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Thin films of La0.7 Sr0.3 MnO3 and La0.7 Sr0.3 FeO3 have been deposited on single crystal yttria-stabilized zirconia (YSZ) substrates
using molecular beam epitaxy. Due to the large lattice mismatch, three-dimensional growth is observed with strain relaxation
occurring within 1-2 unit cells. The as-grown perovskite/YSZ interfaces are abrupt, despite the imperfections associated with strain
relaxation. The films exhibit a single crystallographic orientation along the growth direction, with the perovskite [011] parallel to the
YSZ [001]. Synchrotron diffraction and plan view transmission electron microscopy reveal the presence of a columnar grain structure
with the in-plane [100] and [011̄] film directions preferentially orientated along the YSZ 100. The stabilization of perovskites on
YSZ substrates with abrupt interfaces and a well-defined crystallographic orientation allows for the use of thin film model systems
to study cathode/electrolyte interfacial reactions and morphological changes relevant to solid oxide fuel cells.
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Advances in synthesis techniques for oxide thin films have enabled
atomically-controlled heteroepitaxial growth of a range of transition
metal oxides. This ability to grow atomically abrupt heterostructures
of multifunctional oxide compounds has led to an intense research
effort aimed at producing electronic devices and photovoltaics based
on complex oxides. An additional, yet less explored, research opportunity that arises from the thin film growth of complex oxides is the
formation of abrupt oxide-oxide interfaces to act as model systems for
electrochemical energy conversion and storage devices. For instance,
this research strategy holds promise for disentangling the complex relationship between structural properties and electronic/ionic transport
in solid oxide fuel cells.
Solid oxide fuel cells (SOFCs), in which perovskite oxides are
used for cathodes and yttria-stabilized zirconia (YSZ) is the most
commonly used electrolyte, are promising systems for energy conversion due to their high efficiency (and resulting low output of pollutants)
in converting a wide range of fuels from hydrogen to hydrocarbons
into electricity.1–4 Despite the potential of this technology for efficient
energy conversion, a number of materials-related issues remain as
impediments to the greater implementation of SOFCs. For example,
changes in morphology at the cathode/electrolyte interface and the formation of detrimental interfacial phases lead to device degradation.5–15
However, the complex interfacial morphology in as-processed SOFCs
complicates the studies of chemical and morphological evolution at
the cathode/electrolyte junction. The growth of perovskite films on
single crystal YSZ substrates provides a means to stabilize model
cathode/electrolyte structures with chemically abrupt interfaces. Such
structures may prove useful in quantifying the kinetics of interfacial
reactions at perovskite/zirconia interfaces and identifying the composition of secondary phases. Additionally, perovskite thin films can act
as model systems for exploring oxygen exchange kinetics at cathode
surfaces,16–20 cation migration,21,22 and the crystallographic dependence of oxygen transport.23
There have been few reports of highly crystalline perovskite films
grown on YSZ substrates despite the potential of such systems to
provide valuable insights to interfacial processes. Mori and coauthors
used pulsed laser deposition to grow La0.8 Sr0.2 CoO3 films on YSZ
substrates of various orientations.24 For films grown on YSZ (001),
they reported an epitaxial orientation of [011]  [001]; a similar crystallographic relationship was also observed for layered Nd2 NiO4+δ
films on YSZ.25 It was found that the addition of a gadolinium-doped
ceria film as a buffer layer between YSZ and La0.8 Sr0.2 CoO3 stabilizes a [110]  [100] and [001]  [001] relationship between the

perovskite and YSZ substrate.17 Studies of manganite and ferrite perovskites grown on YSZ have also been reported although these films
were polycrystalline, lacking a unique out-of-plane crystallographic
orientation with respect to the substrate.26,27
Here, we report the growth of La0.7 Sr0.3 MnO3 and La0.7 Sr0.3 FeO3
films on YSZ (001) substrates using molecular beam epitaxy. Particular emphasis is placed on the structural properties of the film and
interface, which are of fundamental importance to all future studies
in which model thin film systems are used to investigate interfacial
reactions and morphological changes that arise at high temperatures
or under polarization. Using a combination of X-ray diffraction and
transmission electron microscopy, we find a columnar microstructure
with a uniform crystallographic orientation present along the out-ofplane film direction and preferred in-plane orientations relative to the
substrate.
Experimental
La0.7 Sr0.3 MnO3 (LSMO) and La0.7 Sr0.3 FeO3 (LSFO) films were
deposited on single crystal YSZ (001) substrates (MTI corporation)
using ozone-assisted molecular beam epitaxy (MBE). Details of the
MBE system, housed at the Center for Nanoscale Materials at Argonne
National Laboratory, can be found in Ref. 28. Prior to growth, the
substrates were cleaned with trichloroethylene and then annealed in
vacuum at 300◦ C to remove organic contaminants. Films were grown
under flowing ozone at a chamber pressure of 2 × 10−6 Torr. The
metal cations were co-evaporated from Knudsen cells that contained
elemental La, Sr, Mn, and Fe. Growth rates of ∼45 seconds per unit
cell were used with an additional 25 second pause following each
unit cell. Reflective high energy electron diffraction (RHEED) was
performed during growth to monitor the surface crystallinity.
X-ray diffraction and reflectivity were performed on a Bruker D8
Discover system and at the Advanced Photon Source at Sector 33-BM.
Surface morphology was imaged using a Veeco Multimode system
with a NanoScope V Controller. Magnetic characterization was carried out in a Quantum Design SQUID system (MPMS). Specimens
for transmission electron microscopy (TEM) were prepared by grinding with SiC papers and then polishing with 1 μm diamond paste.
Specimens were thinned to electron transparency using a Fischione
1010 ion mill. TEM was performed on a JEOL 2100 LaB6 instrument
with an accelerating voltage of 200 kV.
Experimental Results
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Thin films (∼18 nm) of LSMO were grown at 600, 650 and 700◦ C
to identify the optimal growth temperature. Temperatures higher than
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Figure 1. (Color online) Reflection high energy electron diffraction (RHEED) results obtained during the growth of LSMO on
YSZ at 700◦ C (a-d). The pattern obtained from the bare YSZ
substrate is shown in (a). After a few unit cells, a pattern from
the film is obtained (b) which persists to the end of growth. In
(c), the RHEED pattern obtained from the film grown at 600◦ C
is presented. The integrated RHEED intensity as a function of
growth time is given in (d) for the LSMO film grown at 700◦ C.
Line scans through the RHEED intensity are shown in (e); the
location of the in-plane diffracted spots differ between the film
and substrate.

700◦ C were not explored due to concerns about intermixing at the
film/substrate interface and the possible formation of second phases.
All films exhibited a three-dimensional growth mode as determined
from in situ RHEED measurements. Strain relaxation was observed
to occur before the completion of two unit cells for all films. Figure 1
shows the RHEED patterns obtained for the film grown at 700◦ C,
which are representative of the films grown at 650 and 700◦ C. The
RHEED pattern obtained at 700◦ C from the YSZ substrate consists
of sharp spots and Kikuchi lines (Fig. 1a). After the deposition of
a few monolayers of LSMO, diffraction spots are no longer visible
having been replaced by diffuse intensity. As more layers of LSMO
are deposited, a new RHEED pattern emerges (Fig. 1b) consisting
of both spots from three-dimensional islands (the intensity of which
are relatively constant upon rotation of the film) and the symmetry
of the perovskite film. Figure 1d shows the evolution of the RHEED
intensity as a function of growth time for this film. The in-plane
diffracted spots for the film and substrate are observed at different
locations in reciprocal space (Fig. 1e), consistent with film relaxation
during the first few unit cells of growth. The film grown at 600◦ C
exhibited a similar transition from sharp substrate peaks to diffuse
intensity; however, the final RHEED pattern consists of a specular
spot with circular rings indicative of poor crystallinity (Fig. 1c).
The island growth observed by RHEED measurements is to be expected due to the large lattice mismatch between the perovskite film
(a = 3.87 and 3.945 Å for bulk LSMO and LSFO, respectively) and
the zirconia substrate (a = 5.148 Å).
The island morphology is clearly visible in atomic force microscopy (AFM) images of the films, shown in Figure 2a for the
film grown at 700◦ C. For this film, peak-to-valley heights on the order of 2.5 nm are observed. To quantify the surface roughness and
LSMO/YSZ interfacial roughness over macroscopic length scales,
X-ray reflectivity measurements were performed on the three films.
The reflectivity data was fit using the GenX software,29 which utilizes
a recursive algorithm based on Parratt’s formalism. Figure 2b presents
the measured data and fit for the film grown at 700◦ C; the fit is representative of the three films. For the fit, the film was split into two
layers, a bulk layer and a surface layer. The bulk density was fixed
to the calculated value for La0.7 Sr0.3 MnO3 with the measured lattice
parameters. The density of the surface layer was found to be reduced
density by up to 15% compared to the bulk layer, with the largest
density reduction measured in the film grown at 600◦ C. The thickness
of the surface layer was 4 nm or less for all three films. As can be seen
in Fig. 2c, the surface roughness is found to decrease with increasing
growth temperature, a likely result of the increased thermal energy
allowing for greater coalescence of islands during growth. We note
that the roughness values obtained from reflectivity are larger than the
RMS roughness obtained from the AFM scans. For instance, roughness values of 1.2 and 0.6 nm were obtained from reflectivity and
AFM, respectively, for the film grown at 700◦ C. The models obtained

Figure 2. (Color online) Surface characterization performed by atomic force
microscopy and X-ray reflectivity. The surface morphology, measured by
atomic force microscopy, is shown in (a) for the 18 nm LSMO film grown
at 700◦ C. The scale bar height is 5 nm and the scan area is 500 × 500 nm2 .
X-ray reflectivity is presented in (b) for the same film. The open circles are the
measured data points, while the solid line shows the fit. The surface roughness
values obtained from the reflectivity fits are shown in (c) as a function of
growth temperature for the 18 nm LSMO films.
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Figure 3. (Color online) X-ray diffraction of LSMO films (t ∼ 18 nm) deposited at different temperatures (a). The films grown at 650 and 700◦ C exhibit an
out-of-plane orientation of (011)LSMO  (001)YSZ , which is shown in an idealized schematic in (b). In (b), the green spheres represent Zr (Y); the red spheres
represent O; the yellow spheres represent La (Sr); and the Mn cation sits at the center of the blue octahedra. Wide angle diffractions scans of LSMO (c) and LSFO
(d), both t ∼ 30 nm, confirm the absence of secondary phases.

from the reflectivity fits also yield an abrupt LSMO/YSZ interface
(roughness < 0.5 nm), although it should be noted that the difference
in scattering length density between the two materials is rather small
and thus the fit is not overly sensitive to the interfacial width.
Despite the rapid strain relaxation and island growth mode, the
films deposited at 650 and 700◦ C exhibit excellent out-of-plane
crystallinity, as indicated by standard 2θ-θ X-ray diffraction scans
(Figure 3a). The correlation length obtained from the width of the

Figure 4. (Color online) Magnetization of the ∼30 nm thick LSMO film as a
function of temperature, measured with a 1 kOe field applied along the in-plane
direction.

(011) Bragg peak is equal to the film thickness, confirming the
films are coherent crystals along the growth direction. The diffraction measurements also reveal the out-of-plane epitaxial relationship
to be (011)LSMO  (001)YSZ . This orientation, shown schematically in
Figure 3b, is consistent with previous reports of cobaltite films grown
directly on YSZ.24 For simplicity’s sake, we use the pseudocubic notation to represent the perovskite unit cell, even though bulk LSMO and
LSFO exhibit rhombohedral (R 3̄c) and mixed rhombohedral (R 3̄c)
and orthorhombic (Pnma) structures, respectively.30,31
Thicker films (∼30 nm) of LSMO and LSFO were grown to facilitate additional characterization measurements. The growth temperature for both films was 700◦ C. Diffraction measurements taken
over a wide angular range (Figure 3c, 3d) confirm that both films are
single phase and exhibit a single crystallographic growth direction. In
ferromagnetic manganite films, the Curie temperature is commonly
used to assess film quality. Figure 4 shows the film magnetization as a
function of temperature measured with a 1 kOe field applied in-plane.
A Curie temperature of ∼345 K is observed. This value is comparable
to the highest values reported for LSMO grown on perovskite oxide
substrates,32–37 confirming that the film is high quality with the correct
stoichiometry.
Synchrotron diffraction was performed on the 30 nm LSMO and
LSFO films to further study the crystallographic relation between the
film and substrate. Figure 5a, 5b shows the out-of-plane diffraction
results, similar to those in Fig. 3a, albeit with much greater resolution
and intensity due to the synchrotron source. Thickness fringes are
present in both samples arising from interference between the surface
and film/substrate interface.
To determine the in-plane orientation, a HK scan with fixed L, similar to a phi scan, was performed about a (031) peak. The scan reveals
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Figure 5. Out-of-plane synchrotron diffraction
measurements for the 30 nm LSMO (a) and LSFO (b)
films. In-plane measurements reveal the presence of
(031) LSMO peaks along all both the [100] and [010]
directions of the YSZ substrate (c). This indicates
a preferred in-plane crystallographic orientation (d)
with either the perovskite [100] or [011̄] laying along
the YSZ [100]. The nucleation energies of these two
orientations are energetically equivalent, resulting in
approximately equal volume fractions, as shown in
(c). In (c), L is fixed at 3.76 r.l.u. (of YSZ) while the
peaks occur at (±1.87 0 L) and (0 ±1.87 L) where H
and K are indexed to the YSZ substrate.

the presence of four peaks from the film parallel to the YSZ [100],
[010], [1̄00], and [01̄0] directions (Fig. 5c). The presence of four broad
peaks, instead of two, indicates that the films are not single crystals
but instead exhibit a columnar structure with coherent crystallinity
out-of-plane but a granular in-plane structure. If the films were single
crystal only two (031) peaks would be present, appearing 180◦ apart.
These peaks would be parallel to the [0K0] direction of the YSZ, while
only (H00) film peaks would be present along the [H00] direction of
the YSZ. The presence of (031) peaks with roughly equal intensity
along both the H and K directions of the substrate indicates that the
film has roughly equal volume fractions of the two symmetricallyequivalent orientations (Fig. 5d). This columnar structure is a natural
product of the film nucleating at multiple locations on the substrate.
The two crystallographic orientations result in the same interfacial
and strain energies and thus occur with the same frequency. There are
also weak (031) peaks separated by 45◦ from the four intense films
peaks. These peaks could arise from grains in which the film [100]
direction is along the YSZ [110] direction.
In the epitaxial orientation that we observe, the film’s in-plane crystallographic relationship with the substrate is LSMO[100]  YSZ[100]
and LSMO[011̄]  YSZ[010] . This gives a lattice mismatch of −5.9%
along the LSMO [011̄] direction and ∼33% along the LSMO [100] direction. A lattice mismatch of 33% is extremely large, but we note that
in this epitaxial arrangement 4 times the LSMO a-axis parameter is
nearly equal to the 3 times the YSZ a-axis parameter. Similar domainmatching epitaxial arrangements have been observed in a wide range
of thin films.38 We speculate that a domain matching scenario may be
the origin of the epitaxial arrangement in the films.
Transmission electron microscopy was performed to provide direct visualization of the microstructure of the films. Figure 6 shows
cross-sectional images obtained from the 30 nm thick LSMO film.
The columnar structures can be seen in Fig. 6a as contrasting regions within the film. In Fig. 6b, a higher resolution image of the
film/substrate interface is presented. The abrupt nature of the interface and the crystalline quality of the film along the growth direction
is evident. The columnar structure of the films is best visualized using plan view TEM. A series of such images from both the LSMO
and LSFO films are given in Figs. 7 and 8, respectively. Analysis
of the low magnification images reveals an average column width of
15 ± 1.8 nm in the LSMO. In the LSFO, an average grain width of

Figure 6. Cross-sectional transmission electron micrographs obtained from
the 30 nm LSMO film on YSZ. As can be seen in (a), the columnar microstructure produces contrasting regions in the film. A higher resolution image of the
same film is shown in (b).
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62.1 ± 15.6 nm is measured. The presence of smaller grain sizes in
the LSMO suggests this material has a greater nucleation rate than
LSFO when grown on YSZ (001).
The stabilization of manganite and ferrite films, with compositions
that are employed as cathodes in SOFCs, with a uniform crystallographic growth direction on single crystal YSZ substrates is a critical
first step toward the use of model thin film systems to better understand the degradation processes that occur at cathode/electrolyte
interfaces. For instance, experiments on perovskite nanoparticles deposited on YSZ substrates have provided new insights into high temperature morphological stability of manganite/zirconia interfaces.39,40
The films reported here enable similar studies with additional control
over the crystallographic orientation of the interface.
Conclusions
The structural properties of La0.7 Sr0.3 MnO3 and La0.7 Sr0.3 FeO3
thin films deposited on YSZ (001) substrates have been characterized
using a variety of real and reciprocal space techniques. A growth
temperature of 700◦ C was observed to produce films with excellent
out-of-plane crystallinity and reduced surface roughness as compared
to films grown at lower temperatures. The films exhibit a columnar
microstructure with a single out-of-plane growth direction in which
the perovskite [011] is parallel to the YSZ [001], while multiple
perovskite directions are found to lay along the YSZ [100]. Plan
view TEM has been used to visualize the columnar structure; grain
sizes on order of 10-60 nm were observed. We anticipate that these
results will serve as a scientific foundation for future structural studies
of perovskite/zirconia interfaces with the aim of understanding the
processes that occur at cathode/electrolyte interfaces in solid oxide
fuel cells.

Figure 7. Plan view transmission electron micrographs obtained from the
30 nm LSMO film showing the in-plane granularity of the film.
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