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a b s t r a c t

Bi0.4Ca0.6MnO3 (BCMO) film was epitaxially grown on a (1 1 0) SrTiO3 substrate using the pulsed laser

ablation technique. The morphologies of the epitaxial films with different thicknesses were consider-

ably different. For the Bi0.4Ca0.6MnO3 epitaxial film with a thickness of 10 nm, the morphology was

more like islands. As the film thickness increased to 40 nm, the island became smaller, and disappeared

thickness, which has been discussed. The results will shed light on the formation mechanism of BCMO

epitaxial films.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the renaissance of perovskite manganites is due to
the exciting discovery of high temperature superconductivity and
colossal magnetoresistance (CMR) effect. As we all know, CMR
effects are of great value in industrial demand such as the read-
head of magnetic memory, magnetic sensors, etc. Beside the CMR
effect, the perovskite manganites also exhibit intriguing physical
properties such as insulator-metal and/or structure transition
induced by applied magnetic-field or photo-radiation, phase
separation [1], charge/orbital ordering [2], cluster-spin glass state
[3] and low field magnetoresistance effect [4].

Bismuth-based manganites are a special system because their
charge/orbital ordering transition temperature is higher than
other manganites, even higher than room temperature in some
cases [5]. A strong charge ordering (CO) has been observed in a
broad doping range from x¼0.4 to 0.82, and the CO transition
temperature reached a maximum value of 330 K at x¼0.6 [6]. For
bulk manganites, anisotropy is usually unobvious because of the
high structural symmetry. In contrast, thin films exhibit lattice
strains that can strongly affect the physical properties of the films
[7,8]. Thus, a lot of research focused on the investigation of
physical properties for Bi0.4Ca0.6MnO3 (BCMO) films. For the
manganite films grown on a (0 0 1) substrate such as SrTiO3

(STO), Jahn–Teller lattice distortion is severely depressed by the
ll rights reserved.

.

strain effect [9], and biaxial strain in the film makes the bond angle
of Mn–O always 1801, which affects the bond length of Mn–O. But
the strain in the epitaxial films grown on a (1 1 0) substrate is not
clear yet, which is a crucial issue to interpret the origin of the
physical properties for the films. Therefore, it is important to
investigate the strain effect in the films grown on a (1 1 0) substrate
[10–12]. Chen et al. [13–15] studied the effect of strain and
electronic transport properties of charge-ordered BCMO films.

In this paper, we report a detailed microstructure investigation
of BCMO epitaxial films grown a (1 1 0) STO substrate by the
pulsed laser deposition (PLD) technique. Transmission electron
microscopy (TEM) and high-resolution electron microscopy
(HRTEM) are employed to investigate the microstructure and
the growth mechanism of the BCMO epitaxial films.
2. Experimental

Epitaxial BCMO films were prepared on a (1 1 0) STO substrate
by the PLD technique (laser wavelength¼248 nm, repetition
rate¼5 Hz and fluency¼7 J/cm2) from a target with a nominal
composition of Bi0.4Ca0.6MnO3. During the deposition, the sub-
strate temperature was kept at �700 1C and the oxygen pressure
at �60 Pa. The film thickness is controlled by the deposition
time. X-ray diffraction analysis indicates that all the films are in a
single phase and epitaxially grown on (1 1 0) STO substrates [13].
The atomic force microscope analysis gives a root-mean square
roughness of �0.6 nm for the substrate [14].

www.elsevier.com/locate/jcrysgro
dx.doi.org/10.1016/j.jcrysgro.2011.01.012
mailto:yqwang@qdu.edu.cn
dx.doi.org/10.1016/j.jcrysgro.2011.01.012


Y.H. Ding et al. / Journal of Crystal Growth 317 (2011) 115–118116
The specimens for TEM examination were prepared in a cross-
sectional orientation ([1̄ 1 1] and [1 1̄ 0] zone-axes for the STO
substrates) using conventional techniques of mechanical polish-
ing and ion thinning. The ion milling was performed using a
Gatan Model 691 Precision Ion Polishing System (PIPS). The bright
field (BF) imaging, selected-area electron diffraction (SAED) and
HRTEM examinations were carried out using a JEOL JEM 2100F
transmission electron microscope operating at 200 kV.
3. Results and discussion

Fig. 1(a) is a typical BF TEM image of a cross-sectional BCMO/
STO sample with a film thickness of �10 nm. The inset in Fig. 1 is
a typical SAED pattern taken from the epitaxial film region, which
corresponds to a [1̄ 1 1] zone-axis diffraction pattern of BCMO.
The BF image was taken under a two-beam condition with
g¼110. The interface between STO and BCMO is indicated by a
dashed line. It can be seen from Fig. 1(a) that the free surface of
the epitaxial film is not flat, and the morphology of BCMO film is
more like a wave, which has wave crest and trough. It can be
measured from Fig. 1(a) that the height of higher wave crest is
�16 nm, while the height of lower wave trough is �8 nm. The
average height of the wave is �12 nm, and the average width of
the wave is �40 nm. The observed morphology is consistent with
AFM analyses [14], which demonstrated that the strained ultra-
thin (�10 nm) film exhibited a three-dimensional island growth.
Fig. 1(b) shows a [1̄ 1 1] zone-axis HRTEM image of the region
enclosed by a rectangle in Fig. 1(a). The interface between STO
and BCMO is indicated by a dashed line. Fig. 1(b) shows a typical
island for the 10 nm-thick film. The top surface of this island is
Fig. 1. (a) Cross-sectional BF TEM image BCMO/STO film with thickness of 10 nm

taken near the [1̄ 1 1] zone-axis. Inset shows a typical SAED pattern taken from the

epitaxial film; (b) enlarged HRTEM image of the interface region enclosed by a

rectangle in (a).
nearly flat, parallel to the interface of BCMO/STO. The {1 1 0}
crystal planes are marked by three pairs of parallel white lines.
The angles between two pairs of the parallel lines are 601.
Interplanar spacings of {1 1 0} were measured from the HRTEM
image in Fig. 1(b). The interplanar spacings for both (1 0 1) and
(0 1 1̄) planes are measured to be 2.72 Å, while the spacing for
(1 1 0) is measured to be 2.66 Å. The epitaxial BCMO film has an
interface relationship of (1 1 0)BCMOJ(1 1 0)STO and [1̄ 1 1]BCMOJ

[1̄ 1 1]STO with respect to the substrate.
Fig. 2(a) is a typical BF TEM image of a cross-sectional BCMO/

STO sample with a film thickness of �40 nm. The inset in
Fig. 2(a) is a typical SAED pattern taken from the epitaxial film
region, which corresponds to a [1̄ 1 1] zone-axis diffraction
pattern of BCMO. The BF TEM image was taken under a two-
beam condition with g¼110. The interface between STO and
BCMO is indicated by a dashed line. It can be seen from
Fig. 2(a) that the surface morphology of the film is similar to a
wave that is high in the middle region and low on both sides. It
can be measured from Fig. 2(a) that the height of wave crest is
�45 nm, while the height of wave trough is �35 nm. The average
Fig. 2. (a) Cross-sectional BF TEM image BCMO/STO film with thickness of 40 nm

taken near the [1̄ 1 1] zone-axis. Inset shows a typical SAED pattern taken from the

epitaxial film; (b) enlarged HRTEM image of interface region enclosed by a

rectangle in (a).
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height of the wave is �40 nm, and the average width of the wave
is �100 nm. Fig. 2(b) shows a [1̄ 1 1] zone-axis HRTEM image of
the region enclosed by a rectangle in Fig. 2(a). The interface
between STO and BCMO is indicated by a dashed line. Fig. 1(b) is a
part of the island from the 40 nm-thick film. The {1 1 0} crystal
planes are marked by three pairs of parallel white lines. The
angles between two pairs of parallel lines are 601. Interplanar
spacings of {1 1 0} can be measured from Fig. 2(b). The inter-
planar spacings for both (1 0 1) and (0 1 1̄) are measured to be
2.68 Å, while the spacing for (1 1 0) is measured to be 2.67 Å. The
epitaxial BCMO film has an interface relationship of (1 1 0)BCMOJ

(1 1 0)STO and [1̄ 1 1]BCMOJ[1̄ 1 1]STO with respect to the substrate.
Fig. 3(a) is a typical BF TEM image of a cross-sectional BCMO/STO

sample with a film thickness of �110 nm. The inset in Fig. 3 is a
typical SAED pattern taken from the epitaxial film region, which
corresponds to a [1 1̄ 0] zone-axis diffraction pattern of BCMO. The
BF image was taken under a two-beam condition with g¼110. The
interface between the STO and BCMO is indicated by a dashed line.
It can be seen from Fig. 3(a) that the wave shape of the epitaxial film
disappeared and tended to be flat. Fig. 3(b) shows a [1 1̄ 0] zone-axis
HRTEM image of the region enclosed by a rectangle in Fig. 3(a). The
interface between STO and BCMO is indicated by a dashed line.
Fig. 3(b) is a part of island from the 110 nm-thick film. The (1 1 0)
and (0 0 1) planes are marked by two pairs of parallel white lines.
Fig. 3. (a) Cross-sectional BF TEM image BCMO/STO film with thickness of 110 nm

taken near the [1 1̄ 0] zone-axis. Inset shows a typical SAED pattern taken from the

epitaxial film; (b) enlarged HRTEM image of interface region enclosed by a

rectangle in (a).
The angle between these two pairs of parallel lines is 901. The
interplanar spacing for (0 0 1) is measured to be 3.84 Å,
and the spacing for (1 1 0) is 2.68 Å. The epitaxial BCMO film has
an interface relationship of (1 1 0)BCMOJ(1 1 0)STO and [1 1̄ 0]BCMOJ

[1 1̄ 0]STO with respect to the substrate.
Careful examinations of BF TEM images demonstrate that the

surface morphologies of the films with different thicknesses are
considerably different. The films were all grown in an island mode
because of the mutual binding potential energy of atoms or
molecules, which is much stronger than the binding with sub-
strates. For the 10 nm-thick BCMO film, TEM examination
(Fig. 1(a)) suggests that BCMO formed isolated islands on STO
substrate at first, and then the islands coalesced together. As the
islands grew larger, the edge of islands connected together, and
the island grew by the way of big island annexing the small ones,
finally continuous thin film covering the STO substrate was
formed. When the film thickness increased to 40 nm, the film
still possesses waves or islands morphology, but the islands are
broadened. When the film thickness reached 110 nm, the islands
morphology becomes unclear and the film surfaces tend to be
smooth. This can be clearly seen from the TEM image in Fig. 3(a),
in which the islands morphology disappears and tends to be flat.
Careful examinations of HRTEM images demonstrate that with
the increase in the film thickness, the lattice spacing along the
[1 1̄ 2] direction (parallel to the BCMO/STO interface) decreases
because the interplanar spacings for both (1 0 1) and (0 1 1̄)
planes are reduced, while the spacing along the [1 1 0] direction
(perpendicular to the BCMO/STO interface) increases. For the
10 nm-thick film, it was fully relaxed along the [1 1̄ 2] direction,
but it had a partial relief along the [1 1 0] direction. Therefore, the
film grew faster along the [1 1 0] direction than the [1 1̄ 2]
direction, and the epitaxial film is composed of islands with
different sizes. The top area of the individual island is flat because
the crystal plane with lower surface energy is more stable. For
40 nm-thick film, the lattice spacing along the [1 1̄ 2] direction is
smaller than that in the 10 nm-thick film, while the lattice
spacing along the [1 1 0] direction is bigger than that in the
10 nm-thick film. This indicates that the compressive strain in the
parallel direction makes lattice spacing smaller and the tensile
strain in the perpendicular direction makes the lattice spacing
bigger. When the film thickness reached 110 nm, the lattice
spacing along the [1 1 0] direction is bigger than that in 40 nm-
thick film. This suggests that the residual strain along the [1 1̄ 2]
and [1 1 0] directions decreases as the thickness increases. The
islands or waves morphology disappeared and tended to be flat.

Table 1 shows the effect of thickness on the strain of the
epitaxial BCMO films obtained by XRD analysis [14]. The thick-
ness dependence on the interplanar distance evaluated from
XRD for the films grown on the (1 1 0) substrates is summarized
in Table 1. XRD results agree well with our TEM and HRTEM
examinations. As shown in Table 1, [0 0 1] and [1 1 0] directions
sustain different strained states, so asymmetric strain occurs
Table 1
Effect of thickness on the strain of the epitaxial BCMO films.

Thickness

(nm)

Lattice

spacing

Theoretical

values (Å)

Measured

values (Å)

Strain (%)

10 d001 3.79 3.901 eJ¼2.93

d110 2.694 2.655 e?¼1.45

40 d001 3.79 3.86 eJ¼1.85

d110 2.694 2.669 e?¼0.93

110 d001 3.79 3.84 eJ¼1.32

d110 2.694 2.676 e?¼0.67
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in the films. Data in Table 1 reflect the gradual strain relaxation
along both in-plane direction [0 0 1] and out-of plane direction
[1 1 0]. It is evident that the residual strain along the two
directions decreases as the film thicknesses increases. Thus the
strain in the epitaxial film grown on a (1 1 0) substrate is
anisotropic.

Inspection of the data for the thin film (10 nm) reveals that the
film along the [0 0 1] direction (d001¼3.901 Å) is fully strained by
the substrate (d001¼3.901 Å for STO). In contrast, the film along
the [1 1 0] direction exhibits a partial strain relief (d110¼2.758 Å
for STO). For the 10 nm-thick film, the lattice mismatch between
the BCMO film and STO substrate is only 0.1%. For the 40 nm-
thick film, the strain relaxation in the film along the [1 1 0]
direction is nearly completed. And the strain along the [0 0 1]
direction will relax until t4100 nm. The relaxation along the
[0 0 1] and [1 1 0] directions is different: for to100 nm,
the lattice contracts faster along the [1 1 0] direction than along
the [0 0 1] direction. The compressive strain along [0 0 1] direc-
tion decreases the lattice spacing, and the tensile strain along the
[1 1 0] direction increases the lattice spacing. For the 40 nm-thick
film, the lattice mismatch between the BCMO film and STO
substrate is �1.15%. The lattice strain was accommodated by
the elastic deformation when the film thickness is below 110 nm.
As the film thickness reaches 110 nm, the lattice strain can be
released by the formation of dislocations. For the 110 nm-thick
film, the lattice mismatch is about 1.66% between STO substrate
and BCMO film. The critical thickness for the formation of
dislocations is about 110 nm. The nature and characteristics of
the dislocations in the BCMO films will be discussed elsewhere.
4. Conclusions

In conclusion, the surface morphology of the BCMO epitaxial
film evolves with the increase in film thickness. The films were
grown in an island mode, and the morphology of the film depends
on the strain states in the films with different thicknesses. For the
10 nm-thick film, the morphology is more like waves. For the
40 nm-thick film, the waves or islands are broadened. When the
film thickness reaches 110 nm, the islands morphology disap-
peared. TEM examinations suggest that the BCMO film formed
isolated islands on the STO substrate at first, and then the islands
coalesced together. As the islands grew larger, the edge of islands
connected together, and the islands grew by the way of big island
annexing the small ones, finally continuous thin films covered the
STO substrate were formed. The compressive strain along the
direction parallel to the BCMO/STO interface makes lattice spa-
cing smaller and the tensile strain along the direction perpendi-
cular the BCMO/STO interface makes the lattice spacing bigger.
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