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One order larger photovoltage is obtained with critical thicknesses of La0.9Sr0.1MnO3 films in both
kinds of heterostructures of La0.9Sr0.1MnO3 /SrTiO3 �0.8 wt % Nb-doped� and La0.9Sr0.1MnO3 /Si
fabricated at various oxygen pressures. Our self-consistent calculation reveals that the critical
thickness of the La0.9Sr0.1MnO3 film with the ultimate value of photovoltage is just the thickness of
the depletion layer of La0.9Sr0.1MnO3 in both heterojunctions, respectively. © 2011 American
Institute of Physics. �doi:10.1063/1.3586250�

Interface region plays a crucial role in many novel
physical properties of perovskite heterostructures, such as the
occurring of the superconductivity at the interface layer
between two insulating oxides LaAlO3 and SrTiO3,1,2 polar-
ization enhancement in oxide superlattices CaTiO3 /
SrTiO3 /BaTiO3,3 positive magnetoresistance4 and novel
photoelectric characteristics5,6 in oxide heterostructures
of La0.9Sr0.1MnO3 /SrNb0.01Ti0.99O3 �LSMO/SNTO� and
La0.7Sr0.3MnO3 /Si. In this letter, we present another impor-
tant role the interface region played on photoelectric effect in
the heterostructures of p-type LSMO on the substrates of
n-type SrTiO3 �0.8 wt % Nb-doped� �SNTO� and n-type Si,
respectively. An ultimate value of photovoltage can be ob-
tained in both kinds of the heterostructures with critical
thicknesses of LSMO films. Our self-consistent calculation
reveals that the critical thickness of the LSMO film with the
ultimate value of photovoltage is just the thickness of the
depletion layer of LSMO in LSMO/SNTO and LSMO /Si
p-n heterojunctions, respectively. This conclusion is also
supported by the photovoltage measurement on LSMO/Si
heterostructures fabricated at two different oxygen pressures,
which have different thickness of depletion layer due to the
variation in oxygen vacancies and carrier concentrations in
LSMO films.

LSMO films with various thicknesses were deposited on
the substrates of SrTiO3 �001� �0.8 wt % Nb-doped�, and
n-type Si �001�, respectively. The films were grown at
650 °C and an oxygen pressure of 5�10−2 Pa by a laser
molecular beam epitaxy system using a XeCl excimer laser
�wavelength of 308 nm, pulse width of 20 ns, energy density
of 2 J cm−2, 2 Hz�. The thicknesses of LSMO thin films in
all kinds of heterostructures were monitored by the in situ
reflective high-energy electron diffraction. To gain insight
into the oxygen vacancy effect, another series of LSMO/Si
heterostructures were also fabricated at an oxygen pressure
of 1�10−2 Pa in the same way. Figure 1 shows the x-ray
diffraction pattern and high-resolution transmission electron
microscopy �TEM� image of LSMO film with a thickness of
258 unit cells �u. c.� grown on SNTO substrate, from which
the c-axis oriented epitaxial growth and sharp interface can

be seen. For photoelectrical measurements, Ohmic contacts
to p-type semiconducting LSMO films and n-type semicon-
ducting SNTO �Si� substrates were formed by using platinum
electrodes on LSMO and indium electrodes on the substrates
with an area of �0.5 mm2, respectively. The photovoltaic
signals were measured by a 350 MHz sampling oscilloscope
with an input impedance of 1 M�. All the measurements
were carried out at room temperature.

Figure 2�a� shows the photovoltages of p-n heterojunc-
tions of LSMO/SNTO fabricated at an oxygen pressure of
5�10−2 Pa �a1�, and LSMO/Si heterojunctions fabricated at
oxygen pressures of 5�10−2 Pa �a2� and 1�10−2 Pa �a3�.
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FIG. 1. �a� X-ray diffraction pattern and �b� high-resolution cross-sectional
TEM image of LSMO/SNTO heterostructures with a film thickness of 258
u. c.
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A 308 nm XeCl excimer laser �pulse width of 20 ns, energy
density of 0.02 J cm−2� was used as the light source, and the
electrodes were always kept in dark during the experiments
to avoid possible effects. From Fig. 2�a�, it can be seen that
the amplitude of the photovoltage changes dramatically with
the LSMO thickness for both kinds of heterostructures of
LSMO/SNTO and LSMO/Si. To obtain further insight into
the relation of these photovoltaic effects and the film thick-
ness of LSMO in the heterostructures, the thickness depen-
dences of the peak values of photovoltages of LSMO/SNTO
and LSMO/Si heterojunctions are plotted in Fig. 2�b�. Ulti-
mate values of photovoltages �one order of magnitude larger
than that in the heterostructures with the thickest LSMO
film� are obtained in the heterostructures with critical thick-
nesses of LSMO thin films. These critical thicknesses of
LSMO are roughly 30 nm in LSMO/SNTO, and 10 nm and 6
nm in LSMO/Si fabricated at 5�10−2 Pa and 1�10−2 Pa,
respectively, as shown in Fig. 2�b�.

With the decrease in the LSMO thickness from 400 nm
for LSMO/SNTO �200 nm for LSMO/Si� to a few nanom-
eters, an enhancement of one order of magnitude of the pho-
tovoltage was observed. This phenomenon can be understood
in the following way. The photovoltaic effect in p-n junc-
tions is induced by the separation of photon-generated
electron-hole pairs through the built-in electric field around
the interfaces.7 The shortening of the diffusion distance of
photon-generated holes from the depletion layer to the elec-
trode in a thinner LSMO film can greatly reduce the recom-
bination of photon-generated holes before they are collected
by the electrodes at the surface of LSMO films in the hetero-
structures, therefore the photovoltage increases with the de-
crease in LSMO thickness in the heterostructures.

From Fig. 2�b�, we can also see that the photovoltage
decreases with the further decrease in the thickness of LSMO
for the thickness being smaller than the critical value men-
tioned above. In order to understand the relation of peak

photovoltage and the critical thickness of LSMO films in the
heterostructures, self-consistent calculations were carried out
theoretically based on the drift-diffusion model introduced in
our previous works,8–10 and the calculated energy-band dia-
grams near the interface of LSMO/SNTO and LSMO/Si het-
erostructures are plotted in Fig. 2�c�.

In the drift-diffusion model, for a one-dimensional
analysis, there are three main equations: the Poisson equation

d2��x�
d2x
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and the continuity equations
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In the above equations,
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��x� is the electric potential, q is the elementary charge, � is
the permittivity, N is the net impurity concentration, n�x� and
p�x� are the electron and hole concentrations, respectively;
G�x� and U�x� are the generation and recombination rates,
respectively; Jn and Jp are the electron and hole current den-
sities, respectively; �n and �p are the electron and hole mo-
bilities, respectively; k and T are the Boltzmann constant and
the absolute temperature, respectively.

FIG. 2. �Color online� �a� Photovolt-
age of LSMO/SNTO heterojunctions
fabricated at an oxygen pressure of
5�10−2 Pa �a1�, and LSMO/Si het-
erojunctions fabricated at oxygen
pressures of 5�10−2 Pa �a2� and 1
�10−2 Pa �a3�. �b� Thickness depen-
dence of peak values of photovoltages
of LSMO/SNTO heterojunctions
fabricated at an oxygen pressure of
5�10−2 Pa �b1�, and LSMO/Si het-
erojunctions fabricated at oxygen pres-
sures of 5�10−2 Pa �b2� and 1
�10−2 Pa �b3�. �c� Band diagrams of
LSMO/SNTO heterojunctions fabri-
cated at an oxygen pressure of 5
�10−2 Pa �c1�, and LSMO/Si hetero-
junctions fabricated at oxygen pres-
sures of 5�10−2 Pa �c2� and 1
�10−2 Pa �c3�. The yellow shadow
and vertical dash line denotes the cal-
culated depletion layer in LSMO films
and the interface of these heterojunc-
tions, respectively.
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The parameters we used were listed in Table I. Some of
those parameters, such as doping concentrations, were ob-
tained from our Hall measurements and others from some
reference papers.9,11–13 To clearly show the relation of the
ultimate photovoltages and the thickness of the depletion
layer, the calculated depletion layers were denoted by yellow
shadow in Figs. 2�b� and 2�c�. The reason that we take a
larger intrinsic carrier concentration for LSMO samples fab-
ricated at the lower oxygen pressure �1�10−2 Pa� is that
more oxygen vacancies in LSMO films fabricated at the
lower oxygen pressure can be taken as higher electron dop-
ing in a hole doping semiconducting LSMO system, which
can be equivalently taken as a larger intrinsic carrier concen-
tration in this p-type semiconductor films. From Figs. 2�b�
and 2�c�, we can find out that the ultimate value of the pho-
tovoltage is just obtained in the heterostructures with LSMO
thickness around the thickness of the depletion layer of
LSMO. From the fact of the coincidence of the thicknesses,
we can understand the phenomenon of the decrease in pho-
tovoltage with the further decreasing thickness of LSMO in
the heterostructures in the following way. For LSMO films
with the thickness smaller than that of the depletion layer at
the interface, photovoltage decreases with the decreasing of
the thickness due to the narrowing of the depletion region
and the weakening of the built-in field, which was consistent
with the similar phenomenon we found in LSMO/SNTO
heterostructure.14

To make sure that the results are reliable, several groups
of heterostructures were fabricated in the condition men-
tioned above and measured in the same way, which con-
vinced that the phenomenon presented in this letter was re-
peatable.

In conclusion, by systematic investigation on photovol-
taic effects in the heterostructures of LSMO/SNTO and
LSMO/Si through varying film thicknesses and oxygen pres-
sures, an enhancement of one order of magnitude of photo-
voltages in these heterojunctions was observed with decreas-
ing the LSMO film thickness from 400 nm for LSMO/SNTO
�200 nm for LSMO/Si� to a few nanometers. An ultimate
value of photovoltage was found in the heterostructures with
the film thickness consistent with the calculated thickness of
the depletion layer in LSMO films for heterostructures of
LSMO/SNTO and LSMO/Si fabricated under different oxy-
gen pressures. We believe that the increase in the photovolt-
age with the decrease in the thickness of LSMO films is due
to the greatly reduction in the recombination of photon-
generated electrons and holes in LSMO films in the hetero-
structures. And the decrease in the photovoltage with the
further decreasing thickness of LSMO films thinner than a
critical value, the thickness of the depletion layer on the

LSMO side of the heterostructures, is resulting from the
weakening of the built-in electric field and the narrowing of
the depletion region around the interfaces. From this work, it
can be predicted that the maximum photovoltage can be ob-
tained in the artificially designed heterostructure with the
thickness of the substrate coinciding with the depletion layer.
So an artificially structure designing of the system with the
thicknesses of both thin film and substrate coinciding with
the thicknesses for their depletion layer, respectively, should
be highly expected for the photovoltaic device.
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TABLE I. The parameters used in our calculation �Refs. 9 and 11–13�.

La0.9Sr0.1MnO3

�5�10−2 Pa�
La0.9Sr0.1MnO3

�1�10−2 Pa� Nb:SrTiO3 Si

Relative permittivity ��0� 65 65 100 11.9
Affinity energy �eV� 3.98 4.16 4.00 4.05
Intrinsic carrier density �cm−3� 4.82�109 1.57�1011 1.04�10−4 1.5�1010

Doping concentration �cm−3� 2.25�1019 2.25�1019 2.12�1020 9.00�1016

Electron mobility �cm2 V−1 s−1� 10 10 8 1350
Hole mobility �cm2 V−1 s−1� 1.8 1.8 0.1 500
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