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a b s t r a c t

The charge ordered Bi0.4Ca0.4Sr0.2MnO3 (BCSMO) film has been grown on (011) SrTiO3: Nb (STON)
(0.05 wt%) substrate. The charge ordering (CO) transition is realized at ∼336 K. The BCSMO/STON
heterojunction shows excellent rectifying behavior. Through the capacitance measure of the junction,
it is found that the built-in potential of the heterojunction is affected by the CO transition. A upward shift
of the built-in potential of the junction appears around the CO transition temperature, which is ascribed
to the change of the Fermi level in BCSMO film.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Perovskite manganites have attracted much attention in re-
cent years because of their abundant properties associated with
the strong coupling among the spin, charge and orbit degrees of
freedom. In addition to colossal magnetoresistance, lots of phys-
ical phenomena have been observed in the manganites [1], such
as the charge and orbital ordering, metal–insulator transition,
phase separation, etc. Manganite-based heterojunctions also ex-
hibit many interesting features, including excellent rectifying be-
havior, bias-dependent magnetoresistance, magnetic field tunable
photovoltaic effects [2], and so on. A systematic study on mangan-
ite heterojunctions can give us not only the information on the in-
terfacial properties of the strong electron-correlated oxides, but
also excellent opportunities for the design and fabrication of the
artificial devices with novel properties.
Generally, an energy barrier could be formed near the interface

of the heterojunction, due to the difference of the Fermi
energies of the two materials forming the junction. Based on
the semiconductor theory, the change of band structure of the
junction can affect the energy barrier. This has been verified for
the conventional p–n junctions, whose properties can easily be
tuned by dopant and an electric field. In manganites, it is found
that the Fermi level can be controlled by the content of charge
carriers [3,4]. So we can modulate the properties of manganite-
based heterojunctions through changing the carrier density [5].
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The bismuth-based manganite Bi1−xCaxMnO3 (BCMO) with a
doping range from x = 0.4 to 0.82 [6,7] is a typical charge and
orbital ordered manganite. The charge ordering (CO) transition
in Bi1−xCaxMnO3 takes place against a paramagnetic (PM) back-
ground. Due to the lone pair 6s2 electron of Bi3+, the CO transi-
tion temperature TCO is much higher than other manganites such
as Nd0.5Sr0.5MnO3 and Pr0.5Ca0.5MnO3. When the BCMO is fab-
ricated into film, the transition temperature TCO is lowered, due
to the lattice strain in the film [7,8]. In the Ln1−xAxMnO3 com-
pounds, the TCO can be adjusted by tuning the one electron band-
width [9]. A wide eg bandwidth, which appears when the mean
ionic radius of the A-site cations is large, favors a low TCO due to
the well itinerant character of the eg electrons, whereas a narrow
bandwidth enhances the CO state. However, the bismuth-doped
manganites do not exhibit this dependency, and the introduction
of large ions sometimes causes a increase of the CO transition tem-
perature. For example, the TCO in Bi1−xSrxMnO3 is generally higher
than in Bi1−xCaxMnO3. Amechanism based on themanifestation of
a Bi3+ lone pair 6s2 character is proposed to justify the strong ten-
dency of the charges to localizing and ordering [10]. In this paper,
through tuning the concentration of Sr2+ replacing Ca2+ ions, the
TCO of Bi0.4Ca0.4Sr0.2MnO3 film is tuned to ∼336 K, slightly above
room temperature. This allows easy access of the built-in poten-
tial across the CO transition by various techniques such as the ca-
pacitance–voltage (C–V ) and current–voltage (J–V ) characteristics
analysis. An obvious change of built-in potential resulted from the
charge ordering is observed by the analysis of the C–V relation.

2. Experiments

A ceramic target with the nominal composition of
Bi0.4Ca0.4Sr0.2MnO3 (BCSMO) was prepared by a solid-state reac-
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Fig. 1. XRD spectrum of the BCSMO film. The inset contains the rocking curves of
(011) peak of BCSMO and STO.

tion. BCSMO film was grown on (011)-oriented SrTiO3 : Nb (0.05
wt.%) (STON) substrates by the pulsed laser deposition method us-
ing a KrF excimer laser (λ = 248 nm). During deposition, the tem-
perature of the substrate and the oxygen pressure in the chamber
were kept at 700 ◦C and 60 Pa, respectively. The thickness of film
is∼180 nm, determined by the deposition time.

3. Results and discussion

X-ray diffraction (XRD) results of the BCSMO film are shown
in the Fig. 1. The scanning range of 2θ changes from 20◦ to 80◦,
and there is only the (011) and (022) peaks of BCSMO and STO.
The FWHM of (011) peaks of BCSMO and STO are 0.4◦ and 0.2◦, as
shown in the inset of Fig. 1. The XRD results confirm the epitaxial
growth of the BCSMO film. The distance between the {011} planes
d011 is∼0.268 nm.
Transport and magnetic measurements were performed on

a superconducting quantum interference device magnetometer
(MPMS-7) equipped with an electric measure unit. Fig. 2 presents
the temperature dependence of the magnetization (M) and
resistivity (ρ) of the BCSMO film. The magnetization was recorded
under the field of 4 T, with the contributions of the substrate being
subtracted.With the increase of temperature, themagnetization of
the film first decreases, becoming smallest at∼286 K, then rises to
a peak value at around 336 K. The film insulating over the whole
temperature range is investigated. The obvious change on the ρ–T
curve appears at ∼336 K, where the magnetization peak on the
M–T curve shows up. In the inset of Fig. 2(b), the d(Lnρ)/dT–T
plot starts to become flat at ∼286 K and drops to a max value at
∼336 K with the increase of temperature. These features are the
signature of the charge ordering transition, which sets in at∼286 K
and finishes at∼336 K. The transition temperature is∼40 K lower
than it is in bulk. The shaded area in the inset of Fig. 2(b) expresses
the CO transition degree [11,12].
The electronic transport properties of the BCSMO/STON junc-

tion are further studied. Focuses are the effect of the CO transi-
tion. Ag pads were deposited on BCSMO and STON, as electrodes.
The electric contacts are proved to be Ohmic. The junction area is
1 × 1 mm2. The temperature-dependent current–voltage charac-
teristics of the BCSMO/STON junction are presented in Fig. 3. The
junction shows an excellent rectifying behavior, as demonstrated
by the strong asymmetry of the J–V curves against the polarity of
the electric bias in Fig. 3(a). The value of J is negligible small in the
negative direction up to the bias voltage 5 V, while it rises quickly
in the positive direction when the bias voltage exceeds a threshold
value below 1 V. As the temperature increases, the J–V curves shift
along the V axis to the low bias voltage direction. In othermangan-
ite junctions, the rectifying behavior has also been reported, except
for the difference of threshold voltage.
Fig. 2. (a) The temperature dependence of themagnetization of the BCSMO film. (b)
The temperature dependence of the resistivity of the BCSMO film. The inset of (b) is
the d(Lnρ)/dT–T plot of BCSMO film. The shaded area expresses the CO transition
degree.

To obtain the information of the interfacial potential, the J–V
curves have been further analyzed. Based on the semiconductor
theory, the J–V relation can be described by the formula J ≈
Js exp(qV/nkBT ) in the positive bias direction when qV � nkBT ,
where Js is the saturation current, kB the Boltzmann constant,
and n the ideality factor. The value of n changes from ∼1.1
to 1.16 in the investigated temperature range, as shown in the
upper inset of Fig. 3(a). This indicates that the thermal current is
dominative in the junction. The saturation current, which varies
exponentially against the interfacial barrier, can be obtained as
the intercept in the J axis of the extrapolated log J–V curve.
Fig. 3(b) is the log J–V plots for the selected temperatures from
300 K to 400 K. Well linear log J–V relations are observed for
all the temperatures in a wide bias range. The nonlinearity in
the high bias range could be ascribed to the effect of the contact
resistance, which becomes important under a high bias voltage.
The Schottky barrier height (SBH) ΦB, which is the difference
of the Fermi level of BCSMO and the bottom of the conduction
band of STON, can be derived from Js based on the relation Js ∝
A∗T 2 exp(qΦB/kBT ), where A∗ is the Richardson’s constant. In the
bottom inset of Fig. 3(a), the Ln(Js/T 2)–1/T plot is presented.
The slope of the plot is almost a constant at the investigated
temperature region, and ΦB = 1 V is calculated from the slope.
It indicates that there is no obvious response of ΦB to a charge
ordering transition at ∼336 K. Similar results have been obtained
in Nd0.5Sr0.5MnO3/STON and La0.875Sr0.125MnO3/STON junctions
[13,14], although the Nd0.5Sr0.5MnO3 and La0.875Sr0.125MnO3 films
experience clear CO transition. This may be ascribed to either the
spatial inhomogeneity of the interfacial barrier, or the appearance
of the interface state [15].
The capacitance–voltage (C–V ) relation of the junction can

also give the information of the interfacial energy barrier.
The capacitance of a Schottky junction obeys the relation of
1/C2 = 2(Vbi − V )/qεSTONNSTON , where NSTON is the Nb-dopant
concentration, εSTON the permittivity of STON, and Vbi the built-
in potential. The capacitance of the BCSMO/STON junction under
different negative bias voltages is measured in the temperature
range from 300 K to 400 K. Fig. 4(a) shows the 1/C2–V
characteristics of the junction. A linear behavior of the 1/C2–V
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Fig. 3. Linear (a) and semilog (b) of the J–V characteristics of BCSMO/STON measured from 300 K to 400 K. The insets are the temperature-dependent ideality factor n and
the Ln(Js/T 2)–1/T plot. The solid line is a guide for the eye.
plot is observed. The temperature dependence of Vbi shown in
the Fig. 4(b) is obtained from the intersection of the straight
fitting lines with the V axis. With the decrease of temperature,
the Vbi–T relation shows a upward shift at ∼340 K, around TCO.
Given the nearly linear temperature dependence of Vbi above TCO,
we extrapolating the data of Vbi above TCO to 300 K. As shown in
the inset of Fig. 4(b), the difference between the Vbi in CO state
and the extrapolating data, 1Vbi, begins to increase at ∼340 K,
develops with the decrease of temperature, and saturates below
∼280 K. This is exactly the temperature range for the emergence
and development of the charge ordering as shown in Fig. 2. Since
the band structure of STON is nearly independent of temperature,
the data in Fig. 4 suggest that the CO transition in BCSMO affects
the electronic structure of the junction.
The value of Vbi is larger than the results before [5,14]. It is sug-

gested that the tunneling current, spatial barrier inhomogeneities
or the interface state between the metal and semiconductor may
reduce the capacity of junction and enhance Vbi. Fortunately, the
interfacial state does not blur the effect of the CO on Vbi [15].
Considering that the Fermi level of STON is near the conduction

band bottom [16], the Vbi of BCSMO/STON junction approximately
equals the height of Schottky barrier. The upward shift of Vbi
around TCO indicates that the Fermi level of the BCSMO film is
turned down by the CO transition. Generally, the appearance of
a charge ordering state is always accompanied by the opening of
the band gap near the Fermi level, which is due to the Coulomb
repulsion [14,17]. The1Vbi, aswe discussed above, should quantify
the CO gap. The appearance of a CO gap would cause the shift of
the Fermi level. On the other side, the Fermi level is related to
the carrier density. According to the results in the Bi0.4Ca0.6MnO3
film [8], the carrier density decreases exponentially with the
temperature below TCO, which may indicate a reduction of the
Fermi level. A clear upward shift of Vbi also appears in the
La0.875Sr0.125MnO3(LSMO)/ STON heterojunction [14] when the CO
transition occurs. However, in the BCSMO/STON junction, the film
transits into the CO state from the PM insulating state instead of
the metallic one in the LSMO film.

4. Conclusions

The BCSMO film has been grown on a (011) STON substrate
and the CO transition is realized at 336 K, which is verified
by the magnetic and transport properties. The BCSMO/STON
heterojunction shows excellent rectifying behavior. Through the
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Fig. 4. (a) The 1/C2–V characteristics of BCSMO/STON from 300 K to 400 K. (b) The
temperature dependence of Vbi . The inset contains the schematic Fermi-level shift
in BCSMO induced by the CO transition (upper), and the temperature-dependent
1Vbi (lower).

capacitance measure of the junction, it is found that the CO
transition affects the built-in potential, thus the SBH of the
heterojunction. With the decrease of temperature, the Vbi drops
and shows an upward shift of around TCO. This is ascribed to the
shift of the Fermi level in the BCSMO film.
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