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The microstructures of the Bi0.4Ca0.6MnO3 (BCMO) and

La0.67Ca0.33MnO3 (LCMO) epitaxial films are investigated by

transmission electron microscopy in detail. BCMO epitaxial
films (~ 10 and ~ 40 nm) exhibit an island growth mode

whereas the LCMO films (~ 6 and ~ 30 nm) follow a layer by

layer growth mode. Combined with the critical thickness mod-

els for the expected onset of the misfit dislocations in epitaxial
films, an atomic collapse model is introduced to explain their

mechanism of formation in manganite films. At the beginning

of deposition, the strain caused by the lattice mismatch

between the epitaxial film and substrate can be accommodated
by elastic deformation. With the increase of film thickness, the

strain becomes larger and larger. When the film thickness

reaches the critical thickness, the strain can only be relaxed by
the formation of misfit dislocations. Meanwhile, the atomic

configuration of the epitaxial film will reorganize and some

atoms begin to collapse, thus an island morphology will be

formed. Once the collapse morphology is formed, maintenance
of this wave-like morphology depends on atomic diffusion

length of the deposited atoms. If the diffusion length of the

deposited atoms is long, the island morphology will not be

maintained. If the diffusion length of the deposited atoms is
short, the island morphology will keep until the epitaxial film

is thick enough. The results could shed light on the growth

modes for other perovskite epitaxial films.

I. Introduction

RECENTLY, perovskite manganites of the formula
R1�xAxMnO3 (R being a trivalent rare earth and A

being a divalent alkaline-earth ion) have received consider-
able attention1–5 due to the colossal magnetoresistance effect.
The perovskite manganite films have great potential for a
wide range of applications in the field of high-speed magnetic
storage device and photoelectronic device.6–8 The comprehen-
sive understanding of the growth mechanism for the epitaxial
perovskite films can help us improve their preparation pro-
cess.

Three different growth modes for metal and semiconduc-
tor epitaxial films have been reported: a layer by layer
growth mode,9–11 an island growth mode,12–15 and a layer by
layer plus an island growth mode.16–20 Frank-van der

Merwe,21 Volmer-Weber,22 and Stranski-Krastanow23 have
proposed different models, FvdM, VW, and SK models, to
explain the three types of growth modes, respectively. Gener-
ally, the growth mode of thin films is greatly influenced by
interfacial energy during the epitaxial growth process. Frank-
van der Merwe found that if the lattice mismatch between
film and substrate is relatively small, the film can grow two
dimensionally under certain growth conditions. In this
growth mode, if the growing layer is thinner than a critical
thickness, the strain generated by lattice mismatch is elasti-
cally accommodated within the growth layer, and a coherent
interface will eventually be produced.24 If the film thickness
exceeds the critical thickness, the introduction of mismatch
dislocations is energetically favored and the dislocations will
relieve some strain to form a semicoherent interface. This
mechanism has been discussed by Matthews and others25,26

in detail. Theoretical equilibrium calculations of the critical
thickness predict when dislocations will form but do not
explore the correlation between the growth mode and the
occurrence of misfit dislocations.

For manganite epitaxial films, Lebedev et al.27 have inves-
tigated the growth process of La0.7Sr0.3MnO3 film grown on
LaAlO3 substrate. They found that the epitaxial film initially
grows layer by layer, and then the epitaxial islands coalesce
together, which belongs to an SK growth mode. However,
the detailed information of the coalescence process was not
given. As for the relationship between the mismatch disloca-
tion and the growth morphology, quite few investigations
can be found using transmission electron microscopy (TEM).
Some researchers replaced the A ion with different divalent
ions and explored the changes in physical properties28,29

whereas others investigated the influence of the oxygen pres-
sure and deposition temperature on the physical properties.30

Frey et al.31 demonstrated that the use of atomic oxygen
could promote the growth of large area one-unit-cell smooth
epitaxial cuprate films. Due to the difficulties in preparing
cross-sectional TEM specimens for the epitaxial films thinner
than 10 nm, no direct TEM experimental results have been
presented to show the influence of the lattice mismatch on
the growth modes up to now. So, a detailed investigation on
the microstructure of the epitaxial manganite films is highly
desired as it could provide significant insights into under-
standing the growth mechanism for these epitaxial films.

In this study, we report on the microstructural investiga-
tion of the Bi0.4Ca0.6MnO3 (BCMO) and La0.67Ca0.33MnO3

(LCMO) epitaxial thin films using high-resolution transmis-
sion electron microscopy (HRTEM). From TEM observa-
tions of the morphologies for epitaxial films, it is found that
BCMO epitaxial film follows an island growth mode whereas
LCMO film exhibits a layer by layer growth mode. The criti-
cal thickness for the BCMO epitaxial film is much smaller
than that of the LCMO epitaxial film. The atomic collapse
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model is employed to explain the reasons for the two differ-
ent growth modes.

II. Experimental Procedures

Epitaxial BCMO films were prepared on a (110) SrTiO3

(STO) substrate by pulsed laser deposition (PLD) technique
from a target with a nominal composition of Bi0.4Ca0.6MnO3

(laser wavelength = 248 nm, repetition rate = 5 Hz, and
fluency = 7 J/cm2). During the deposition, the substrate tem-
perature was kept at ~ 700°C and the oxygen pressure at
~ 60 Pa. The film thickness was controlled by the deposition
time. X-ray diffraction (XRD) analysis indicates that all the
films are a single phase and epitaxially grown on (110) STO
substrates.32

LCMO films were prepared on a (001) STO substrate
using PLD technique from a target with a nominal composi-
tion of La0.67Ca0.33MnO3 (laser wavelength = 248 nm, repeti-
tion rate = 5 Hz, and fluency = 7 J/cm2). During the
deposition, the substrate temperature was kept at ~ 720°C
and the oxygen pressure at ~ 80 Pa. The film thickness was
controlled by the deposition time. XRD analysis indicates
that the films are a single phase and epitaxially grown on
(001) STO substrates.

Specimens for TEM examinations were prepared in a
cross-sectional orientation using conventional techniques of
mechanical polishing and ion thinning. The ion milling was
performed using a Gatan Model 691 precision ion polishing
system (PIPS, Pleasanton, CA). The bright field (BF) imag-
ing, selected-area electron diffraction (SAED) and HRTEM
examinations were carried out using a (TEM; JEM 2100F,
JEOL, Tokyo, Japan) transmission electron microscope oper-
ating at 200 kV.

III. Results and Discussion

Figure 1(a) shows a typical BF TEM image of a cross-
sectional BCMO/STO sample with a thickness of ~ 10 nm.
The BF image was taken under a two-beam condition with
g = 110. The interface between the substrate and film is indi-
cated by dashed lines. It can be clearly seen from Fig. 1(a)
that the free surface of the epitaxial film is not flat. And the
morphology of the film is more like a wave or an island. The
height of the highest wave crest is about 12 nm, while the
height of lowest wave trough is around 8 nm. The average
height and width of the waves are ~ 10 and ~ 40 nm, respec-
tively. So, we conclude that the strained ultrathin (~ 10 nm)

epitaxial film exhibits a 3-D island growth mode. Figure 1(b)
is the SAED pattern taken from the epitaxial film region,
which corresponds to a [111] zone-axis diffraction pattern of
BCMO. From the diffraction pattern, it confirms that the
BCMO film is single crystalline and the growth direction of
the film is along [110]. Figure 1(c) is a typical [111] zone-axis
HRTEM image taken from the interfacial region of BCMO/
STO in Fig. 1(a). The interface between the STO substrate
and BCMO film is marked by dashed lines. From the
enlarged HRTEM image, it is evident that the surface of the
film consists of waves or islands. The top of the wave is
almost flat, parallel to the interface of the BCMO/STO. The
growth direction of the epitaxial film is along [110], and the
(110) lattice planes are marked by two parallel lines. The
measured interplanar spacing for (110) lattice plane is
2.66 �A, which is a little smaller than the theoretically calcu-
lated value of 2.69 �A. The BCMO film has an epitaxial rela-
tionship with the STO substrate of (110)BCMO//(110)STO and
[111]BCMO//[111]STO. Near the interface region of the BCMO
and STO, in this image a pure edge dislocation can be seen.
To show the extra half atomic plane more clearly, an
enlarged HRTEM image of this dislocation is shown in
Fig. 1(d), which is taken from the region enclosed by a rect-
angle in Fig. 1(c). From Fig. 1(d), it is clear that the sub-
strate has an extra half atomic plane. The Burgers vector for
this dislocation is determined to be b = <110 > .

Figures 2(a) and (b) are a typical BF TEM image and
SAED pattern, respectively, of a cross-sectional BCMO/STO
sample with a film thickness of ~ 40 nm. Similar to Fig. 1,
the BF image was taken under a two-beam condition with
g = 110. It can be seen that the morphology of the film is
also similar to a wave with an average height and width of
~ 40 and ~ 100 nm, respectively. Compared with the thinner
epitaxial film in Fig. 1(a) (thickness of ~ 10 nm), the surface
of the 40-nm-thick epitaxial film is composed of higher and
wider waves. The SAED pattern confirms that the thicker
BCMO film is also single-crystalline phase and has the
growth direction along [110]. Figure 2(c) shows a [111] zone-
axis HRTEM image taken from the region enclosed by a
rectangle in Fig. 2(a). The interface between STO and
BCMO is indicated by dashed lines at the edges. The thicker
BCMO film has a similar epitaxial relationship with the STO
substrate: (110)BCMO//(110)STO and [111]BCMO//[111]STO. To
check if dislocations also exist in this film, Fig. 2(c) was care-
fully analyzed. Pure edge dislocations were found as shown

(a)

(c) (d)

(b)

Fig. 1. (a) Cross-sectional BF TEM image of the BCMO/STO
epitaxial film with the thickness of about 10 nm; (b) SAED pattern
taken from the epitaxial film in (a); (c) Typical HRTEM image taken
from the BCMO/STO epitaxial film in (a); (d) Enlarged HRTEM
image taken from the interface region enclosed by a rectangle in
(c), the misfit dislocation is indicated.

(a) (b)

(c) (d)

Fig. 2. Cross-section BF TEM image (a) and SAED pattern (b) of
the BCMO/STO film with a thickness of about 40 nm; (c) Typical
HRTEM image taken from the interface region of BCMO/STO;
(d) Enlarged HRTEM image of the region enclosed by a rectangle in
(c), the misfit dislocation is marked.
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in the enlarged HRTEM image of Fig. 2 (d). The extra half
atomic plane is in the BCMO film like the thinner film of
Fig. 1. The Burgers vector is determined to be b = <110>.
Figures 3(a) and (b) show a typical 2 lm2 9 2 lm2 AFM
images for BCMO films with a thickness of 10 and 40 nm,
respectively. It can be seen that the surface morphologies of
both films exhibit a 3-D island structure. The islands become
wider and wider with an increase of the film thickness. This
result is consistent with our TEM observations.

From a comparison of the two BCMO films (10 and
40 nm), we can see a tendency for the period of the surface
wave morphology to become larger with increasing thickness,
as expected for a material relaxing stress. Eventually, the
island morphology will disappear. This is consistent with our
previous study15 in which the surface morphology of the
BCMO film becomes flat when the film is thicker than
100 nm. So, the growth process for the BCMO films can be
deduced as follows. Tiny islands form first on the surface of
the STO substrate. With increase of growth time, these
islands become larger and larger, eventually coalescing
together. At last, the island morphology disappears, and the
surface of the BCMO film becomes flat.

Apart from the growth mode, Chen et al.33 investigated
the physical properties of BCMO films with different thick-
nesses. It has been found that for the BCMO films of 10 and
40 nm, the resistivities along [100] and [011] directions are
different, and no charge/orbital ordering (CO/OO) transition
occurs. While for the 100-nm-thick film, its resistivity is
similar to that of bulk material. The resistivities are identical
along the [100] and [011] directions, and the CO/OO transi-
tion appears. From our observations, it can be found that
both 10 and 40 nm films exhibit island morphologies and the
stresses along [100] and [011] direction generated by lattice
mismatch are different. However, for the film thicker than
100 nm, the surface is atomically flat, and the stress can be
completely relieved. So, it can be deduced that lattice stress
has a strong effect on the physical properties of the films.

For comparison, the structure of LCMO epitaxial films
was also investigated by TEM. Figures 4 (a) and (b) show a
typical BF TEM image and SAED pattern, respectively, of a
cross-sectional LCMO/STO sample with a film thickness of
about 6 nm. The BF image was taken under a two-beam
condition with g = 002. The interface between LCMO film
and STO substrate is indicated by two white arrows. The
SAED indicates that the LCMO film is single crystalline and
the growth direction for the film is along [001]. In Fig. 4(a),
it is obvious that the surface of the film is very flat. More-
over, it can be found that the free surface of the film is paral-
lel to the interface between LCMO and STO. Figure 4(c) is a
typical [010] zone-axis HRTEM image taken from the inter-
facial region of LCMO/STO. The measured film thickness is
6.0 nm. The interesting finding is that the interface between
the film and the substrate is coherent. Through TEM obser-
vations of many regions around the interface, no evident
defects can be found. The film and the substrate have the
expected epitaxial relationship of (001)BCMO//(001)STO and
[010]BCMO//[010]STO.

To clarify the growth process for the LCMO epitaxial
film, the LCMO film with a thickness of 30 nm was also
examined by TEM. Figures 5 (a) and (b) are a typical BF
TEM image and SAED pattern, respectively, of a cross-
sectional LCMO/STO sample with a film thickness of 30 nm.
The BF image was taken under a two-beam condition with
g = 002. The interface between LCMO film and STO sub-
strate is marked by two black arrows. The SAED pattern
shows that the LCMO film is single crystalline and the
growth direction for the film is along [001]. In Fig. 5(a), it is

(a) (b)

Fig. 3. AFM images of the BCMO epitaxial films with the
thickness of 10 nm (a), 40 nm (b).

(a)

(c)

(b)

Fig. 4. (a) Cross-section BF TEM image of the LCMO/STO
epitaxial film with the thickness of about 6 nm; (b) and (c) SAED
pattern and typical HRTEM image taken from the epitaxial film in
(a), respectively.

(a) (c)

(b)

(d)

Fig. 5. (a) Cross-section BF TEM image (a) and SAED pattern
(b) of the LCMO/STO film with a thickness of ~30 nm; (c) Typical
HRTEM image taken from the interface region of LCMO/STO;
(d) Enlarged HRTEM image of the region enclosed by a rectangle in
(c), the misfit dislocation is depicted.
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obvious that the free surface of the film is flat, similar to that
in Fig. 4(a). In addition, it can be found that the film surface
is parallel to the interface between the LCMO film and STO.
Figure 5(c) is a typical [010] zone-axis HRTEM image taken
from the interfacial region of LCMO/STO. Pure edge dislo-
cations exist at this interface. An example is shown in the
enlarged HRTEM image Fig. 5(d) from the rectangular
enclosed area in Fig. 5(c). The LCMO film has an extra half
atomic plane as expected. The Burgers vector for the disloca-
tion is determined to be also b = <110>. The film and the
substrate have a good epitaxial relationship of (001)BCMO//
(001)STO and [010]BCMO//[010]STO. Figures 6(a) and (b) show
the typical 1 lm2 9 1 lm2 AFM images for the films with
the thickness of 6 and 30 nm, respectively. It can be seen
that the free surfaces of both films are smooth. The root
mean square surface roughness for both films is about
0.2 nm. The water stripe pattern indicates that the LCMO
films have a good epitaxial growth and follow a 2-D growth
mode. The AFM result is consistent with our TEM observa-
tion. The resistive properties of the LCMO films were also
studied.34 For the thick films (>30 nm), the electronic trans-
port behavior is metallic at low temperatures and semicon-
ducting at high temperatures. In contrast, the thin films
(<6 nm) exhibit a monotonic resistivity growth while decreas-
ing temperature in the whole temperature region studied.
According to our HRTEM results, in the 6-nm-thick film,
the interface is coherent and no mismatch dislocations are
observed. While in the 30-nm-thick film, the interface is not
coherent and some mismatch dislocations are found. So, it
can be deduced that the appearance of the dislocation in the
film might be one reason for the different electronic transport
behaviors of these two films. Detailed correlation will be
discussed elsewhere.

From a comparison of the results for LCMO films with
thicknesses of 6 nm and 30 nm, the growth process can be
deduced as a layer by layer growth mode. At the beginning,
the substrate surface is covered by a thin layer of deposited
atoms and no island form. With the increase of the time, the
LCMO layer becomes thicker and thicker. During this pro-
cess, the surface of the film is flat all the time. Eventually,
the LCMO epitaxial film forms a smooth and flat surface.

From the above analysis, a very interesting fact is that
BCMO and LCMO epitaxial films demonstrate different
growth modes. The BCMO films exhibit an island growth
mode, whereas the LCMO films follow a layer by layer
growth mode. Based on thermodynamic assumptions, Mat-
thews and Blakeslee26 introduced a model for the onset of
misfit dislocations in thin films about 30 yr ago. In our case,
BCMO and LCMO epitaxial films grow on the same sub-
strate STO, and the conditions for the epitaxial process are
similar. The lattice parameters for the STO substrate and

BCMO, and LCMO films are 3.905, 3.790, and 3.868 �A,
respectively. Then, the lattice mismatch between a film
and substrate can be determined using the formula:

f ¼ ðas � af
as

Þ � 100%

where as and af refer to the lattice parameters of the sub-
strate and film, respectively. The lattice mismatch (f) is calcu-

lated to be 2.945% and 0.95% for BCMO and LCMO,
respectively. The critical thickness, hc, where an existing dis-
location is in mechanical equilibrium can be obtained using
the formula:

hc ¼
b
!���
���

4pfð1þ mÞ lnð hc

b
!���
���
Þ þ 1

2
64

3
75;35

where b is the length of the Burgers vector, f is the lattice
mismatch, and mis the Poisson ratio. It should be noted that
here the Burgers vector b means the magnitude of its hori-
zontal component, namely, the interplanar spacing of the lat-
tice planes perpendicular to the interface. For BCMO and
LCMO in our experiment, it is the interplanar spacing of
(112 ) and (100) planes, respectively. The hc value for BCMO
and LCMO films is calculated to be 0.88 and 10.47 nm. For
the 6-nm-thick LCMO epitaxial films, the film thickness is
smaller than the critical thickness (~ 10.47 nm), and the lat-
tice mismatch is relatively small (~ 0.95%). The strain caused
by the lattice mismatch was accommodated by elastic defor-
mation and no dislocations were detected. When the thick-
ness reached 30 nm which is thicker than the critical
thickness, the strain cannot be relieved by the elastic defor-
mation, so the dislocations will be formed. For BCMO epi-
taxial films (~ 10 and ~ 40 nm), they are both thicker than
the critical thickness (~ 0.88 nm), and the lattice mismatch is
relatively large (~ 2.945%), so the strain generated by the lat-
tice mismatch can only be relaxed by the formation of dislo-
cations.

Based on the critical thickness model, an atomic collapse
model is proposed to interpret the growth process for the
layer by layer growth mode and the island growth mode.
Figure 7 is the schematic diagrams of the atomic collapse
model. At the beginning of the epitaxial growth, the film is
thinner than the critical thickness. The strain caused by the
lattice mismatch can be accommodated by elastic deforma-
tion. So, dislocations have not occurred at the interfacial

(a) (b)

Fig. 6. AFM images of the LCMO epitaxial films with the
thickness of 6 nm (a), 30 nm (b).

(a)

(b)

(c)

Fig. 7. Schematic diagrams for the atomic collapse model.
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region, and the interface between the epitaxial film and the
substrate is coherent [Fig. 7(a)]. With the increase of time,
the film thickness increases and the volume strain energy
caused by lattice mismatch becomes larger and larger. When
the film thickness reaches the critical thickness, the strain can
no longer be accommodated by elastic deformation. Misfit
dislocations are formed to relax the strain [Fig. 7(b)]. At this
time, the atoms begin to collapse at the central location of
the misfit lattices, leading to the formation of collapse mor-
phology [Fig. 7(c)]. The collapse morphology is more like an
island. It should be noted that bigger mismatch and the
smaller critical thickness will lead to more obvious atomic
collapse. Once the dislocations have formed, maintenance of
the wave-like morphology depends on the surface atomic dif-
fusion length. If the atomic diffusion length is long, the
atoms on the surface will diffuse to the lower energy places,
and the collapse morphology will coalesce and disappear
eventually. But if the surface atomic diffusion length is short,
the atoms on the surface do not have enough energy to dif-
fuse to the lower energy positions, so the collapse morphol-
ogy will be preserved. Once the film is much thicker than the
critical thickness, the growth process is similar to bulk mate-
rials. The film surface tends to become flat because of surface
free energy minimization. In our experiment, the atomic dif-
fusion length for the BCMO film is not long enough, so once
the misfit dislocations formed, the island morphology was
maintained. However, the surface atomic diffusion length for
the LCMO film is long enough. Once the misfit dislocations
formed, the surface atoms diffused to the low energy positions
quickly, such that no collapse morphology was observed.
Thus, the film followed a layer by layer growth mode.

From the calculation of the critical thickness, it can be
deduced that the lattice mismatch (f) plays a very important
role in the determination of the critical thickness. If f is big,
the calculated hc is usually large, and the mismatch disloca-
tions are more easily produced at the interface region. At the
same time, the epitaxial film often exhibits an island growth
mode. The critical thicknesses for LCMO epitaxial films on
(001) NdGaO3 and LaAlO3 substrates were calculated to fur-
ther demonstrate the importance of the critical thickness in
determining the growth mode for epitaxial films. For the
LCMO on the NdGaO3 and LaAlO3, the critical thicknesses
are 121.02 and 3.86 nm, respectively. The lattice mismatch
for LCMO/NdGaO3 is 0.129%, while it is 1.98% for
LCMO/LaAlO3. So, it can be deduced that the LCMO film
depositing on the NdGaO3 exhibits more likely a layer by
layer growth mode, whereas LCMO film on LaAlO3 demon-
strates an island growth mode. Moon-Ho Jo et al.36 found
that LCMO on NdGaO3 exhibits a layer by layer growth
mode, whereas Rao et al.37 observed that LCMO on LaAlO3

shows granular-like surface features. These results are consis-
tent with our prediction. Moreover, the BCMO epitaxial
films on (110) NdGaO3 and LaAlO3 substrates were also
considered. For the BCMO on the NdGaO3 and LaAlO3,
the critical thicknesses are 1.72 and 87.90 nm, respectively.
For BCMO/NdGaO3, the lattice mismatch is 1.88%, while it
is 0.079% for the BCMO/LaAlO3. Therefore, for BCMO on
NdGaO3, it exhibits more likely an island growth mode,
whereas for BCMO on LaAlO3, it is more likely a layer by
layer growth mode. Chaudhuri and Budhani38 observed that
the BCMO on the LaAlO3 has a smooth surface by AFM.
This result matches well with our prediction for growth mode
for BCMO grown on LaAlO3.

For metal and semiconductor epitaxial films, FvdM, VW,
and SK models have been proposed to explain layer by
layer, the island and the layer by layer plus the island
growth modes. These theoretical models have been experi-
mentally observed, for example, in Au/Ag39, Au/molybde-
nite40, and Ge/Si18 systems. But for perovskite manganite
epitaxial films, no mature growth model has been reported
yet. The above three models are based on the interface
energy, substrate surface energy, and epilayer surface energy,

but the diffusion of the surface atoms and the lattice mis-
match between the substrate and the epitaxial film are not
considered. Thus, only one single model cannot explain dif-
ferent systems. Our atom collapse model can account for all
the three growth modes. In SK model, it has been reported
that Ge film epitaxially grown on a Si substrate can undergo
a morphology transition from layer by layer to 3-D island.
However, it does not provide the detailed information about
this transition process whereas our atom collapse model
depicts this transition through the atomic collapse and diffu-
sion. At first, the epitaxial film is strained due to the lattice
mismatch between film and substrate. When the thickness of
epitaxial film reaches the critical thickness, the atoms begin
to collapse and the misfit dislocation starts to form. The atom
collapse process transforms the epitaxial manganite film from
a flat surface morphology into an island morphology. Our
atomic collapse model is more reasonable to explain this
growth mode.

IV. Summary

In conclusion, two different growth modes were observed for
epitaxial perovskite manganite films, namely, island growth
mode and layer by layer growth mode. At the beginning of
the deposition of either BCMO or LCMO on STO sub-
strates, the strain caused by the lattice mismatch can be
accommodated by elastic deformation. With increase of film
thickness, dislocations formed with islands observed for the
higher mismatched BCMO and a uniform, layer by layer
growth observed for LCMO. The atomic diffusion length for
BCMO films was sufficient at the growth temperature to
allow the surface strain to be relaxed through formation of
islands. Our results could shed light on the growth modes for
other perovskite epitaxial films.
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