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Heterojunctions composed of La0.5Ca0.5MnO3 and Nb doped SrTiO3 were fabricated, and the

effects of the Nb doping level on their electronic transport, photoelectric effect, and

magnetoresistance were investigated. A lower doping concentration of Nb led to better rectifying

properties and higher open circuit voltages. The I-V curves for La0.5Ca0.5MnO3/0.7 wt. %

Nb-SrTiO3 showed a negligible response to magnetic fields for all temperatures, whereas

La0.5Ca0.5MnO3/0.05 wt. % Nb-SrTiO3 exhibited distinct magnetoresistance, which depended on

both the bias voltage and temperature. These results are discussed with the assistance of

conventional semiconductor theories. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4851076]

Oxide heterostructures have received much attention in

recent years.1–4 For semiconductor heterojunctions, although

the charge density is the only modulated parameter, they ex-

hibit many striking properties.5 For heterostructures con-

structed with complex oxides, more parameters, such as

exchange energies and hopping energies, could be tuned at

the interfaces.1 As a result, more prominent properties that

are absent in bulk materials might emerge with these

structures.

Perovskite manganites, which show unexpected sensitiv-

ity to applied magnetic fields, light, electric currents/fields,

and pressure, are typical strongly correlated complex

oxides.6–8 Heterostructures composed of manganites and

doped strontium titanate have been intensively studied.9–19 In

1999, Sugiura et al. reported good rectifying properties

in La0.85Sr0.15MnO3/i-SrTiO3/La0.05Sr0.95TiO3 junctions.9

Following studies indicate that a single-interface junction can

be fabricated by growing a manganite film on a doped SrTiO3

substrate. In such junctions, highly rectifying current-voltage

characteristics, magnetocapacitance, bias-tunable magnetore-

sistance, and magnetic-field tunable photo voltages have been

demonstrated.10–14 However, the understanding of these junc-

tions is still limited. It is hindered by strong correlations in the

manganites.6–8 The behavior of these junctions may be influ-

enced by extrinsic factors, such as leakage currents.20 The

doping level is an intrinsic parameter that can affect their

properties, and its effect in these junctions has not been inves-

tigated. In this study, we examine the effects of the Nb doping

level on the electronic transport, photoelectric effect, and

magnetoresistance in La0.5Ca0.5MnO3/x wt. % Nb (x¼ 0.7 and

0.05) doped SrTiO3 junctions (denoted as LCMO/0.7Nb-STO

and LCMO/0.05Nb-STO, respectively). La0.5Ca0.5MnO3 dis-

plays many intriguing properties, such as charge ordering and

orbital ordering. The study on La0.5Ca0.5MnO3/Nb-SrTiO3

junctions could provide a reference for similar heterojunctions

constructed with half-doped manganites. It is found that the

doping level of Nb significantly altered the behaviors of these

junctions.

LCMO (60 nm) films were deposited on 0.7 wt. % and

0.05 wt. % (001)-oriented Nb-STO by using pulsed laser

ablation. The fabrication conditions can be found in Ref. 16.

Junctions with an area of �1� 1 mm2 were formed by using

a photolithography technique to define the pattern and hydro-

gen chloride (HCl)-potassium iodide (KI) etchant to remove

the uncovered LCMO. Ohmic contacts were formed by evap-

orating sliver (Ag) films onto LCMO and Nb-STO (see the

inset in Fig. 1). All transport properties were measured with

a two-probe configuration, and the positive voltage applied

on LCMO was defined as the forward bias. For the magneto-

resistance (MR) measurements, the magnetic fields were

applied normal to the film plane.

X-ray diffraction (XRD) measurements indicate that the

LCMO films are epitaxially c-axis oriented. Figure 1 shows a

typical h-2h XRD pattern for the LCMO/Nb-STO structures.

Only the reflection peaks from the (00l) planes for LCMO (for

LCMO the pseudocubic index is used) and Nb-STO can be

observed. The out-of-plane lattice constant of the LCMO film,

calculated from the reflection peak, is c� 3.772 Å, indicating

a compressive out-of-plane strain. Because the lattice constant

in the bulk LCMO (ap� 3.827 Å) is smaller than that of

FIG. 1. A typical XRD pattern (h-2h scan) of LCMO/Nb-STO. Shown in the

inset is the schematic view of the junction.

a)Electronic mail: jifewang@gmail.com
b)Author to whom correspondence should be addressed. Electronic mail:

jugao@hku.hk.

0003-6951/2013/103(25)/252103/3/$30.00 VC 2013 AIP Publishing LLC103, 252103-1

APPLIED PHYSICS LETTERS 103, 252103 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

147.8.204.164 On: Wed, 25 Feb 2015 10:00:36

http://dx.doi.org/10.1063/1.4851076
http://dx.doi.org/10.1063/1.4851076
http://dx.doi.org/10.1063/1.4851076
http://dx.doi.org/10.1063/1.4851076
http://dx.doi.org/10.1063/1.4851076
http://dx.doi.org/10.1063/1.4851076
http://dx.doi.org/10.1063/1.4851076
mailto:jifewang@gmail.com
mailto:jugao@hku.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4851076&domain=pdf&date_stamp=2013-12-16


Nb-STO (a� 3.905 Å), the LCMO films grown on Nb-STO

should experience a tensile in-plane strain and a compressive

out-of-plane strain. It is noted that the change in the Nb dop-

ing level from x¼ 0.05 to 0.7 has a negligible influence on the

lattice constant of STO and the strain states in the LCMO

films. Therefore, strain should play a paltry role in the differ-

ences in the properties of these junctions.

Figure 2 displays the current-voltage curves for

LCMO/0.7Nb-STO and LCMO/0.05 Nb-STO at 300 K. For

both junctions, there was a clear asymmetry between the for-

ward and the reverse biases. As compared to that under the

negative voltage, the current under the positive bias began to

increase at lower voltages. One significant difference

was that the rectifying properties in LCMO/0.05Nb-STO

were much better than those in LCMO/0.7Nb-STO. For

LCMO/0.05Nb-STO, the backward current was less than

1 lA, even for a voltage of�5 V. In contrast, the reverse cur-

rent in LCMO/0.7Nb-STO reached 1 mA at ��1 V.

Figures 3(a) and 3(b) display the forward J-V curves

recorded at different temperatures for LCMO/0.7Nb-STO

and LCMO/0.05 Nb-STO, respectively. There were clear dif-

ferences for these two junctions. At a selected temperature,

the forward current in LCMO/0.7Nb-STO began to rise at

lower voltages and increased much more slowly. For both

junctions, above 100 K, in a certain intermediate current

range, logJ changed linearly with V. In such a circumstance,

it is possible to use semiconductor theory to analyze these

junctions. For either the Schottky junction model or the p-n

junction model, the J-V relation in the forward direction can

be expressed as J� JS exp(qV/nkBT) when qV� kBT, where

JS is the saturation current density, n the ideality factor, and

kB the Boltzmann constant. The deduced values of JS,

q/nkBT, and n at different temperatures are shown in Figs.

3(c)–3(e), respectively. For both junctions, with a decrease

in the temperature, JS was reduced, and n was increased. At

all temperatures, the JS and n in LCMO/0.05Nb-STO were

smaller than those in LCMO/0.7Nb-STO. For a Schottky

junction with a purely thermal emission process or a p-n

junction with only a diffusion process, n is 1. For

LCMO/0.05Nb-STO, at 300 K n was �1.1. This indicates

that at room temperature the thermal process or the diffusion

process dominates in these junctions. The deviation from

unity may be caused by several factors. One is the strong

correlation in manganites, which may cause junction inho-

mogeneity. Because these two junctions have identical layer

of LCMO, strong correlation in manganites cannot explain

the difference between them. Another possibility is the

involvement of other transport processes, such as tunneling.

The increase in n with a decreasing temperature in

LCMO/0.05Nb-STO is probably due to the increased contri-

bution of the tunneling currents at low temperatures.16,19,20

Tunneling also becomes more significant with an increasing

doping level because the square of the barrier width W2 is

proportional to 1/N, where N is the carrier concentration

(doping level).5 For direct tunneling, the slope of the lnJ-V
curve is independent of temperature. This explains why in

LCMO/0.7Nb-STO the deduced slope q/nkBT showed a

much weaker temperature dependence.

Figure 4 depicts the responses of the I-V curves to light

illumination. A semiconductor laser diode (wave-

length¼ 532 nm and power density¼ 2 mW/mm2) was used

as the light source. Both junctions showed clear changes

under light irradiation. The short circuit current (ISC) in

LCMO/0.7Nb-STO was slightly larger than that in

LCMO/0.05Nb-STO. This is reasonable and consistent with

the previous report.21 A higher doping level leads to a nar-

rower depletion width and a lower built-in potential.5

FIG. 2. J vs V curves for LCMO/0.7Nb-STO and LCMO/0.05 Nb-STO

measured at 300 K.

FIG. 3. Forward J-V curves measured at 250, 185, 140, 75, and 20 K

for LCMO/0.7Nb-STO (a) and LCMO/0.05 Nb-STO (b). JS (c), e/(nkBT)

(d) and n (e) as a function of temperature.

FIG. 4. J-V curves with and without light (k¼ 532 nm, P¼ 2 mW/mm2) at

300 K and 270 K for LCMO/0.7Nb-STO (a) and LCMO/0.05 Nb-STO (b).
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Internal photoemission spectroscopy experiments on

SrRuO3/Nb-doped SrTiO3 junctions revealed that the junc-

tion constructed with a heavier Nb doping had a slightly

lower Schottky barrier height and a slightly larger photo

yield in the energy range of 1.3–2.4 eV.21 The largely

reduced open circuit voltage (VOC) in LCMO/0.7Nb-STO

should be a combined consequence of the lowering in upper

limit of VOC and the tremendous increase in JS. A slight

reduction in barrier height lowered the upper limit of the

VOC. For conventional p-n junctions and Schottky junctions,

VOC depends on JS, VOC� kBTln(JL/JS)/e,5 where JL is the

photocurrent density. Both the decrease of the barrier height

and the reduction of depletion length lead to the increase of

JS. As shown in Fig. 3(c), the change of the Nb doping con-

centration from 0.05 to 0.7 increased JS by almost 3 orders at

room temperature. Consequently, VOC was suppressed

greatly.

Intriguingly, the doping level of Nb in STO also affected

the response to magnetic fields in the junctions. For

LCMO/0.7Nb-STO, at all temperatures, a magnetic field of 1

T had negligible effects on the J-V curves [see Fig. 5(a)]. On

the contrary, for LCMO/0.05Nb-STO, clear responses of the

J-V curves to magnetic fields were observed, as shown in

Fig. 5(b). With the definition MR(V)¼ 100%� [R(V, 1T)-

R(V, 0T)]/R(V, 0T), the MRs at various temperatures are

summarized in Fig. 5(c). MR exhibited complex behaviors.

At a fixed temperature, with the increase in the bias voltage,

MR first rose and then fell. When the temperature was low-

ered, the maximum MR increased continuously. The MR
observed in LCMO/0.05Nb-STO cannot be attributed to the

MR in LCMO because LCMO/0.7Nb-STO did not exhibit

MR. We calculated the junction resistance Rj(¼V/I) at vari-

ous bias voltages. Over the whole voltage range, Rj dropped

quickly as the bias voltage was increased. This indicates that

the main voltage drop occurred at the junction. Otherwise,

the resistance would be almost constant with an increasing

bias voltage. Therefore, the MR observed in LCMO/0.05Nb-

STO cannot be attributed to the MR in LCMO. The differen-

ces in the responses to the magnetic fields for

LCMO/0.05Nb-STO and LCMO/0.7Nb-STO are likely

caused by their different transport mechanisms. Further stud-

ies are required to gain a complete understanding of the mag-

netic field responses in these junctions.

In summary, LCMO/Nb-STO heterojunctions were fab-

ricated by pulsed laser deposition, and the effects of the Nb

doping level were examined. XRD spectra revealed a good

epitaxy between the LCMO films and the Nb-STO sub-

strates. Junctions constructed with the low doped substrates

exhibited better rectifying properties and larger open circuit

voltages. The increase in the Nb doping level slightly

enhanced the short circuit currents. Analysis using conven-

tional semiconductor theory indicates that a higher doping

level of Nb resulted in a narrow barrier width and a high sat-

uration current density. The responses to magnetic fields in

these junctions also depended on the doping level of Nb in

STO.
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FIG. 5. (a) Forward J-V curve with and without a magnetic field of 1 T at

100 K for LCMO/0.7Nb-STO; (b) Forward J-V curve with and without a

magnetic field of 1 T at 15 K for LCMO/0.05Nb-STO; (c) Bias dependent

MR at 250, 200, 150, 100, 50, and 15 K for LCMO/0.05 Nb-STO. At

each temperature, the MR is calculated using MR(V)¼ 100%� [R(V, 1T)-

R(V, 0T)]/R(V, 0T) when the current is in the range of 10�7 A to 10�4 A.
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