than
those of PLD, allowing for much greater control over the
construction of each individual atomic layer, including its defect
content.”® Since one of the goals of this study was to
understand the structure of films at the individual atomic
monolayer level the flexibility and control afforded by MBE led
to its choice as the method of synthesis.

However, the growth conditions for stabilizing different
members of the SrCoO;,_;y,, series and their related defect-
ordered structures are not well-known for MBE synthesis.
These conditions must be identified to reliably grow materials
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that take advantage of the tunable properties available in the
strontium cobalt oxide system to facilitate their integration into
functional devices. Here, we report a systematic investigation
into the growth of strontium cobalt oxide (SCO) thin films by
oxide MBE. We exploit a unique instrument that permits both
in situ X-ray scattering and absorption spectroscopy during
growth, allowing detailed observations of the atomic-scale
processes that take place during reactive deposition and the
evolution of oxygen defects and defect ordering within the
growing film.”” We determine the optimal MBE conditions for
stabilization of different SCO phases and compare our results
with calculated thermodynamic equilibria and kinetically
limited thermodynamic processes such as solute trapping.*’~>”

Applying these approaches allows the effects of growth
conditions to be understood from a theoretical viewpoint. This
in turn enables prediction of the conditions necessary for
growth of defect-engineered films via MBE.

B EXPERIMENTAL SECTION

Thin Film Deposition. The SCO films were grown on low miscut
(<0.1°) single-crystal 10 mm X 10 mm X 1 mm SrTiO; (0 0 1)
substrates (CrysTec GmbH) chemically prepared to exhibit TiO,
surface termination.’® The crystals were first sonicated in deionized
water for 10 min at room temperature and agitated in a buffered
hydrofluoride solution (NH,F:HF = 3:1) of pH 5—S5.5 for 30 s before
being rinsed in deionized water. The etched substrates were then
annealed at 1323 K for 2 h in flowing oxygen, resulting in terraced
surfaces that exhibited unit-cell height steps. All films were grown by
reactive molecular beam epitaxy using the custom-built chamber
shown schematically in Figure 2. Pure oxygen or oxygen mixtures with
ozone collected from a commercial distiller (DCA Instruments) was
introduced into the chamber using a leak valve and controlled at total
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Figure 2. Schematic of the oxide MBE and surface X-ray scattering
chamber at sector 33-IDE of the APS showing the geometry of growth,
in situ scattering and in situ spectroscopy measurements.

pressures ranging from 2.67 X 107 to 1.33 X 107* Pa. The relative
ozone concentration was varied from 10% (i.e,, 10% O; + 90% O,) to
nominally 100%. Prior to deposition, the substrates were annealed for
20 min in the background O,/O; environment at a substrate
temperature, Ty, that ranged from 823 to 1023 K as measured by
an optical pyrometer. The strontium and cobalt metal vapors were
supplied via effusion cells with fluxes calibrated by a quartz crystal
microbalance. We used a sequential deposition method in the pattern
Sr - Co — Sr —» Co — etc, where the shutters of the individual
effusion cells were programmed to open and close after the deposition
of each single atomic plane or monolayer (ML). This shutter order
was chosen to produce either the Brownmillerite or the perovskite
phases.>> ™’

In Situ X-ray Scattering. The MBE chamber is mounted on a six-
circle diffractometer, as shown in Figure 2, and installed at Sector 33-
IDE of the Advanced Photon Source (APS).*® A curved beryllium
window allows X-rays to enter and exit the MBE chamber for
scattering measurements. During shuttered deposition, we monitored
the evolution of scattered X-ray intensity at the anti-Bragg position
(001/2) of the SrTiO; substrate, which provides information on the
film thickness and growth mode,*” and measured the (00L) specular
rod immediately following deposition. Some films were interrupted
periodically during growth to perform (00L) specular measurements,
which provides detailed information on film evolution. (Here, we
employ reciprocal lattice units (rlu) referenced to the room
temperature SrTiO; lattice parameter, 0.3905 nm, and use
pseudocubic (pc) indexing for all crystal structures.) Two-dimensional
images of the scattered 7.5 keV X-rays were recorded with a pixel array
detector (Pilatus 100 K, Dectris) and reduced to background-
subtracted integrated intensities.*’

In Situ X-ray Absorption Spectroscopy. To determine the
oxidation state of Co during the growth of SCO on SrTiOj;, we also
performed in situ X-ray absorption near-edge structure (XANES)
measurements across the Co K-edge. The intensity of the fluoresced
X-rays from the SCO films was measured with a silicon drift detector
(Vortex-60EX, Hitachi) aimed at the sample from above, as shown in
Figure 2, such that the X-rays passed through the beryllium exit
window. To calibrate the X-ray energy, parasitic air scattering from the
incident beam was transmitted through a S-pm-thick Co reference foil
placed atop a Si-PIN photodiode. In front of the reference foil was an
ionization chamber, providing incident intensity I, which was used to
normalize reference spectra. Downstream from the reference a second
ion chamber, measuring intensity Ij, was placed, allowing normal-
ization of sample spectra.
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Bl RESULTS AND DISCUSSION

Sr—Co—O Film Growth. Epitaxial growth of cobalt oxides
by MBE requires maintaining a narrow substrate temperature
and background pressure window—the temperature must be
high enough to achieve sufficient adatom mobilities (>~773 K)
but low enough to prevent decomposition of the film into the
hexagonal SrsCosO;s phase (~923 K for bulk systems)."'
Although the total background pressure is limited to a
maximum of ~107* Pa, changing the O, to O; ratio varies
the oxygen activity by many orders of magnitude (up to 10'°
depending on the temperature). Within the investigated
temperature and oxygen activity window, we observed the
appearance of two distinct crystalline phases, both of which
were epitaxial with the SrTiO; (001) substrate; measurements
of nonspecular Bragg peaks indicated that both phases were
also coherently strained to the substrate. The scattered
intensities along the specular rod for these phases are shown
in Figure 3a, b, and the XANES spectra are presented in Figure
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Figure 3. X-ray scattering along the (00L) crystal truncation rod of
phase-pure SrCoO, 5 (a) and Sr;C0,04,5 (326-SCO) (b) films grown
on SrTiO; (001). Film shown in panel a was grown at Ty, = 875 K,
pO; = 1.33 X 107* Pa, and that shown in panel b was grown at Ty, =
873 K, pO, = 1.33 X 107* Pa. XANES at the Co K-edge (c) for the
films, showing they both exhibit ~Co®', as measured at px = 0.5 (the
intensity halfway point of normalized spectra). The energy references
are from the Co metal foil and refs 43 and 44.

3c. The latter shows that for both phases, Co has an oxidation
state of 3+. The crystal structure in Figure 3a can be readily
identified by reference to Figure le as brownmillerite,
SrCo0,;s. The film shown was grown at Ty, = 875 K with
100% Oy delivered at pO; = 1.33 X 10~* Pa. The results are in
good agreement with previous reports for PLD-grown SrCoO, g
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films that possess a pseudotetragonal structure with in-plane
and out-of-plane lattice parameters of g, = 0.3905 nm and ¢, =
0.3940 nm, respectively (at room temperature).”” The
scattering data in Figure 3a show reflections near the substrate
Bragg peaks as well as superstructure reflections at (00m/2),
with m being odd, stemming from octahedral-tetrahedral
stacking along [001],, as shown in Figure la.

The scattering pattern in Figure 3b does not match any of
those shown in Figure le—h, suggesting that the structure is
not a member of the BM-SCO to P-SCO series, SrCoO 3,1y,
This film was grown at Ty, = 873 K, but using 100% O,
delivered at pO, = 1.33 X 107* Pa. There are numerous Sr—
Co—O phases,* but only a small number would be coherently
strained with the SrTiO; (001) substrate, like those observed
herein. These include the perovskite-related Ruddlesden—
Popper series, Sr,,,;C0,0;,.1."° We note that Ruddlesden—
Popper films of similar A—B—O oxide materials have previously
been grown on perovskite-type substrates. These films have
been shown to be stable and coherently strained to the
substrate, in many cases forming intergrowths with each other
or the perovskite endmember of their respective series.'”~*
Considering that only the first few n members would be
structurally stable, we consider Sr,CoO,, Sr;Co,0O,, and
Sr,Co0;0,,, which have bulk out-of-plane lattice constants of
1.233, 2.022, and 2.855 nm, respectively. The period of the film
Bragg peaks in Figure 3b is ~0.385 in L or 1.01 nm in real
space. This agrees only with Sr;Co,0,, given that the Bragg
condition is satisfied for every (002) plane in the tetragonal
unit cell (Figure 4a). However, the Co®" observed in XANES
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Figure 4. Crystal structures of the Sr;Co,0, Ruddlesden—Popper (a)
and the related oxygen-deficient Sr;Co,04, 5 (b) showing positions of
oxygen vacancies. The polyhedra corresponding to CoOg and CoOyq
are shown in blue and violet, respectively. Strontium atoms and oxygen
atoms are shown in green and red, respectively.

indicates that the actual stoichiometry is closer to Sr;Co,04¢,s
(326-SCO), where 6 + § indicates a number close to 6, within
the error of the measurement. Synthesis of bulk samples of
Sr3C0,0575, Sr3C0,054;, Sr3C0,0544,, and Sr;Co,04 ¢ have all
been reported in literature, and their structures have been
determined.””>" As shown in Figure 4b, oxygen vacancy
ordering also occurs in this system, forming lattice frameworks
comprised of CoOj square pyramids and CoOg octahedra.™
All films grown across the explored range of conditions were
identified as either SrCoO, (OOI)PO Sr3C0,04,.5 (OOI)PO or a
mixture of the two. Some films, particularly those identified as
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pure Sr;C0,04, also exhibited diffraction peaks at (0, 0, L =
1.83), indicating the presence of (001)-oriented CoO particles.
Since the deposition ratio of Sr:Co was approximately one for
all samples, some amount of CoO is expected. In most
instances, however, there was no trace of CoO. This could
potentially be due to volatilization of CoO nanoparticles, an
explanation offered for other oxide materials.”” However, the
vapor pressure of CoO at the growth temperatures investigated
is very low, making this unlikely. The phenomenon of solute
trapping offers a possible explanation and will be discussed in
later sections. We note that one or both of the SrCoO, and
Sr;C0,04,5 compounds may be stable over some A:B
composition range. As the bulk Sr—Co—O phase diagram has
only recently been investigated,*”>’ the upper limits of
nonstoichiometry in the two compounds are currently unclear,
particularly for thin film samples.

Effects of Growth Rate on Phase Stability. To
investigate the role of growth kinetics on phase behavior, we
conducted a series of growths at Ty, = 873 K, pO; = 1.33 X
107* Pa, varying only the overall growth time. Growth was
interrupted at different stages to perform X-ray scattering and
spectroscopy and study the evolution of the film as a function
of film thickness. One film was grown without interruption
(having the fastest effective deposition rate of 0.003 A/s), a
second was interrupted for measurement after deposition of
every four bilayers (BLs) (with an intermediate deposition rate
of 0.002 A/s), while a third film was interrupted after
deposition of every BL (with the slowest deposition rate of
0.001 A/s). The scattered intensities at 0 0 1/2 rlu and growth/
interruption schemes for these films are shown in Figure Sa, c,
and e, where the observed oscillations correspond to the
growth of each individual SrO-CoO, bilayer. Since SrCoO,
exhibits a distinct Bragg reflection at 001/2 rlu, (the (002) peak
of SrCo0O,;) as shown in Figure le, the appearance of the
brownmillerite phase here should result in a gradual increase of
intensity with deposition time; this behavior is observed
unambiguously for growth of the two films with the faster
overall deposition rates in Figure Sa and c. For both films, the
brownmillerite phase does not appear until after the deposition
of eight BLs. The brownmillerite crystal structure requires a
minimum of four BLs for a unit cell (which should result in a
weak but discernible Bragg peak at (001/2) rlu, as shown in
Figure 1a), indicating that there is a two-unit-cell critical
thickness for brownmillerite phase formation. As will be
discussed below, cobalt is already in the 3+ oxidation state at
four BLs; thus, the film indeed has composition SrCoO,; at
this thickness but with a disordered vacancy arrangement on
the oxygen sublattice. The intensity at the 0 0 1/2 rlu for the
film that was interrupted the most frequently is weaker and its
behavior is less predictable than the others, as shown in Figure
Se. The intensity also increases after the deposition of eight BLs
but then reaches a plateau for the final four BLs of growth.

The final (00L) scans for these films are shown in Figure Sb,
d, and f, which indicate that the films grown at faster deposition
rates consist primarily of BM-SCO while the more slowly
grown film is composed of both SrCoO, 5 and Sr;C0,04, 5 We
therefore conclude that decomposition of the SrCoO, 5 phase
into Sr;C0,04,5 and CoO can be avoided by increasing the
deposition rate, which is in good agreement with the results for
PLD-grown films.”'" The consequences of these results in
terms of thermodynamic theory predictions and kinetic models
will be discussed further in later sections.
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Figure S. Scattered X-ray intensity at the (001/2) position during growth (left) of three different Sr—Co—O films (a, ¢, €) on SrTiO; (001) and their
corresponding (00L) scans of the films (right) after growth (b, d, f). Films were interrupted (marked as “Measure”) during growth as depicted in the
inset shutter schematics of panels a, ¢, and e. All growths shown were conducted at T,,, = 873 K, pO; = 1.33 X 107* Pa.

Figure 6 shows the evolution in the (00L) scans as a function
of film thickness for the BM-SCO film that was interrupted
every four BL (Figure 63, c) and the BM-SCO + 326-SCO film
interrupted after every BL (Figure 6b, d); the tick marks on the
right sides of Figure 6¢ and d indicate times at which a bilayer is
deposited. It is clearly seen in Figure 6¢ that the half-order
reflections at 001/2 and 003/2 rlu (indicated by the pink
arrows) gain intensity after the deposition of eight BL. These
peaks persist and become sharper as the film grows, as expected
for an epitaxial film. For the two-phase film, shown in Figure
6d, reflections from the Ruddlesden—Popper phase near L =
0.77 and L = 1.14 (indicated by the blue arrows) become
distinct from the thickness fringes after deposition of ~S BLs,
in agreement with the Sr;Co,04,s unit cell lattice constant of
~2 nm. As with Figure 6c, intensity at the 001/2 rlu. of
SrCoO, ; appears only after deposition of eight BLs. The Bragg
peaks from both phases persist throughout growth and sharpen
with increasing film thickness, indicating that the two phases’
presence is set soon after the nucleation stage.

We fit the distinct SrCoO,5 and Sr;Co,04,5 Bragg peaks
with Gaussian functions to find the full-width half maxima and
determine the average thicknesses of each phase within the
growing films (0.3905 nm/fwhm); instrumental broadening is
considered insignificant based on the narrowness of the SrTiO;
Bragg peaks. The total film thickness was determined from the
spacing of the thickness fringes (0.390S nm/AL). The results
of this analysis are summarized in Figure 7a for the BM-SCO
phase and Figure 7b for the two-phase film. The close match
between the two curves in Figure 7a indicates that the out-of-
plane correlation length of the SrCoO,; spans the film
thickness, as expected for a coherently strained film. The data
in Figure 7b show that the BM-SCO and 326-SCO phases grew
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at similar rates, with final phase thicknesses equal to that of the
total film thickness. This indicates that a simple domain
structure for this film is represented by a self-assembled
vertically aligned nanocomposite comprising the Sr;C0,04,s and
SrCo0, 5 phases.”

Results of the in situ XANES measurements for the single-
phase BM-SCO and two-phase BM-SCO + 326-SCO films are
shown in Figure 8a and b, respectively. After the growth of 16
BLs for each of the films, cobalt exhibited the 3+ oxidation
state. Interestingly, for the BM-SCO film in Figure 8a, the 3+
oxidation state is present from the start, even after the growth
of only four BL. Since the brownmillerite structure does not
form until after the deposition of eight BL (as discussed above),
this indicates that the oxygen vacancy concentration is already
set at four BL. There is negligible change in the shape of the
XANES profile as the SrCoO, 5 continues to grow.

As for the composite film shown in Figure 8b, the first grown
layer of cobalt oxide appears to be CoO, possibly from a
tetrahedrally coordinated layer, as discussed by Meyer et al.>®
According to the brownmillerite structure shown in Figure 1la,
the subsequent cobalt oxide layer is CoO,, such that the
average Co oxidation state should be 3+ after two BLs.
Similarly, from the Sr;Co,0Og,s structure shown in Figure 4b,
each cobalt oxide plane consists of Co;0s, such that the Co
should be 3+ or higher, from the start of deposition. Here,
however, every subsequent CoO,, layer appears to increase its
average oxygen coordination until cobalt reaches Co** at ~14
BLs. The reason for composite formation may be related to the
redistribution of oxygen vacancies. As the brownmillerite phase
exhibits long-range vacancy ordering, the deviation of oxygen
stoichiometry from 2.5 cannot be too large (as demonstrated in
Figure 8a). Therefore, excess oxygen vacancies in the initial
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when measurements were taken.

nuclei of SrCoO, s may be redistributed laterally to structures
that can tolerate a greater concentration of oxygen vacancies,
such as Sr;C0,04 5" This would lead to the formation of a
nanocomposite where the phase fraction of Sr;Co,O4_s
increases in more reducing growth conditions.

Thermodynamics of Sr—Co—O Film Growth. The
microstructure of the strontium cobaltite films grown by
MBE appears to depend strongly on the growth rate. For the
series of growths discussed, fast growth (relative to atomic
diffusion) results in stabilization of the SrCoO, s phase, while
slow growth leads to a mixture of SrCoO, 5 and Sr;Co,04,s.
This indicates that altering the effective deposition rate of films
via MBE allows selection of the phase fraction with regions
dominated by either kinetics or thermodynamics.

To probe the underlying mechanisms governing the
formation of the observed phases, available thermodynamic
data for the Sr—Co—O system were compared to the results of
a series of growth experiments in different conditions with an
identical A:B ratio and shutter sequence as described in the
experimental section.

The SCO films grown using O, and O; can be directly
compared as outlined by Suzuki et al.,’® using the
thermodynamic quantity of oxygen activity in ozone, ag.

Chemical equilibrium between ozone and oxygen gas is given
by Os(g) < 3/20,(g), so the standard Gibbs free energy
change for ozone decomposition is
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(ps)*"
O,

eq
Po

AG° = —RTIn
s
where R is the gas constant, T is the temperature, and po, and
Po, are the equilibrium partial pressures of oxygen and ozone.
This can be rewritten in terms of the thermochemical activity of
oxygen in ozone (ao,) as

(aOZP 0)3/2

Po

3

AG°

—RT In

where P° is the total gas pressure of the system. Since Sr/Co =
1, the oxygen partial pressure for 326-SCO (Sr;Co,0q, taken as
SryCo40;5 in thermodynamic equations) and brownmillerite
(BM-SCO, SrCoO,;, taken as Sr,Co,Os in thermodynamic
equations) phase coexistence, pgl(326-SCO < BM-SCO), can
be determined from the reaction 4SryCos0;5(326-SCO) +
12Co0 + 30,(g) < 18Sr,C0,05(BM-SCO). The free energy
of Sr,Co0,0;5 (BM) formation is then given by

18
4BM-SCO

u;;é_scoaéio(pgj(szé-sco < BM-SCO))*

G} = —RT In

where apyvisco, d36.5co, and aceo are the activities of these
materials relative to the pure substances. Assuming these
activities to be unity, po,(326-SCO < BM-SCO) can be

calculated for this reaction in the experimental temperature
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Figure 7. Thickness of different phases during growth in a pure BM-
SCO film (a) and the BM-SCO + 326-SCO film (b). The BM-SCO
phase is indicated by the pink traces, and the 326-SCO phase is
indicated by the blue traces, while the overall film thickness based on
CTR thickness fringes is indicated in black. Linear fits are drawn as a
guide for the eye.
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Figure 8. In situ XANES measured at the Co K-edge during growth of
two films interrupted at different points throughout growth, showing a
phase-pure BM-SCO film (a) interrupted after deposition of each four
BL and a two-phase BM-SCO and 326-SCO film (b) interrupted after
deposition of each BL.

range using thermodynamic constants found in recent
literature.”>*>” We present calculations for p0,(326-SCO <
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Figure 9. Thermodynamic phase diagram (a) showing po /ao, (left/
right axis) for the 326-SCO «> BM-SCO reaction (bold line). The aq,
of 100% Oj at 1.33 X 10™* Pa is indicated as a short, dashed line, while
100% O, at 1.33 X 10™* Pa is indicated by the long, dashed line. In
panel b, containing an enlarged view of panel a, we overlay the results
for films of Sr—Co—O grown at varying Ty, and ao,. Open and dark

circles indicate brownmillerite and 326-SCO films, respectively, with
mixtures of the two indicated by partially shaded circles.

BM-SCO) and 4, (326-SCO <> BM-SCO) in Figure 9a. Here,

the temperature dependent activities of 100% O3 and 100% O,
at 1.33 X 107* Pa, that is, the most oxidizing and most reducing
conditions used in these experiments, are shown as short and
long dashed lines, respectively. As depicted, growth in an
atmosphere of 100% O, gas (4o, = 1.3 X 107° compared to ao,

at 101,325 Pa) should yield the brownmillerite phase for T, <
345 K, a temperature too low to achieve good crystal quality.
Above this temperature, 326-SCO and CoO are thermody-
namically favored. However, if 100% Oj; gas is used, the BM-
SCO is favored up to a growth temperature of 835 K.

The data from growth experiments are overlaid on this plot
in Figure 9b. To the left and above the solid a (326-SCO «

BM-SCO) boundary, only the brownmillerite phase is present
(indicated by the open circles), as predicted by thermody-
namics. However, to the right and below this line, the phase
behavior of the Sr—Co—O system becomes more complex as
shown by partially shaded circles; here, more shading
corresponds to a greater Sr;Co,0¢,.s phase fraction. Contrary
to the thermodynamics, films of pure BM-SCO, pure 326-SCO,
or a mixture of the two can be grown in this region. From the
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experiments summarized in Figure 9b, stabilizing the SrCoO, 5
phase outside of its thermodynamically stable phase region was
challenging despite controlling the Sr:Co ratio and shuttering
scheme. This chemical analysis considers only thermodynamics
while ignoring interface energies, epitaxial strain, and kinetic
effects, which can be critical to thin film phase stability. For
example, higher quality epitaxial films of SrCoO, s have been
grown on LSAT, lanthanum aluminate—strontium aluminum
tantalite, than on SrTiO;, due to the better lattice mismatch
with SrCo0, 5.” These calculations nevertheless provide insight
into the energetics of film growth, which is apparent from the
relative agreement seen in Figure 9b. The three open circles
just inside the 326-SCO region refer to films grown at
effectively faster rates, displaying the kinetically stabilized
Brownmillerite structure. The agreement is more evident if
growth is performed in a region far from the BM-SCO « 326-
SCO phase boundary, where the thermodynamically stable
phase is favored, for example when 100% O, is used rather than
O; during synthesis (bottom of Figure 9b). This is illustrated
by the series of films interrupted during growth to produce
different effective growth rates, Vi. These three growths were
conducted just inside the 326-SCO phase region. The growth
of the mixed-phase films indicates that above some critical
growth velocity, V,, metal atoms deposited do not experience
sufficient surface diffusion, D,, to nucleate the thermodynami-
cally stable phase.

Kinetics of Sr—Co—O Film Growth. Slower growth of
films led to increased observation of the expected thermody-
namic phase, while faster growth stabilized the brownmillerite
phase- implying kinetic control. This agrees qualitatively with
two models proposed in the literature for MBE growth. The
first model, based on alloy decomposition,”®™* states that
growth temperature, rate, epitaxial strain, and thermal
expansion coefficients of the phases determine the stable
phases and morphology of films. The effects of temperature and
growth velocity, as well as the vertical domain structure are
consistent with our experimental observations. Epitaxial strain
is likely to be very important in the energetics of the Sr—Co—0O
system, as films grown on LSAT (001)-oriented substrates
under similar conditions displayed stability of the BM-SCO
phase well into the unstable thermodynamic region. This is
most likely due to differences in the degree of lattice mismatch.

A more quantitative second model consistent with our
observations is solute trapping. This model is valid when the
brownmillerite growth rate prevents atoms from migrating to
their thermodynamically favored positions.”"~>* Solute trapping
thus occurs under the condition

s,

D
where V = growth velocity, a = hopping distance, and D =
interface diffusion coeflicient. Here, a high film growth rate
implies that the resulting phase depends on the metal source
shutter sequence and timing, leading to A—B cation
substitution as atoms are quickly “frozen” in place by the
advancing growth front. For the series of films grown with
different V7, the ratio (V a)/D can be underestimated using the
self-diffusion coefficient of cobalt in cobalt D¢y = 3.03 X
107" cm?/s (ref 61) and ac,_c, = 3 A. The growth velocity for
these films ranged from 0.001—0.003 A/s, resulting in (V a)/D
>~ 0.1-0.3. This is an underestimate, as the self-diffusion
coeflicient in the oxide is certainly smaller than that of the
metal, and a value of 3 A for the hopping distance is likely too
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small. At these ratios, particularly those closer to one, it is likely
that the process of solute trapping occurs, thereby allowing
films to retain the BM-SCO structure.

B CONCLUSIONS

Our results on the layer-by-layer growth by oxide MBE of the
Sr—Co—O oxide system provide insight into the different roles
of thermodynamics and kinetics on complex oxide phase
stability. It was observed that while SrCoO, s can be stabilized
by both epitaxial strain and faster growth rates, longer
exposures to high temperature/low oxygen activity environ-
ments help to stabilize the Sr;Co,0¢,s phase, and moderate
growth rates in these conditions can lead to the self-assembly of
an epitaxial nanocomposite. The phase formation is in
semiquantitative agreement with the established theory of
solute trapping. Combining thermodynamic phase diagram
calculations, where data on the relevant phases is available, with
experimental investigation of a wide range of growth conditions
is an approach that should be applied to other complex oxide
systems. Insight from this approach leads to effective strategies
for targeting the formation of other desirable oxide phases or
phase mixtures similar to those observed in the Sr—Co—O
system.

The brownmillerite phase of SrCoQO,s was observed to
require a minimum thickness of two unit cells; the oxygen
vacancies remained disordered below this thickness. The in situ
XANES data showed that Co reaches the 3+ oxidation state for
a single unit cell and remains fixed for the remainder of
deposition. In contrast, Sr;Co,04.5 nucleates with some oxygen
deficiency, 9, gradually incorporating more oxygen from the
environment during growth.

As demonstrated, investigating the effects of deposition rate
on phase behavior in the MBE environment necessitates the
use of in situ probes, particularly when dealing with oxygen-
deficient materials and attempting to understand the
thermodynamic and kinetic contributors to growth behavior.
This investigation into the Sr—Co—O system, with its highly
flexible oxidation state and rich phase diagram, provides a
prototypical example for understanding the synthesis of other
multivalent transition metal oxides. We show that both X-ray
scattering and spectroscopy are key to revealing the physical
and chemical processes taking place during deposition and that
such in situ techniques are essential for optimizing the defect-
engineered properties of cobaltite heterostructures.
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