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Abstract

The perovskite p–n heterojunctions were fabricated by depositing La0.9Sr0.1MnO3 (LSMO) layers with thicknesses ranging from 20 to

400 Å on SrNb0.01Ti0.99O3 (SNTO) single-crystal substrates by laser molecular beam epitaxy (laser-MBE). The open-circuit photovoltage

of the LSMO/SNTO heterojunction at room temperature increases with the increase of the thickness of LSMO layer. This result is

ascribed to the increase of the carrier amount and the enhancement of the built-in electric field in the space-charge region of the LSMO/

SNTO heterojunction with the increase of the thickness of LSMO layer. Furthermore, we found that the speed of photovoltaic response

is almost independent of the thickness of LSMO layer in the heterojunction.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Perovskite manganite oxides are well known for the
phenomenon of colossal magnetoresistance [1–4]. Recently,
oxide p–n junctions based on manganites also have
attracted considerable attention because of their potential
applications and some interesting physical phenomena like
positive colossal magnetoresistance [5], photocarrier injec-
tion effect [6] and rectification characteristics [7].

Picosecond photoelectric characteristic in La0.7Sr0.3
MnO3/Si p–n junctions [8], lateral photovoltaic effect in
p–n junctions of La0.7Sr0.3MnO3 and Si [9] and the
photoelectric characteristic of La0.9Sr0.1MnO3 (LSMO)/
SrNb0.01Ti0.99O3 (SNTO) p–n junction [10] were reported.
Moreover, Luo and Gao further investigated the effect of
the supplied power of lamp and temperature on the
photovoltage of LSMO/SNTO heterostructrue [11]. These
works mainly focused on the photovoltaic effect of oxide
p–n junctions with LSMO thin films. To understand
physical mechanisms of the above complicated system,
front matter r 2007 Elsevier B.V. All rights reserved.

ysb.2007.06.023

ng author. Tel./fax: +86 10 82648099.

ss: kjjin@aphy.iphy.ac.cn (K.-J. Jin).
it would be necessary to investigate the photovoltage effect
of oxide p–n junctions with ultrathin LSMO layers. In this
work, we present thickness-dependent photovoltage effect
of all-oxide p–n junctions consisting of ultrathin LSMO
layer, a p-type semiconductor with a band gap of about
1.0 eV, and 0.5-mm-thick SNTO substrate, an n-type
semiconductor with a band gap of about 3.2 eV. We found
that the maximum photovoltage of the LSMO/SNTO
heterojunction increases with the increase of the thickness
of LSMO layer.

2. Experimental

The LSMO/SNTO p–n junctions were fabricated by
growing LSMO films with various thicknesses on SNTO
(0 0 l) substrates by laser molecular beam epitaxy (laser-
MBE). The growing process of LSMO layers was in situ
monitored by reflection high-energy electron diffraction
(RHEED). One period in the RHEED intensity oscillations
marks the completion of one unit cell. So the thickness of
LSMO ultrathin films was accurately controlled by the
growth time which represented the number of the periods
of the RHEED intensity oscillations. The detailed growth
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process and the RHEED intensity oscillations from the
growth of LSMO ultrathin films were shown elsewhere
[12]. The transport property of the LSMO/SNTO hetero-
junction with 40-Å-thick LSMO layer was measured with a
pulse-modulated current source at room temperature. The
photovoltages of the LSMO/SNTO heterojunctions excited
by a XeCl pulsed laser (wavelength of 308nm, repetition rate
of 1Hz and duration of 20ns) were measured by a 500MHz
oscilloscope at room temperature after indium electrodes
were placed on the LSMO surface and the opposite surface of
SNTO, respectively. In order to calculate the built-in electric
field in the space-charge region of the LSMO/SNTO
heterojunction with thin LSMO layer, we self-consistently
solved the Poisson’s equation and the continuity equations
under a steady state [13].
Fig. 2. The open-circuit photovoltage as a function of time to LSMO/

SNTO p–n junctions. The inset presents the schematics of the measure-

ment circuit.
3. Results and discussion

A bright RHEED pattern of the ultrathin LSMO film
with the thickness of 40 Å (shown in the bottom inset of
Fig. 1) indicates that the LSMO layer has a good
crystallized structure and a smooth surface. The curren-
t–voltage curve of the LSMO/SNTO heterojunction with
40-Å-thick LSMO layer at room temperature shows a
rectifying property of a p–n junction as shown in Fig. 1.

Fig. 2 shows that the maximum open-circuit photo-
voltage was about 2, 13, 17 and 21mV for the LSMO/
SNTO heterojunctions with LSMO thicknesses of 20,
40, 200 and 400 Å, respectively. The photovoltage increases
with the increase of the thickness of the LSMO layer, which
can be understood as follows.

When the p–n junction is illuminated with laser pulse
with photon energy (4.0 eV) larger than the band gap of
the compounds of the p–n junction, the photons will be
absorbed. The photon absorption coefficient a can be
described as follows [14]:

a ¼
1

c

ffiffiffiffiffiffiffiffiffiffiffiffi
1

r2�r�20

s
, (1)
Fig. 1. The transport property of the LSMO/SNTO heterojunction with

40-Å-thick LSMO layer at room temperature. Top inset: schematic

measurement circuit. Bottom inset: the RHEED pattern of 40-Å-thick

LSMO layer.
where r is the material resistivity (2.866O cm for LSMO
and 1.84� 10�3O cm for SNTO) and er denotes the relative
dielectric constant (10 for LSMO and 150 for SNTO). The
parameters c and e0 are the speed of light and the
permittivity of free space, respectively. Then, the photon
absorption coefficient is about 0.416 mm�1 for the LSMO
compound and 0.167� 104 mm�1 for the SNTO compound,
respectively, by resolving Eq. (1). From the above
estimated absorption coefficients of LSMO and SNTO
compounds, we know that some photons are absorbed by
SNTO substrate after transferring through LSMO layer for
our samples.
According to Ref. [5] and the above analysis, we drew

the schematics of the carrier movements and the band
structures of the LSMO/SNTO heterostructures as shown
in Fig. 3. The photons with energy greater than Eg will be
absorbed by the valence electrons, and make them
transition into the conduction band shown as the process
1 in Fig. 3. Thus, incident photons create electron–hole
pairs in the space-charge region of the heterostructure. The
excited electrons of the conduction band in the p region
(LSMO) will be transferred into the n region (SNTO), and
the holes of the valence band in the n region also will be
transferred into the p region by the built-in electric field in
the depletion layer of the p–n junction shown as the process
2 in Fig. 3. So a photocurrent is produced in the reverse-
bias direction, and a photovoltage is produced in the
forward-bias direction of the p–n junction.
The calculated results of the built-in electric field around

the space-charge region of the LSMO/SNTO heterojunc-

tion with 400-Å-thick LSMO layer are shown by the solid
line in Fig. 4. The calculated absolute value of the built-in
electric field at the interface of the heterostructure is about
47.1 kVmm�1. The corresponding built-in electric filed for
the LSMO/SNTO heterojunction with 200-Å-thick LSMO
layer is also schematically plotted as a dotted line in Fig. 4.
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Fig. 3. Schematics of the carrier movements and the band structures for

the LSMO/SNTO heterostructure with ultrathin LSMO layer (a) and that

with thin LSMO layer (b). The horizontal axes represent the coordinates

around the space-charge region in the growth direction.

Fig. 4. Calculated electric field in the space-charge region of the LSMO/

SNTO heterojunction with 400-Å-thick LSMO layer (identified by the

solid line). The dotted line represents schematic electric field of the LSMO/

SNTO heterojunction with 200-Å-thick LSMO layer. The vertical dash-

dotted line denotes the interface of the LSMO/SNTO heterojunction.

Fig. 5. Thickness-dependent photovoltage of LSMO/SNTO p–n

junctions.
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The built-in electric field decreases with the decrease of the
thickness of the LSMO layer as shown in Fig. 4, and the
amount of transferred carriers should decrease correspond-
ingly with the decreasing thickness of the LSMO layer. As
a result, the photoelectric voltage increases with the
increasing thickness of the LSMO layer, which is shown
in Fig. 5 clearly. Except for the sample with the thinnest
LSMO film, the photovoltage of LSMO/SNTO heterojun-
tion increased linearly from 13 to 21mV when the thickness
of the LSMO ultrathin film increased from 40 to 400 Å.
In Fig. 5, the non-linear decrease of photoelectric voltage

of the thinnest film is obvious and interesting. We think it
may be somehow related with the stronger interface effect
for the thinner film. The interface state of the LSMO/
SNTO heterojunction and the strain from the lattice
mismatch between LSMO ultrathin film and SNTO
substrate should play a more important role for the
thinnest film [11]. And these effects may further reduce
the built-in electric field of the p–n junction, which is the
main reason why the photovoltage of the LSMO/SNTO
heterostructure with the thinnest LSMO layer deviated
from linearity and dropped sharply to 2mV (shown in
Fig. 5). Therefore, we believe these interface effects and the
strain should be another reason for the thickness-depen-
dent photovoltaic effect. It also should be noted that all the
heterostructures with LSMO layers of various thicknesses
almost have the same rise time of 70 ns, which means they
almost have the same speed of photovoltaic response and
the thickness of LSMO layer has little effect on the
photovoltaic response time.

4. Conclusions

In summary, the LSMO-layer thickness-dependent
photovoltaic effect of the LSMO/SNTO heterojunction
was investigated. The photovoltage increases with the
increase of the thickness of the LSMO layer, which is
ascribed to the increase of the carrier amount of the LSMO
layer and the enhancement of the built-in electric field in
the space-charge region of the LSMO/SNTO heterojunc-
tion. This result should be helpful to understand the
photovoltaic characteristics of the complex perovskite
oxide materials. We also expect some potential applications
of all-oxide p–n heterojunction in future microelectronic
devices, and our results can provide necessary information
for making electronic devices like photodetectors.
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