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A B S T R A C T

La0.67Ca0.33MnO3 (LCMO) films are epitaxially grown on (0 0 1) SrTiO3 substrate using pulsed laser deposition
technique. The effect of LaMnO3 (LMO) buffer layer on the microstructure and growth mode of LCMO films is
studied. It is found that the 30-nm-thick LCMO films with and without a LMO buffer layer follow a layer-by-layer
growth mode. The difference is that some dislocations are observed in LCMO film without a LMO buffer layer,
while no evident defects are produced in LCMO film with a LMO buffer layer. Besides, for the film with a LMO
buffer layer, the effect of film thickness on film growth mechanism is also investigated. It is observed that the
LCMO films transform from a layer-by-layer growth mode to a layer by layer plus an island (columnar) growth
mode as the film thickness increases from 30 nm to 460 nm. A growth model is introduced to explain the effect of
LMO buffer layer and film thickness on the growth mechanism of LCMO films. The results can shed light on the
growth mechanisms for other perovskite epitaxial films with buffer layers.

1. Introduction

Recently, La1−xCaxMnO3 epitaxial thin films have attracted con-
siderable attention because of their fascinating physical properties such
as insulator-metal transition [1], anisotropic magnetoresistance [2] and
colossal magnetoresistance [3,4]. Besides, La1−xCaxMnO3 can be used
to design the oxide p-n junctions [5–7] and manganite/cuprates het-
erostructures [8] as a source material, and to modulate the doped oxide
interfaces as a buffer layer [9,10]. As we all know, the properties of the
perovskite manganite thin films are related to the microstructure,
morphology and growth mode of thin films. Therefore, it is necessary to
study the growth mechanism of La1−xCaxMnO3 films. Three different
growth mechanisms have been reported for these heteroepitaxial thin
films in the past decades, namely, Frank-van der Merwe (FM) [11],
Volmer-Weber (VW) [12], and Stranski-Krastanov (SK) mode [13],
corresponding to a two dimensional (2D) layer by layer growth mode
[14], a three dimensional (3D) island growth mode [15,16], and a layer
by layer plus an island growth mode [17], respectively. The latter two
non-planar growth modes can easily generate defective surfaces and
pits [18] due to the strong strain effect. For metal and semiconductor
epitaxial films, a buffer layer is deposited between the film and the
substrate to reduce the interfacial strain, which can enormously im-
prove the physical properties of the epitaxial film [19–21]. However,
for La1−xCaxMnO3 epitaxial films, the effect of buffer layer on the

growth mechanism of films was rarely reported. In addition, for
La1−xCaxMnO3 film with a buffer layer, the evolution of film growth
mode is not clarified with increasing film thickness. Therefore, a de-
tailed investigation about the effect of buffer layer and film thickness on
the microstructure of La1−xCaxMnO3 films is highly desired as it can
provide significant insights into understanding their growth mechanism
and physical properties.

In this paper, we report a detailed investigation about the effect of
LaMnO3 (LMO) buffer layer and film thickness on the microstructure
and growth mode of La0.67Ca0.33MnO3 (LCMO) films using high-re-
solution transmission electron microscopy (HRTEM). A growth model is
introduced to explain the effect of buffer layer and film thickness on the
growth mechanism of LCMO films. This study can provide a way to
regulate microstructure, surface morphology and growth mode of
LCMO films.

2. Experimental procedures

The 30-, 460-nm-thick epitaxial LCMO films with LMO buffer layers
were grown on (0 0 1) STO substrates by pulsed laser deposition tech-
nique using a KrF excimer laser (λ=248 nm). The thickness of the
LMO buffer layer was set to be ∼2 nm. The films were deposited from
stoichiometric LCMO target with a diameter of 20mm in a high-va-
cuum chamber (base pressure: 8× 10−6 Torr) with an oxygen partial
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pressure of 75mTorr. The energy density of laser spot was ∼1 J/cm2.
During the entire deposition process, the substrate temperature was
maintained at ∼700 °C, while the target kept rotating. The thickness of
the resulted film was determined by the ablation time together with the
number of pulses shot on the target. Once the deposition was over, the
samples were annealed for 20min in an oxygen-rich environment
(700 Torr) to reduce oxygen vacancies, and then slowly cooled down to
room temperature at a rate of about 10 °C/min. The chemical compo-
sition of the film was determined to be La0.67±0.05Ca0.33±0.03MnO3

through the quantification of energy-dispersive x-ray spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS) spectra. For TEM
examinations, the samples were prepared in a cross-sectional orienta-
tion ([0 1 0] zone-axis for STO substrate) using traditional techniques of
mechanical polishing and ion thinning. The ion thinning was performed
using a Gatan model 691 precision ion polishing system (PIPS,
Pleasanton, CA). The bright field (BF) imaging, HRTEM and selected-
area electron diffraction (SAED) examinations were carried out using a
JEOL JEM 2100F transmission electron microscope operated at 200 kV.

3. Results and discussions

Fig. 1(a) shows a typical BF TEM image of a cross-sectional LCMO/
LMO/STO sample with a film thickness of ∼30 nm where the interface
is illustrated by dashed lines. The BF image is taken under a two-beam
condition with g=002. As can be seen from Fig. 1(a), the film exhibits
a 2D layer-by-layer growth mode. The interface between the film and
substrate is fairly clean, and the free surface is flat. Fig. 1(b) is a typical
SAED pattern taken from the epitaxial film region. From the SAED
pattern, it confirms that the LCMO film is single crystalline and the
growth direction of the film is along [0 0 1]. Fig. 1(c) shows a typical
HRTEM image taken from the interfacial region of LCMO/LMO/STO.
The essential feature of layered structure in the LCMO film is clearly

Fig. 1. (a) Cross-sectional BF TEM image of the LCMO/LMO/STO epitaxial film
with a thickness of about 30 nm; (b) SAED pattern taken from the epitaxial film
in (a); (c) typical HRTEM image taken from the interface region enclosed by a
rectangle in (a).

Fig. 2. (a) Cross-sectional BF TEM image of the
LCMO/STO epitaxial film with a thickness of
about 30 nm; (b) SAED pattern taken from the
epitaxial film in (a); (c) typical HRTEM image
taken from the LCMO/STO epitaxial film in (a);
(d) an enlarged HRTEM image taken from the
region enclosed by a rectangle in (c), the misfit
dislocation is indicated.
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recognizable in this image, where the thickness of LMO buffer layer is
measured to be ∼2 nm. The interfaces among LCMO film, LMO buffer
layer and STO substrate are all clean and sharp, and no obvious mis-
match dislocations are found, as confirmed by HRTEM image in
Fig. 1(c), which emphasizes the perfect lattice coherence on the LCMO/
LMO/STO interfaces. The film has an epitaxial relationship with the
substrate: (0 0 1)LCMO//(0 0 1)STO and [0 1 0]LCMO//[0 1 0]STO.

Through careful structure investigation of LCMO/LMO/STO, a rea-
sonable speculation is that the buffer layer can affect LCMO film mi-
crostructure and ameliorate the film quality. To further clarify the effect
of buffer layer on LCMO film, the 30-nm-thick LCMO film without
buffer layer is also investigated using TEM, as shown in Fig. 2. Fig. 2(a)
shows a typical BF TEM image of a cross-sectional LCMO/STO sample,
and Fig. 2(b) is the corresponding SAED pattern. The interface between
the LCMO film and STO substrate is marked by the dashed lines. In
Fig. 2(a), it is obvious that the free surface of the film is flat, similar to
that in Fig. 1(a). Fig. 2(c) is a typical HRTEM image taken from the
interfacial region of LCMO/STO. It is found that the dislocations exist in
the LCMO film. An example is shown in Fig. 2(d), the enlarged HRTEM
image of the rectangular area in Fig. 2(c). The Burgers vector for the
dislocation is determined to be b= 〈1 0 1〉. Comparing the LCMO films
with and without a buffer layer, we can conclude that both films exhibit
2D layer-by-layer growth mode. The LMO buffer layer can reduce the
misfit dislocations, ameliorating the LCMO film quality.

To clarify the growth mechanism for LCMO epitaxial films with
buffer layers, the LCMO/LMO/STO film with a thickness of ∼460 nm is

examined by TEM. Fig. 3(a) shows a typical BF TEM image of cross-
sectional LCMO/LMO/STO sample. The BF image is taken under a two-
beam condition with g=002. The interface between the film and STO
substrate is marked by the green1 dashed lines. Fig. 3(b) and Fig. 3(c)
are typical [0 1 0] zone-axis SAED patterns taken from the LCMO film
and STO substrate, respectively. As can be seen from Fig. 3(a), the in-
terface between the film and substrate is fairly clean. It is observed that
the LCMO film exhibits a two-layered structure, a continuous layer
structure that is adjacent to the substrate and a columnar structure that
is grown on the continuous layer, where the interface is indicated by
white dashed lines. It is observed that the thickness of the continuous
layer is ∼80 nm and the average width of the columnar structures is
∼85 nm, which are larger than those in LCMO films reported pre-
viously [22]. Wang et al. [23] found that the conductivity and mag-
netism can be enhanced with increasing column size. Thus, we can
reasonably deduce that the LCMO film has better conductivity and
magnetism than those reported previously. The SAED patterns prove
that the epitaxial film is a good single crystal and the growth direction
is along [0 0 1]. The film and the substrate have a good epitaxial re-
lationship of [0 1 0]LCMO//[0 1 0]STO and (0 0 1)LCMO//(0 0 1)STO.

Fig. 4(a) shows the BF TEM image of a cross-sectional LCMO/LMO/
STO sample with a thickness of ∼460 nm. The free surface can be

Fig. 3. (a) Cross-section BF TEM image of the LCMO/LMO/STO film with a film thickness of ∼460 nm; (b) and (c) SAED patterns taken from the film and substrate,
respectively.

1 For interpretation of color in Figs. 3 and 4, the reader is referred to the web
version of this article.
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clearly seen, and the inset shows the SEAD pattern taken from the re-
gion I. From Fig. 4(a), it is observed that the columnar structure has two
sidewalls in the free surface. The two sidewalls of the column are in-
dicated by red lines and green lines, respectively. These sidewall planes
are also indicated in the corresponding SAED image. It is clearly seen
that the facets of sidewalls are all {1 0 1} planes which have an angle of
∼45° with respect to the (0 0 1) surface. To verify our analysis, we
measure the HRTEM image taken from the region I, as shown in
Fig. 4(b). The inset shows its SEAD pattern, which corresponds to a
[0 1 0] zone-axis diffraction pattern of LCMO. The two sidewalls are
indicated by red and green lines, respectively. These sidewall planes are

also indicated in the corresponding SAED image. It is clearly seen that
the facets of sidewalls are all {1 0 1} planes, which can lower the sur-
face energy and stabilize the film structure [24].

To further investigate the microstructure of 460-nm-thick LCMO
film with LMO buffer layer, the continuous layer structure is also stu-
died, as shown in Fig. 5. Fig. 5(a) shows a typical [0 1 0] zone-axis
HRTEM image taken from the top region of continuous structure. From
Fig. 5(a), we observe the edge dislocations marked by D1-D4, and the
extra half atomic planes of these dislocations are indicated by red lines.
One dimensional Fourier-filtered lattice image of the dislocations is
shown in Fig. 5(b). Fig. 5(c) is a typical HRTEM image taken from the

Fig. 4. (a) Cross-sectional BF TEM image of LCMO/LMO/STO film; the inset is the SEAD pattern taken from the region I; (b) typical [0 1 0] zone-axis HRTEM image of
region I in (a).

Fig. 5. (a) and (b) Typical [0 1 0] zone-axis HRTEM images from the top of continuous layer and its Fourier-filtered lattice image, respectively; (c) and (d) typical
[0 1 0] zone-axis HRTEM images from the interfacial region of LCMO film.
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interfacial region of LCMO/LMO/STO, and Fig. 5(d) is corresponding
one dimensional Fourier-filtered lattice image. As can be seen, the es-
sential feature of layered structure in the LCMO/LMO/STO film is
clearly recognizable in the HRTEM image. Similar to the 30-nm-thick
film, the interfaces among the LCMO film, LMO buffer layer and STO
substrate are all clean and sharp, which emphasizes the perfect lattice
coherence on the LCMO/LMO/STO interfaces. The film has a good
epitaxial relationship with the substrate: (0 0 1)LCMO//(0 0 1)STO and
[0 1 0]LCMO//[0 1 0]STO. An interesting finding is that the LCMO film
near the interface has few dislocations. In theory, some dislocations are
produced in the interfacial region due to the pre-existing dislocations in
the substrate. While in the LCMO/LMO/STO system, the buffer layer
prevents the penetration of the pre-existing dislocations and the for-
mation of new dislocations, thus reducing the dislocations.

In summary, the film growth mode transforms from 2D layer-by-
layer mode to 3D island (column) mode with increasing film thickness.
For the columnar structure, the exposed surface is {1 0 1} planes to
lower the surface energy. For the continuous layer, it shows perfect
lattice coherence on the LCMO/LMO/STO interfaces, while there are
some dislocations in continuous layer to release the lattice strain. The
buffer layer reduces the dislocations in the interfacial region.

To interpret the growth process of LCMO film with the buffer layer,
we propose a 2D-3D growth mode for the LCMO/LMO/STO film, as
shown in Fig. 6, where “⊥” indicates misfit dislocation. At the

beginning of the epitaxial growth, the film thickness is thinner than the
critical thickness. Due to the small lattice mismatch, the LCMO film
grows coherently on the substrate with a 2D layer-by-layer growth, as
shown in Fig. 6(a). In this stage, the strain caused by the lattice mis-
match can be accommodated by the elastic deformation. Therefore,
misfit dislocations do not form in the initial growth stage. In theory,
some pre-existing dislocations in the substrate will penetrate into the
film at the interfacial region, while there are few pre-existing disloca-
tions due to the LMO buffer layer. In a word, the buffer layer prevents
pre-existing dislocations from penetrating into the film, which reduces
the formation of the dislocations. As the film growth proceeds, the
strain is accumulated. The above relaxation mechanism (elastic de-
formation) is insufficient to fully relieve the strained state. Once the
accumulated strain energy is larger than that required for the formation
of misfit dislocations, which occurs for film thicknesses exceeding a
threshold (critical thickness, dc), the system is relaxed by introducing
the misfit dislocations in LCMO film, as shown in Fig. 6(b). With further
growth, new dislocations nucleate, increasing the density of the misfit
dislocation. However, the available maximum density of misfit dis-
locations is restricted by kinetic factors [25]. Therefore, the formation
of misfit dislocations ceases to be an efficient relaxation mechanism to
release the lattice strain, which causes a transition toward 3D-featured
growth. Such a transition occurs when the LCMO film is thicker than a
critical value, termed the Stranski-Krastanov thickness (dSK). Due to the
non-uniform distribution of stress along the film surface, the dislocation
regions become new nuclei, and the column can preferentially grow in
the dislocation regions, as shown in Fig. 6(c). As time goes by, the 3D
nuclei gradually grow into big ones. Further growth gives rise to a fully
relaxed LCMO film with a columnar structure, as shown in Fig. 6(d).
Besides, because the film with lower surface energy is more stable, the
exposed free surface of the column consists of (0 0 1), {1 0 1} and
{1 1 1} facets [24]. In a word, the 2D layer-by-layer mode and 3D co-
lumnar mode are closely related to strain relaxation, and the formation
of misfit dislocations and columnar structure will completely reduce the
strain energy in the LCMO film.

4. Conclusions

In conclusion, the effect of LMO buffer layer on film microstructure
and growth mode is investigated in details by transmission electron
microscopy. No evident defects are produced in 30-nm-thick LCMO film
with a buffer layer, while some dislocations are observed without a
buffer layer. Besides, with increasing film thickness, two different
structures are observed for the LCMO films with a buffer layer, namely,
the layered structure and the columnar structure. A growth model is
introduced to explain the effect of buffer layer and film thickness on the
microstructure and growth mode in LCMO film. The formation of misfit
dislocations and the columnar structure can all relieve the lattice strain.
The results can shed light on the growth mechanism for other epitaxial
films with buffer layer.
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Fig. 6. Schematic growth mechanism of LCMO film: (a) Initial growth of LCMO
film on LMO/STO; (b) The formation of misfit dislocations above the critical
thickness (dc); (c) Increase of the density of misfit dislocations and the forma-
tion of the 3D nuclei above the Stranski-Krastanov thickness (dSK); (d)
Columnar growth taking place from the 3D nuclei.
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