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Rectifying behavior has been studied for the La0.67Ca0.33MnO3 /LaMnO3 /SrTiO3:Nb junctions with
a LaMnO3 layer between 0 and 12 nm. Different from the single-process behavior in the junction
with a thin intermediate layer, the junction buffered by the LaMnO3 layer of 6 or 8 nm shows two
distinctive processes with the character of thermionic emission. Based on the analyses of
current-voltage characteristics, a spikelike and notchlike band structures in the two sides of the
junctions are derived, with respectively, the interfacial barriers of �0.75 and �0.57 eV. The
complex band structure is believed to be responsible for the two-process feature observed. © 2009
American Institute of Physics. �DOI: 10.1063/1.3122343�

Manganites are distinctive in many aspects. In addition
to high spin polarization and spin-related transport behavior,
they exhibit abundant properties associated with strongly
coupled spin, charge, and orbital degrees of freedom.1 This
provides valuable opportunities for the design and fabrica-
tion of heterostructures that show obvious advantages
over homostructures and can be used in various device
applications.2 The junctions composed of manganites and
SrTiO3:Nb, which have attracted significant attention in
recent years, are typical heterojunctions. In addition to the
rectifying character,3 manganite junctions showed many
extraordinary properties, such as bias-dependent
magnetoresistance,4 which could be either positive or nega-
tive and magnetic field-dependent photovoltaic effect.5 How-
ever, nearly all of these phenomena can be explained based
on the theory for homojunctions, that is, the buildup of an
interfacial potential, due to the different carrier type/density
of the manganite and SrTiO3:Nb, and the variation of this
potential under external stimuli. No effects exclusively as-
cribed to the complex band structure of heterojunctions have
been detected up to now.

As reported, manganites and SrTiO3:Nb are very differ-
ent in energy band and electron affinity/work function.6

When two oxides meet each other, a complex band structure
could be formed after the establishment of equilibrium. In
general, a direct measurement of the potential profile of the
manganite junction is difficult. It is not easy either, in most
cases, to get the details of the band structure simply from the
analysis of the current �I�-voltage �V� and capacitance-
voltage characteristics. In this letter, we show that when the
junction is properly buffered, it is feasible to access the elec-
tronic structure simply through the analysis of the I-V char-
acteristics.

The samples were fabricated by growing first a LMO
layer of 0–12 nm then a LCMO layer of �150 nm on a 0.05
wt % Nb-doped SrTiO3 substrate �STON� using the pulsed
laser ablation technique. The substrate temperature was kept
at 720 °C and the oxygen pressure at 10 Pa, for the LMO
buffer layer, and 80 Pa for the LCMO film, during the depo-

sition. The film thickness was controlled by deposition time.
The junction area is 1�1 mm2, patterned by the con-

ventional photolithographic and wet etching technique. Two
Cu electrodes were deposited on the manganite film and the
STON substrate, respectively. The electric contacts are
Ohmic with the contact resistance of �15 � between Cu
and STON and �50 � between Cu and LCMO at ambient
temperature. The I-V characteristics were measured by a su-
perconducting quantum interference device magnetometer
with an electric measurement unit, using the two-point tech-
nique. Positive bias directs from LCMO to STON.

Figure 1 shows the typical I-V characteristics of the
junctions with different LMO layers. At the first glance,
LCMO/LMO/STON is similar to LCMO/STON, being well
rectifying as demonstrated by the asymmetric I-V curves
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FIG. 1. �Color online� �a� I-V characteristics of LCMO/STON and LCMO/
LMO�8 nm�/STON, recorded at 320 K. ��b�–�f�� Semilogarithmic plots of
the I-V curves of LCMO/LMO/STON with the buffer layers of 0 �b�, 4 �c�,
6 �d�, 8 �e�, and 12 nm �f�, respectively. Theoretical results are shown by
symbols for selected temperatures of 240 and 320 K. Ohmic current denote
the current associated with series resistance. Dashed line marks the bound-
ary between two electronic processes.
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�Fig. 1�a��. However, considerable differences exist in de-
tailed transport behaviors. Different from the simple linearity
of the log I-V relation in LCMO/STON �Fig. 1�b��, which
signifies a single electronic process, a second electronic pro-
cess occurs in the junctions with a buffer layer between 6
and 8 nm �Figs. 1�d� and 1�e��. This process undergoes a
bottom-left shift as the LMO layer thickness increases and
cannot be detected when the layer width is 12 nm �Fig. 1�f��.
Significant enhancement of leakage current occurs above the
LMO thickness of 10 nm, resulting in much complex I-V
relations in corresponding junctions.

The single-process behavior is well known for the man-
ganite junctions. In the following analyses we will focus on
the two-process phenomena in LCMO/LMO�8 nm�/STON.
As shown in Fig. 1�e�, there is a critical voltage �Vc� that
divides the log I-V curves of LCMO/LMO�8 nm�/STON into
two linear segments with considerably different slope ���.
This feature is observed in a wide temperature range above
110 K. The irregular behavior below 110 K could be a con-
sequence of the enhanced electric field effect on the permit-
tivity of STON �Ref. 7� and/or the influence of contact resis-
tance.

The critical voltage for the electronic transition is pre-
sented in Fig. 2�a� as a function of temperature. It is �0.64
for T=120 K and �0.27 V for T=350 K, decreasing
monotonically with the increase in temperature. The inset
plot is a close view of the two processes. The ideality factor

is shown in Fig. 2�b�. It varies between �1.9 and �2.4, for
the high-bias process, and between �1.1 and �1.39, for the
low bias range. The deviation from unity indicates the pres-
ence of recombination current in depletion layer. Figure 2�c�
depicts the log I-V slope as a function of temperature. As
implied by the nearly linear relation between � and 1 /T, the
low and high-bias processes share the features of thermionic
emission/diffusion above 220 K. No obvious anomalies are
detected around the Curie temperature of the LCMO film
��245 K�.

Figure 3 presents the temperature-dependent saturation
current IS, obtained by extrapolating the log I-V relation in
Fig. 1�e� to V→0. A nearly exponential growth of IS with T
is observed above 220 K in both processes, which reveals the
thermal activation character of IS. The considerable deviation
from linear relation in the low temperature range could be a
result of the prevalence of tunneling/leakage current.
According to semiconductor theory,2,8 there is a simple rela-
tion between saturation current and interfacial barrier, IS
�exp�−qFB /kBT�, where q is the electron charge, �B is the
interfacial barrier, and kB is the Boltzmann constant. Based
on the data in Fig. 3, two interfacial barriers, �0.76 and
�0.58 eV, can be obtained, which govern the rectifying be-
haviors of the junction below and above Vc, respectively.
Similar analysis is also conducted for the LCMO/LMO�6
nm�/STON junction and it gives VF�0.73 eV and VR
�0.64 eV.

The two-process behavior cannot be explained in terms
of local leaking/tunneling due to inhomogeneous interface,9

as occurred in CMO/STON �Ref. 10�. The leakage/tunneling
current is expected to produce a behavior differing from that
of the thermionic emission. It cannot be ascribed to contact
resistance either. The contact resistance, if it is high enough
to affect the I-V relations, would cause nonlinear log I-V
dependences.

Different from homojunctions, heterojunctions may have
complex band structures. According to the literature,6 the
band gap/electron affinity is �3.2 /4.9 eV for SrTiO3 and
�1.2 /3.8 eV for LCMO. As a result, a spikelike band struc-
ture on the STON side and a notchlike structure on the
LCMO side in the LCMO/LMO/STON junction could be
formed because of the mismatch between energy bands and
electron affinities/work functions �Fig. 4�. In this case, two
different modes of operation are possible for the I-V charac-
teristics: a homojunction type of operation where a minority
carrier build up at the edges of the depletion region limits the
passage of current and a metal-semiconductor type of opera-
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FIG. 2. �Color online� �a� Temperature dependence of the critical voltage
that separates the two electronic processes. Solid symbols represent the re-
sults of 0.15nhighnlow / �nhigh−nlow�. �b� Ideality factors of different electronic
processes. �c� log I-V slopes of the high and low biases processes. Inset plot
is a close view of the I-V curves of LCMO/LMO�8 nm�/STON. Solid lines
are guides for the eyes.
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tion where the current is limited by the potential barrier on
the n-side of the junction. There is a simple formula describ-
ing the I-V characteristics of this kind of heterojunctions,8

I =
IS�exp�qV/nhighkBT� − 1�

�1 + IS/ID�
�1�

with IS= IS0 exp�−qVR /kBT� and ID= ID0 exp�−qVF /kBT�
�exp�qV /nkBT�, where VR /VF is the reverse/forward poten-
tial barrier and IS0 / ID0 is the saturation current of the
diffusion-limited/thermionic emission-limited process. When
bias voltage is high or IS / ID is low, Eq. �1� can be approxi-
mated by I� IS0 exp�−qVR /kBT�exp�qV /nhighkBT�. It means
that the rectifying behavior of the junction will be mainly
determined by the reverse potential barrier. A different for-
mula I� ID0 exp�−qVF /kBT�exp�qV�nhigh+n� /nhighnkBT� is
obtained in the opposite case. Therefore, the combined spike-
like and notchlike band structure can give rise to two elec-
tronic processes with the features of the Shockley homo-
diode and Schottky diode, respectively. The variation of the
contributions from different processes results in the different
I-V dependences delimited by Vc.

If Eq. �1� does provide a description to the I-V charac-
teristics, the crossover between the two processes should
take place at a constant IS / ID ratio C, say, regardless of tem-
perature, where C is an appropriate constant larger than
unity. Based on the equality IS / ID=C, after a direct deriva-
tion we obtain Vc=n�VF−VR�+nkBT /q�ln�IS0 / ID0�−ln C�
�n�VF−VR��0.18n, here the relations kBT� �VF−VR� and
�ln�IS0 / ID0�−ln�C���1 when C is below four �IS0 / ID0 can
be estimated from the experiment data� have been adopted.
This prediction is in good agreement with the experiment
result Vc�0.15nhighnlow / �nhigh−nlow� noting the relation
n=nhighnlow / �nhigh−nlow� �Fig. 2�a��.

By properly choosing the fitting parameters in Eq. �1�,
we obtained a good description for the I-V characteristics of
LCMO/LMO�8 nm�/STON. As shown in Fig. 1�e�, the theo-
retical results �symbols� mimic the experiment data quite
well, especially the evolution of the electronic process with
bias voltage. The above analyses strongly suggest the band
structure in Fig. 4 for the LCMO/STON/STON junctions.
The presence of forward and reverse barriers are responsible
for the two-step behavior of the junctions.

At present, the exact reason for the occurrence of the
two-process behavior is still not very clear. A possible expla-

nation is the influence of LMO on the interfacial state of the
junction. Because of the high carrier concentration of
LCMO, the depletion layer in the LCMO side is quite thin,
and it is actually transparent to charge carriers. As a conse-
quence, the notchlike structure, if it exists, has no obvious
effect on charge transferring. In contrast, the carrier density
of the LMO layer is very low �it exhibits the typical semi-
conductor behavior characterized by the exponential growth
of resistance on cooling�. The incorporation of LMO could
lead to a growth of the depletion width in the LMCO side,
thus the restoring of the notchlike band structure. In fact,
the dramatic effect of LMO on the interface layer of
La0.6Sr0.4MnO3 has been observed by Yamada et al.11 It is
also understandable that the two-process feature appears only
when the thickness of the buffer layer locates in certain
range. The rectifying behavior of LCMO/STON or LMO/
STON is expected when the LMO layer is too thin or too
thick. The critical thickness 6–8 nm could be meaningful: it
may be the scale effectively affected by interface interaction.
We noted that the thickness of the magnetic dead layer in
manganite films is exactly in this range.12

The major challenges faced by the semiconductor tech-
nology are the elucidation and manipulation of the electronic
states at heterointerfaces such as oxide/oxide and metal/
semiconductor interfaces. The present work demonstrates the
modification of the physical property of the manganite junc-
tions by manganite buffer layers. It could be a potential ap-
proach for manganite architecture.
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FIG. 4. �Color online� A schematic band structure of the LCMO/LMO/
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