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Photoelectric property of LaAlO3−δ/Si heterojunctions
with different oxygen contents∗
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Three oxide heterojunctions made of LaAlO3−δ/Si are fabricated under various oxygen pressures by laser

molecular-beam epitaxy. They all show nonlinear and rectifying current–voltage characteristics, and the distinct differ-

ence in rectification behaviour among them. Their photoelectric properties are examined by a visible HeNe laser and

an ultraviolet Hg lamp. We find that their photovoltaic responses are closely related to the oxygen contents in the

LaAlO3−δ films. The junction fabricated under the lower oxygen pressure has a higher photovoltaic sensitivity. The

possible mechanism is suggested based on the band structure of the p–n heterojunction.
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1. Introduction

Perovskite oxide thin films have received much
attention because of their remarkable dielectric,
ferroelectric, piezoelectric, colossal magnetoresis-
tance, nonlinear optics and many other interest-
ing properties.[1−8] Oxygen content in thin film is
one of the most important parameters which dra-
matically affect the physical properties of perovskite
oxides.[9−12] For example, the structural, the electri-
cal transport and the magnetic properties of man-
ganite thin films are closely related to the oxygen
vacancies.[10,11] LaAlO3 (LAO), as a member of per-
ovskite family, has been intensively investigated due
to its promising application in high-k gate dielec-
tric field.[13,14] Stoichiometric LaAlO3 is an insula-
tor, however, its electrical conduction can be signif-
icantly enhanced if it is grown in a deoxidization en-
vironment. Previously, Xiang et al.[14] have already
experimentally investigated the effects of oxygen con-
tent on the current–voltage (I–V ) and capacitance–
voltage (C–V ) characteristics of LaAlO3−δ/Si hetero-
junction. Also Huang et al.[15] have reported on the
electric rectification, ferroelectricity and photovoltaic
effects found in LaAlO2.73/Si heterojunction. How-
ever, to our best knowledge, the dependence of the
photoelectric property of LaAlO3−δ/Si heterojunction

on oxygen content in LAO thin film has not ever been
reported. In this study, we report on the rectifica-
tive and photoelectric characteristics of LaAlO3−δ/Si
junctions and their dependence on oxygen content in
LAO film.

2. Experimental details

LaAlO3−δ thin films were grown on p-type Si
(100) substrates by laser molecular beam epitaxy un-
der different oxygen pressures. The three samples
were named as HOP (fabricated under high oxygen
pressure), MOP (fabricated under middle oxygen pres-
sure), and LOP (fabricated under low oxygen pres-
sure) according to their fabrication oxygen pressures
of 1×10−1 Pa (with active oxygen), 2.8×10−2 Pa, and
7.8×10−4 Pa, respectively. The substrate temperature
was kept at 560 ◦C. The three films were 5×5 mm2

in size and ∼400 Å in thickness. A detailed deposi-
tion procedure can be found in previous reports.[14,15]

Both reflection high-energy electron diffraction pat-
terns and x-ray diffraction measurements have con-
firmed that the LAO films were amorphous. The elec-
trical characteristics were measured using a Keithley
2400 sourcemeter. The photoelectric properties were
analysed by using a visible HeNe laser and an ultra-
violet (UV) Hg lamp. The photoelectric signals were
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recorded by a 500 MHz digital oscilloscope with an
input impedance of 1 MΩ.

3. Results and discussion

Figure 1 shows the I–V characteristics of samples
HOP, MOP, and LOP measured in the darkness at
room temperature. The I–V curves of the three sam-
ples all exhibit asymmetry with respect to the zero
bias point, and significant difference in rectification
behaviour among them. For sample HOP, the leakage
current occurring in the reverse bias region is small
(0.77 µA at −3 V bias), and the ratio of forward cur-
rent to reverse current approaches 230 in the applied
voltage region from 3 V to −3 V. In contrast, sample
LOP displays a big leakage current at negative bias,
reaching 24 µA at −3 V bias. Here the current ratio of
3 V forward to reverse bias is only 3. With the oxygen
content in LAO film decreasing, the leakage current of
junction increases and the rectification characteristic
becomes worse.

Fig. 1. (Colour online) I–V curves of samples HOP,

MOP, and LOP measured in the darkness at room tem-

perature.

Figure 2 displays the current–voltage behaviours
of the three LAO/Si junctions with/without light il-
lumination at room temperature in semi-logarithmic
scale. Open and solid symbols denote the data mea-
sured in the darkness and under illumination, respec-
tively. In the measurement, the HeNe laser with a
wavelength of 632.8 nm and a light power density
of 1 mW/mm2 was adopted as an illumination light
source. For samples LOP and MOP, a high photocur-
rent in the reverse bias under illumination can be
clearly observed on the I–V curves, while the corre-
sponding photocurrent for sample HOP is much lower.
It indicates that the photoelectric responses of sam-

ples LOP and MOP to HeNe laser illumination are
more sensitive than that of sample HOP.

Fig. 2. (Colour online) I–V curves of samples HOP,

MOP, and LOP compared between under illumination

(solid symbols) and in the darkness (open symbols).

To make a clearer comparison of the photoelectric
response among the three samples, the open-circuit
photovoltage (PV) was recorded directly by an oscil-
loscope. Figure 3 shows the open-circuit photovoltaic
signals under illumination of the HeNe laser. The area
of laser spot was 7 mm2. As can be seen from this
figure, the PVs are 55, 136, and 432 mV for samples
HOP, MOP, and LOP, respectively. With the decrease
of oxygen content in the LAO thin film, the PV of the
LAO/Si junction increases evidently, which is consis-
tent with the result from I–V measurement as shown
in Fig. 2. To further verify the photoelectric property,
we used a UV Hg lamp with a wavelength of 253.65 nm
to illuminate the samples. The UV light intensity was
0.53 mW/cm2 and the light spot area was 25 mm2.
In this case, as displayed in Fig. 4, the PVs of 19, 78,
and 200 mV were obtained for samples HOP, MOP
and LOP, respectively.

Fig. 3. (Colour online) Photovoltages of samples HOP,

MOP, and LOP under illumination of a visible HeNe laser.
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Fig. 4. (Colour online) Photovoltages of samples HOP,

MOP, and LOP under illumination of a UV Hg lamp.

From Figs. 3 and 4, we can ascertain that the pho-
toelectric efficiency of sample LOP is higher than that
of HOP. Similar results have been reported in our pre-
vious papers on BaTiO3−δ/Si and SrTiO3−δ/Si.[12,16]

Besides, a more interesting thing is that the PV signals
of samples HOP and MOP each have a shoulder-like
transient transition when the light is turned on or off.
However, the PV signal of sample LOP does not show
such a feature at all. In order to understand the in-
volved mechanism, we constructed a schematic band
structure for samples HOP and LOP as presented in
Fig. 5. As we all know, samples fabricated at lower
oxygen pressure usually have more oxygen vacancies
and so sample LOP has the most oxygen vacancies and
sample HOP has the least oxygen vacancies. In form-
ing a LAO/Si heterojunction, electrons with higher
density in n-type LAO film than in Si should dif-
fuse into Si, whereas holes with a higher density in
Si than in LAO should diffuse into LAO. The diffu-
sion causes a built-in electric field in the space charge
region around the interface, which is how a barrier is
built up at the interface as shown in Fig. 5.[17] An
energy spike is also established at the interface due
to the mismatch between the Fermi levels and band
structures of the two semiconductors.

As mentioned above, sample HOP was deposited
under a higher pressure of 1×10−1 Pa (with active
oxygen). As a result, the oxygen content in sample
HOP is nearly stoichiometric and the carrier concen-
tration is very low.[14] While sample LOP is quite
different from sample HOP, as it was fabricated at
7.8×10−4 Pa and its electron concentration is about
6.43×1020/cm3. The impurity levels introduced by
the oxygen vacancies are distributed in the bandgap
of conduction band and valence band of LAO, as
schematically plotted as the shadow parts in Fig. 5.

According to the semiconductor theory, the energy
spike width of sample LOP should be narrower due
to its higher carrier concentration.

Fig. 5. Schematic band structures and carrier movement

pictures for samples HOP and LOP under illumination of

(a) a HeNe laser and (b) a Hg lamp. The conduction band

and the valence band of sample HOP are denoted by black

solid lines and those bands of sample LOP are indicated

by gray dashed lines.

When a HeNe laser is shone on the film surface of
sample LOP, the LAO thin film is transparent due to
its wide bandgap. Therefore the HeNe laser photons
can directly pass through the thin film to enter the un-
derlying Si substrate. On the Si side, the photons are
absorbed completely to generate electron–hole pairs.
The photogenerated electrons will drift to the inter-
face driven by the built-in field and tunnel through
the interfacial energy spike into the LAO film, while
the photogenerated holes will be confined on the Si
side (see Fig. 5(a)). Thus a photovoltage between
the two electrodes is formed.[18] While, under the ir-
radiation of a Hg lamp, the photon-induced carriers
can be created not only in LAO thin film but also in
Si substrate, as the photon energy is larger than the
bandgaps of both LAO and Si. In this case, the pho-
toinduced holes generated in the LAO film will drift
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into the Si substrate by the built-in potential, and the
photoinduced electrons generated in Si substrate will
travel to LAO film. Bidirectional motion and separa-
tion of the electrons and the holes contribute to the
photovoltage (see Fig. 5(b)). In comparison with the
case of the HeNe laser irradiation, it is easy to under-
stand that the smaller PV is induced by the Hg lamp,
since the photon flux of the Hg lamp is much lower
than that of the HeNe laser.

As mentioned above, our results indicate that the
heterojunction of LAO/Si with more oxygen vacan-
cies in LAO film always has a bigger PV, with either
a HeNe laser or a Hg lamp used as a light source. We
speculate that this may be related to the number of
impurity levels in the band gap of LAO. More oxygen
vacancies in sample LOP should produce more impu-
rity levels.[19] These impurity levels act as trap cen-
tres which can trap electrons and deter their recom-
bination with holes. Hence, the lifetimes of photogen-
erated electrons and holes in sample LOP are much
longer than those in sample HOP. In sample LOP, the
electrons and holes have much more time to diffuse
or drift into the space charge region before recombin-
ing. This conjecture has been further verified by the
open-circuit PV signals recorded by an oscilloscope.
As shown in Figs. 3 and 4, the PV signals of sam-
ple HOP each have a pulsed transient process when
the light is switched on or off. This transient process
actually reflects a recombination process of photoin-

duced electrons and holes. The lifetime of carriers in
sample HOP is very short, so the majority of carriers
are recombined quickly upon their generation. Natu-
rally, the shorter the photocarrier lifetime is, the fewer
the carriers that are separated by the built-in field in
space charge region will be, and then the lower the ob-
tained PV will be. Therefore sample HOP has a lower
PV than sample LOP. Another factor, i.e., tunneling
possibility, should also be considered in the process of
charge transferring at the interface. As stated above,
the width of energy spike of sample LOP is much nar-
rower due to its higher carrier concentration. As a
result, the photo-generated electrons in Si substrate
have a larger possibility to tunnel through the energy
barrier. It makes the carrier transport easier in sample
LOP than in sample HOP.

4. Conclusions

The photoelectric properties of the three LAO/Si
heterojunctions with different oxygen content in LAO
films are investigated in detail. It is found that the
LAO/Si heterostructure with a lower oxygen content
has a higher PV and better photoconductivity We be-
lieve that this kind of oxygen content dependence is
related to the lifetime of photocarriers. The impurity
levels of LAO film should play an important role in
the process of charge transferring at the interface of
the LAO/Si heterojunctions.

References

[1] Chang W, Horwitz J S, Carter A C, Pond J M Kirchoefer

S W, Gilmore C M and Chrisey D B 1999 Appl. Phys.

Lett. 74 1033
[2] Ahn C H, Rabe K M and Triscone J M 2004 Science 303

488
[3] Lu H B, Dai S Y, Chen Z H, Zhou Y L, Cheng B L, Jin

K J, Liu L F and Yang G Z 2005 Appl. Phys. Lett. 86

032502
[4] Mitra C Raychaudhuri P, Dorr K, Muller K H, Schultz

L, Oppeneer P M and Wirth S 2003 Phys. Rev. Lett. 90

017202
[5] Ohtomo A and Hwang H Y 2004 Nature 427 423
[6] Chen G F, Li Z, Wu D, Li G, Hu W Z, Dong J, Zheng P,

Luo J L and Wang N L 2008 Phys. Rev. Lett. 100 247002
[7] Zhao K, Huang Y H, Lu H B, He M, Jin K J, Chen Z H,

Zhou Y L, Dai S Y and Yang G Z 2005 Chin. Phys. 14

420
[8] Jin K J, Lu H B, Zhou Q L, Zhao K, Cheng B L, Chen Z

H, Zhou Y L and Yang G Z 2005 Phys. Rev. B 71 184428
[9] Yang F, Jin K J, Lu H B, He M, Wang C, Wen J and Yang

G Z 2010 Sci. China Ser. G-Phys. Mech. Astron. 53 852

[10] Sun J R, Yeung C F, Zhao K, Zhou L Z, Leung C H, Wong

H K and Shen B G 2000 Appl. Phys. Lett. 76 1164

[11] Sun J R, Lai C H and Wong H K 2004 Appl. Phys. Lett.

85 38

[12] Xing J, Jin K J, Lu H B, He M, Liu G Z, Qiu J and Yang

G Z 2008 Appl. Phys. Lett. 92 071113

[13] Yan L, Lu H B, Tan G T, Chen F, Zhou Y L, Yang G Z,

Liu W and Chen Z H 2003 Appl. Phys. A 77 721

[14] Xiang W F, Lu H B, Yan L, Guo H Z, Liu L F, Zhou Y

L and Yang G Z 2003 J. Appl. Phys. 93 533

[15] Huang Y H, Zhao K, Lu H B, Jin K J, He M, Chen Z H,

Zhou Y L and Yang G Z 2006 Physica B 373 313

[16] Wen J, Guo H Z, Xing J, Lu H B, Jin K J, He M and Yang

G Z 2010 Science in China series G: Physics Mechanics

and Astronomy 53 2080

[17] Sze S M 1999 Physics of Semiconductor Device (New

York: Wiley)

[18] Wen J, Jin K J, He M, Lu H B, Yang F and Yang G Z

2009 Appl. Phys. Lett. 94 061118

[19] Han P, Jin K J, Lu H B, Zhou Q L, Zhou Y L and Yang

G Z 2007 Appl. Phys. Lett. 91 182102

037304-4


