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Heterojunctions composed of tetravalent cation-doped La0.8Hf0.2MnO3 (LHMO) and 0.7 wt%

Nb-doped SrTiO3 were fabricated using pulsed laser deposition method and investigated under

different fields (electric, magnetic, and optic). The heterojunctions exhibited excellent rectifying

behavior in a wide temperature range and significant magnetic field modulated properties. Prominent

photovoltaic effect was also observed in the formed junctions. Special attention has been paid to the

temperature dependence of the diffusion voltage (Vd) and photovoltage (Voc). When temperature

increased from 40 K to 300 K, Vd decreased from 1.13 V to 0.16 V. It is notable that, under

illumination of a light with k¼ 532 nm, Voc dropped from 650 to 80 mV. No sudden change of Vd and

Voc was observed at the metal-insulator transition temperature, which is probably caused by the band

structure of the LHMO. VC 2012 American Institute of Physics. [doi:10.1063/1.3678491]

I. INTRODUCTION

Manganite-based heterojunctions have received wide in-

terest in recent years.1,2 Superior to traditional semiconductor

p-n junctions, they are expected to exhibit extraordinary

behaviors, such as electric, magnetic, and optic tunable

properties.3–7 However, the investigations on these heteroepi-

taxial junctions are still in their initial stages. Many phenom-

ena exhibited in these structures cannot be perfectly explained

by the theory of semiconductor. The underlying physics is

still unclear.8 So far, the works were mainly focused on hole-

doped manganites.5–7 The electron-doped manganite-based

heterojunctions were rarely reported. Tetravalent-doped man-

ganite, as a controversial electron-doped manganese oxide

that may have different carrier type from those in hole-doped

manganites, is of important sense for the development of

spin-dependent electronics (spintronics). Among them,

La0.8Hf0.2MnO3 (LHMO)is a tetravalent cation-doped manga-

nite in which the La3þ ions are substituted by Hf4þ ions.9

Unlike other tetravalent cations, Hf does not have multivalent

states (e.g., Ce with a mixed valence state of Ce3þ and

Ce4þ),10,11 thus avoiding the complex and unreliable factors

in the research.12 Therefore, fabrication and studies of

LHMO-based heterojunctions could improve our understand-

ing of these complicated systems and promote the application

of such heterojunctions. In this work, LHMO/0.7 wt%

Nb-doped SrTiO3 (NSTO) heterojunctions were fabricated.

Excellent rectifying characteristic was found in the whole

temperature range from 40 K to 300 K. Magnetic and photo-

electric effects on their current-voltage (I-V) characteristic

were studied systematically.

II. EXPERIMENTAL

LHMO films were grown on NSTO (001) single-crystal

substrates by pulsed laser deposition using a KrF excimer

laser (k¼ 248 nm).13,14 The laser repetition rate and energy

density were 1 Hz and 3 J/cm2, respectively. The tempera-

ture of substrate was maintained at 750 �C in a 0.5 mbar

oxygen atmosphere. The thickness of the LHMO film is

about 100 nm measured by surface step profiler. To reduce

the oxygen deficiency and improve the crystallinity, the as-

grown film was in situ annealed at 800 �C in an ambient of

high oxygen pressure (1 atm) for 1 h before cooling down to

room temperature. X-ray diffraction confirmed that the

prepared films were formed in single phase with a (00l) ori-

entation. In order to measure I-V curves and photovoltaic

response of LHMO/NSTO heterojunctions, the LHMO films

were patterned into small blocks (0.2� 0.2 mm2) by the

standard photolithography method. Silver electrodes were

evaporated on the LHMO layer and NSTO substrate ther-

mally. Previous research confirmed that the silver electrodes

exhibit an ohmic contact with the films and substrates.4 Semi-

conductor laser diodes with wavelengths of 532 and 650 nm

were used as light sources in the photovoltaic measurements.

III. RESULTS AND DISCUSSIONS

LHMO films were also prepared on SrTiO3 single crys-

tal substrates using the same conditions for the measurement

of LHMO film resistance. Figure 1 shows the resistivity-

temperature relation for the LHMO film under various

magnetic fields (0 T, 1 T, 3 T, and 5 T). In the absence of

magnetic fields, LHMO thin film exhibits an metal-insulator

(MI) transition at peak temperature TP¼ 240 K. When a

magnetic field is applied, the resistance decreases in the

whole temperature range and TP shifts to higher temperature.

A magnetic field of 5 T results in a magnetoresistance

(defined as |MR|¼ |[RH-R0]/R0� 100%|) of 86% near 233 K.

The changes of magnetic and electronic properties in the

LHMO film under a magnetic field are similar to those

observed in hole-doped manganites.5

Figure 2(a) presents I-V characteristics of the LHMO/

NSTO heterojunctions measured in a wide temperature range
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from 40 K to 300 K. The schematic view of the structure is

shown in the bottom inset of Fig. 2(a). The asymmetric ratio,

b¼ I(1V)/I(-1V), is over 103 at room temperature. Compared

with most other reports on manganite-based heterojunc-

tions,4,5,10 the asymmetry of I-V relations is more obvious in

LHMO/NSTO heterojunctions, indicating an excellent rectify-

ing property. The diffusion voltage Vd reaches 1.13 V at 40 K

(the top inset of Fig. 2(a)). It decreases almost linearly as tem-

perature increases. This phenomenon can be understood by

considering the energy band structure of the LHMO/NSTO

heterojunctions. LHMO is proved to be an electron-doped

manganite by XPS and Hall measurements.9 A heterojunction

composed of n-LHMO and n-NSTO should be treated as an

n-n heterojunction, which is also classified as isotype hetero-

junction. The schematic diagram for the band structure of the

LHMO/NSTO junction is illustrated in the inset of Fig. 2(b).

When the heterojunction is fabricated, an energy barrier is

formed at the interface of the LHMO/NSTO junction. Under

forward bias, the energy barrier is decreased, so electrons in

the conduction band of NSTO can travel to the conduction

band of LHMO when the forward bias is larger than the

energy barrier, which leads to the rapid increase of current.

While under the reverse bias, the energy barrier is enhanced.

The electron transition between the conduction band of NSTO

and that of LHMO is forbidden. When the reverse bias is large

enough, the electrons in the valance band of LHMO can tun-

nel into the conduction band of NSTO, which leads to the

breakdown of the heterojunction.

Although a detailed transport mechanism of manganite-

based heterojunctions is still unclear, previous studies

indicated that the I-V relations of these junctions could be

interpreted with a model of p-n junction or Schottky junc-

tion.8,15 It is well known that in an ideal Schottky junction or

a p-n heterojunction, the main transport mechanism is therm-

ionic emission (TE). The I-V relation can be written in em-

pirical form as I ¼ I0expðqV=nKBTÞ where q is unit

electronic charge, V is the bias voltage across the junction, n
is the ideality factor, kB is Boltzmann constant, T is tempera-

ture in Kelvin, and I0 is saturation current. I-V relations in

forward bias (Fig. 2(a)) are re-plotted in the logarithm-linear

scale (Fig. 2(b)) to obtain information on the transport

mechanism of the junction. The ideality factor n increases

more significantly as the temperature decreases, which is

similar to the thermionic emission theory (bottom inset of

Fig. 2(b)).16 Besides, if the electron tunneling mechanism

dominates in these heterojunctions, the log I-V relations

should not be parallel17 and the reversed Vb-T relation should

be non-monotonic. Therefore, the n-T relationship, the

unparallel log I-V characteristic and the monotonic Vb-T
behavior all suggest that the thermionic emission mechanism

dominates in this LHMO/NSTO heterojunction.

FIG. 2. (Color online) (a) The I-V curves of LHMO/NSTO junction in a

wide temperature range from 40 K to 300 K. The top inset presents Vd as a

function of temperature. The bottom inset is a schematic electrode setting

for I-V measurement. (b) logI-V curves of LHMO/NSTO heterojunctions in

forward bias at different temperatures. The inset: Temperature dependences

of ideality factor n.

FIG. 3. (Color online) I-V curves in the forward direction at 200 K under

magnetic fields of 0 T (solid square) and 5 T (open square). |MR| (solid

circle) was also shown in the figure.

FIG. 1. (Color online) Temperature dependence of resistivity of a LHMO

thin film under different magnetic fields (H¼ 0, 1, 3, and 5 T). The inset

shows the magnetoresistance of the film.
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I-V curves imply the equilibrium charge carriers’ behav-

ior. The behaviors of the extra charge carriers, which

determine the performance of many practical devices,

are essential too. In order to investigate the magnetic field

dependence of rectifying behavior, I-V relations of LHMO/

NSTO heterojunctions were measured at 200 K (lower than

TC), under fields of H¼ 0 T and 5 T (see Fig. 3). The mag-

netic field was applied perpendicularly to the interface of the

heterojunction. I-V curves were shifted to a lower bias volt-

age under external magnetic fields. A maximum MR of 52%

was found, indicating a remarkable magnetic field modula-

tion on the heterojunction.

Figure 4(a) shows the I-V curves of the LHMO/NSTO

heterostructure measured with and without light irradiation

(k¼ 532 nm) at different temperatures (40, 100, 160, and

220 K). Under the illumination of light, holes, and electrons

are excited by the incident photons in the valence and

conduction band. Only the electrons can transfer to the

NSTO across the interface, while the large barrier will block

the photon-excited holes. This leads to the accumulation of

charges and appearance of the photovoltage, which is nor-

mally characterized by the open circuit voltage (Voc). Under

light irradiation, the I-V curve shifts downward along the

current axis with an open-circuit voltage Voc of 0.28 V at

200 K and 0.08 V at 300 K. A thicker depletion layer or a

higher diffusion voltage results in a larger photovoltage. The

junction also has a quick response to the light. As seen from

the inset in Fig. 4(a), Voc jumps to 0.08 V immediately when

the shutter of the light source is opened and goes back to its

background value as soon as the shutter is shut down. The

temperature dependences of Voc are presented in Fig. 4(b).

Both Vd and Voc decrease almost linearly as temperature

increases without any sudden changes. This is similar to

some previous works.4 In junctions of La0.1Sr0.9MnO3

(LSMO)/NSTO, Vd and Voc also show no connection with

the magnetic state of LSMO layer. The band structure of

manganites was determined by both Jahn-Teller (JT) distor-

tion and Hund’s coupling. For low-doped LHMO thin film,

the JT distortion is stronger than the Hund’s coupling, so the

bandgap is mainly determined by the JT distortion. This

might be the reason why no sudden changes were observed

in Vd-T and Voc-T for our LHMO/NSTO heterojunctions.

IV. CONCLUSION

LHMO/NSTO heterojunctions were fabricated using

pulsed laser deposition. These junctions show excellent recti-

fying properties, remarkable bias tunable magnetoresistance

and pronounced photoelectric effects. In a wide temperature

range, the asymmetric ratios in I-V curves are over 103. The

maximum MR at 200 K is around 52% in a magnetic field of

5 T. The open circuit voltage is �0.08 V at 300 K and

increases almost linearly to �0.65 V when temperature is

down to 40 K.

ACKNOWLEDGMENTS

This work was supported by a grant of the Research

Grant Council of Hong Kong (Project No. HKU 702409P)

and the CRCG grant of the University of Hong Kong.

1H. Takagi and H. Y. Hwang, Science 327, 1601 (2010).
2H. Tanaka, J. Zhang, and T. Kawai, Phys. Rev. Lett. 88, 027204 (2002).
3F. X. Hu, and J. Gao, Appl. Phys. Lett. 88, 132502 (2006).
4Z. Luo and J. Gao, J. Appl. Phys. 100, 056104 (2006).
5J. R. Sun, C. M. Xiong, T. Y. Zhao, S. Y. Zhang, Y. F. Chen, and B. G.

Shen, Appl. Phys. Lett. 84, 1528 (2004).
6K. J. Jin, H. B. Lu, K. Zhao, C. Ge, M. He, and G. Z. Yang, Adv. Mater.

21, 4636 (2009).
7K. Zhao, K. J. Jin, H. B. Lu, M. He, Y. H. Huang, G. Z. Yang, and J. D.

Zhang, Appl. Phys. Lett. 93, 252110 (2008).
8T. Susaki, N. Nakagawa, and H. Y. Hwang, Phys. Rev. B 75, 104409

(2007).
9L. Wang and J. Gao, J. Appl. Phys. 105, 07E514 (2009).

10Z. G. Sheng, W. H. Song, Y. P. Sun, J. R. Sun, and B. G. Shen, Appl.

Phys. Lett. 87, 032501 (2005).
11J. R. Gebhardt, S. Roy, and N. Ali, J. Appl. Phys. 85, 5390 (1999).
12E. Beyreuther, S. Grafstrom, and L. M. Eng, Phys. Rev. B 73, 155425

(2006).
13J. Gao, S. Y. Dai, and T. K. Li, Phys. Rev. B 67, 153403 (2003).
14H. Qingrun and J. Gao, Appl. Phys. A 68, 343 (1999).
15A. Ruotolo, C. Y. Lam, W. F. Cheng, K. H. Wong, and C. W. Leung,

Phys. Rev. B 76, 075122 (2007).
16S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed. (John

Wiley & Sons, Hoboken, 2006).
17P. C. Newman, Electron. Lett. 1, 265 (1965).

FIG. 4. (Color online) (a) I-V curves of the LHMO/NSTO heterostructure

measured in the dark and under light irradiation (k¼ 532 nm) at different

temperatures (200, 260, and 300 K). The inset shows the response of the

open circuit voltage to the illumination in 300 K. Up arrow indicates the

shutter opening of the light source and down arrow indicates the shutter

closing. (b) Temperature dependences of Voc (k¼ 532 and 650 nm).
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