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a b s t r a c t

By employing the perovskite-structured stannates and manganites, p-La0.67Ca0.33MnO3/i-SrSnO3/n-La0.03
Sr0.97SnO3 junctions were fabricated on SrTiO3(001) substrates by pulsed laser deposition technique. The
current–voltage curves indicate an excellent rectifying property of the heterojunction in the measure-
ment temperatures from 310 to 10 K. A crossover from negative to positive of magnetoresistance with
bias voltage was observed, which was explained by the transport mechanism of diffused electrons.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Perovskite-structured manganites usually exhibit a rich variety
of electronic and magnetic properties due to the strong coupling
between charge, spin, and orbital degrees of freedom [1]. Recently,
manganite-based heterojunctions have attracted considerable
attention in the fabrication of oxide electron devices, because
these junctions show the magnetoresistance (MR) of manganites
as well as the rectifying behaviors of conventional semiconductor
junctions, which have potential applications in spintronics. How-
ever, so far, most of the manganite-based p–n or p–i–n junctions
were fabricated by growing the manganite films on SrTiO3:Nb
substrates [2–7]. To better understand the MR and electrical
transport behaviors associated with the band structure at the
interface, there is a need to grow the perovskite-structured
manganite on other materials to form p–n or p–i–n junctions.
Among the doped manganite La1�xAxMnO3 (A¼Ca, Sr, and Ba), the
hole doped lanthanum manganite La0.67Ca0.33MnO3 (LCMO) exhi-
bits a colossal magnetoresistance with a ferromagnetic ordering
temperature at about 250 K[8]. It would be a suitable choice for
practical applications in junctions.

Alkaline earth stannates, having a general formula ASnO3 (A¼Ba,
Sr, and Ca) and a perovskite structure, are used in a wide variety of
electronic devices due to their interesting dielectric and gas-sensing
properties [9,10]. Among ASnO3, SrSnO3 (SSO) has awide band gap of
4.27 eV and a lattice constant of a¼4.032 Å [11,12]. They are also

usually used as insulating buffer layers in preparation of hetero-
structures, such as high-critical temperature superconductor
YBa2Cu3O7 and insulator CeO2, due to their commensurate lattice
parameters [13,14]. More recently, many substitutions at A and Sn
sites have been carried out to modify their properties due to their
wide band gaps and perovskite structures. Our groups have success-
fully fabricated transparent and conductive n-type La- and Sb-doped
SrSnO3 films [15–17]. In this paper, we report on the fabrication of a
LCMO/SSO/La0.03Sr0.97SnO3 p–i–n heterojunction on SrTiO3(001) [STO
(001)] substrates by using pulsed laser deposition method, with
n-type La0.03Sr0.97SnO3 (LSSO) as a bottom layer, p-type LCMO as the
top layer, and SSO as the insulator at middle layer. Excellent rectifying
characteristics were observed and the MR effects were investigated.

2. Experiments

LCMO, LSSO, and SSO targets were prepared by standard solid
state reactions. LCMO/SSO/LSSO heterostructures were grown on
STO(001) substrates by pulsed laser deposition using a KrF 248 nm
excimer laser with energy of 300 mJ/pulse at 10 Hz and the target-
to-substrate distance of 5.5 cm. For the LCMO/SSO/LSSO p–i–n
junctions, the bottom layer LSSO and middle layer SSO were
grown at 700 1C in 20 Pa of O2, and the top layer LCMO films at
740 1C in 10 Pa of O2. The thicknesses were determined by cross
sectional field emission scanning electron microscopy with LCMO,
LSSO and SSO layers at about 140 and 90, and 10 nm, respectively,
with an accuracy of about 75%. For comparison, only LCMO and
LSSO films were also grown on STO substrates under the same
condition. The nominal compositions of the films were assumed to
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be the same as the targets. The structures of the films were
characterized by x-ray diffraction (XRD) using Cu Kα1 radiation
with λ¼1.5406 Å (Philips X′pert). The in-plane resistances were
measured by the standard four-terminal method on a commercial
superconducting quantum interference device (Quantum Design
MPMS 5), and the current–voltage (I–V) curves were measured by
using the two-probe on the Agilent E5270 I–V parametric mea-
surement system at the temperature range of 310–10 K. The
magnetic field was applied parallel to the surface of the films
and junctions.

3. Results and discussions

Fig. 1 shows the x-ray θ�2θ linear scan on the LCMO/SSO/LSSO/
STO(001) heterostructure. Only reflections from the (00l) planes of
LCMO, LSSO (SSO) layers, and STO substrates are observed, and no
spurious phase or randomly oriented grains appear in the scans,
indicating the films exhibit preferred orientation along the c-axis. It
should be noted that the diffraction peaks of SSO and LSSO layers
overlap due to the low La doping in LSSO films and the same growth

condition. The crystalline quality of the films was examined by the x-
ray ω-scan rocking curves on the LSSO (002) and LCMO (002)
reflections (the inset to Fig. 1), with the full width at half maximum
at about 0.0861 and 0.491, respectively, confirming the high crystal-
linity of the films. The out-of-plane cell constant for the LSSO layers
was calculated to be 4.0349 Å, and that was 3.8666 Å for LCMO layer,
presenting a lattice mismatch of 4.17% between the two layers.

Fig. 2 shows the I–V loops of the LCMO/SSO/LSSO junction
measured from 310–10 K with an interval of 30 K. The inset is the
schematic structure of the p–i–n junction. The Pt electrodes depos-
ited on LCMO and LSSO layer were confirmed to be Ohmic contact.
Perfect rectifying characteristics in the temperature range of mea-
surement indicate the formation of the p-LCMO/i-SSO/n-LSSO
heterojunction. For a junction, the origin of the rectifying character-
istics is the built-in field at the interface of junctions based on the
energy band structure of n- and p-type semiconductors [18]. To
reduce tunneling current and avoid diffusions, i-layer SSO films were
therefore inserted between the n- and p-type semiconductors. There
are two critical voltages for the rectifying I–V curves, one is diffusion
voltage (Vd), which is defined as the voltage value of the forward
current instantaneously increasing. Another is breakdown voltage
(Vb), at which the current I starts to increase rapidly at reverse bias.
As can be seen in the Fig. 2, both the Vd and the Vb increase with the
temperature decreasing from 310 K down to 10 K, which reflects the
temperature-dependent variation of Fermi level in LCMO and LSSO
films. Similar phenomena were also observed in other manganite-
based p–i–n junctions [19,20].

Fig. 3 shows the temperature-dependent resistance of LCMO
films and LSSO films grown on STO substrates. As shown in Fig. 3
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Fig. 1. (Color online) XRD linear scans from the LCMO/SSO/LSSO/STO(001) hetero-
structures, the insets are the ω-scan rocking curves on the LCMO(002) and LSSO
(002) reflections.
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Fig. 2. (Color online) I–V curves of LCMO/SSO/LSSO p–i–n heterojunction at
different temperatures. The inset is the schematic illustration of the heterojunction.
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Fig. 3. (Color online) Temperature-dependent resistances of the La0.67Ca0.33MnO3/
SrTiO3 films (a) and La0.03Sr0.97SnO3/SrTiO3 films measured at H¼0 and 3T, insets
display the magnetoresistance.
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(a), the metal-to-insulator transition temperature of LCMO films
appears in 246 K, which is higher than the bulk value of 240 K [1].
Similar to many other manganites, the application of magnetic
field (3T) depresses the resistance of LCMO films. Then, a maximal
MR of �56% at 230 K was calculated using the definition of MR¼R
(H)/R(0)�1,with R(0) and R(H) denoting the resistances without
and with magnetic field of the films, respectively. As shown in
Fig. 3 (b), the LSSO films exhibit a metal-semiconductor transition
at 153 K. Hall measurement shows the LSSO films have an n-type
conductivity with the room-temperature carrier density of
7.6�1020 cm�3. The LSSO films exhibit a negligible negative MR
in a wide temperature range, and the MR only increases slightly to
�1��2% below 50 K, as shown in inset to Fig. 3(b).

The fascinating characteristics of the manganite-based junction
are MR, defined as MR¼ (RH�R0)/R0�100%, where RH is the
resistance under magnetic fields, and R0 is the resistance in zero
magnetic field. Fig. 4(a) shows the I–V curves of LCMO/SSO/LSSO
junction at 280 K under 0 and 3T as a representative phenomenon. It
can be seen that the magnetic fields change the current through the
junction. The bias voltage dependence of MR at various tempera-
tures was calculated and the results are shown in Fig. 4(b). The sign
of MR depends on the applied bias voltage: MR is positive at high
bias voltage, and turns to negative at smaller bias voltage. Similar
phenomena were also found in La0.7Ce0.3MnO3/SrTiO3:Nb and
La0.82Ca0.18MnO3/SrTiO3: Nb heterojunctions [21,22].

The crossover of MR from negative to positive with bias
voltages of the p–i–n junctions can be explained by two different

spin characters of carriers (the majority spin carriers and the
minority spin carriers) at the Fermi level EF. For the band structure
of La1�xCaxMnO3 material, d orbits are split into eg band and
t2g band by the crystal field. Then, the eg band is divided into e1g
and e2g subbands by Jahn–Teller distortion. Moreover, due to the
Hund's coupling effect, the eg band and t2g band are further
separated into the spin-up and spin-down bands [21], as schema-
tically shown in Fig. 5. For La0.67Ca0.33MnO3 films, the electrons
mainly occupy the lower subband e1↑g , so it exhibits a negative MR
within the whole measured temperature range, as shown in the
inset to Fig. 3(a). However, for the LCMO/SSO/LSSO heterojunction,
when applying low bias voltages, the electrons coming from the
LSSO films are limited, and they only fill in the e1↑g band of LCMO at
the interface (Fig. 5 (a)). In this case, the majority spin carriers are
still predominant at EF, and therefore the p–i–n junction exhibits a
negative MR. While increasing the applied bias voltages, more
electrons will be driven from the LSSO films, then the t↓2g band will
be occupied, as shown in Fig. 5(b). In this case, the spin orientation
of t↓2g electrons is antiparallel to the magnetic moments of the
system, consequently resulting in a positive MR [22].

4. Conclusions

In conclusion, using the perovskite-structured SSO and LSSO
films as an insulator and n-type semiconductor, respectively, we
fabricated the manganite-based p-LCMO/i-SSO/n-LSSO heterojunc-
tion by pulsed laser deposition method. The junction demon-
strates perfect rectifying characteristic in the whole measurement
temperature from 310 to 10 K. The two different spin characters at
the Fermi level in the complicated band of La0.67Ca0.33MnO3 might
be responsible for the appearance of the MR sign crossover with
bias voltage of the p–i–n junctions.
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