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a b s t r a c t

The dynamic process of photoelectric effects in the La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 heterostructure
is theoretically revealed by solving equations consisting of time dependent drift–diffusion, Richardson
thermionic emission current, and Shockley–Read–Hall recombination. The calculated time dependent
evolution of photovoltage and the variation of carrier concentration are obtained. Present results indicate
that a smaller parallel resistance should result in faster photoelectric response, but reduce the peak value
of the photovoltage in a La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 heterojunction. In addition, the increase of the
carrier mobilities induced by applying higher energy photons can decrease the rise time but increase the
peak value of the photovoltage.

Crown Copyright© 2009 Published by Elsevier Ltd. All rights reserved.

Many novel photo-induced properties, such as the photo-
induced insulator-to-metal transition [1], the photo-induced spin-
state transition [2], and persistent photoconductivity [3], have
been found in perovskite oxidematerials. Light canmanipulate the
concentration and the spin states of carriers in perovskite oxides
[4,2], thus it is possible to create optical–magnetic devices with
high density and high speed. Recently, much effort has been de-
voted to the photoelectric effect of perovskite oxide heterojunc-
tions. A photovoltaic pulse of ∼8 ms full width at half-maximum
(FWHM) has been observed in a La0.29Pr0.38Ca0.33MnO3/SrNb0.005
Ti0.995O3 heterojunction [5]. An ultrafast photovoltaic pulse of
∼650 ps FWHM in La0.7Sr0.3MnO3/Si heterojunction has been re-
ported [6], which suggests a potential application of the high
speed photoelectric devices made by perovskite oxide hetero-
junctions. In our previous work [7], we observed unusual lat-
eral photoelectric effect in the La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 and
La0.7Sr0.3MnO3/Si heterojunctions, and proposed it as aDember ef-
fect. However, those works are mainly experimental. So far, due to
the complexity of perovskite oxides, no relative theoretical work
on the photoelectric effect in perovskite oxide heterojunctions has
been reported yet.
In this letter, based on the time dependent drift–diffusion

model [8], electron and hole continuity equation, Poisson equation,
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Richardson thermionic emission current [9], and Shockley–Read–
Hall recombination process [10], the dynamic photoelectric
process in a La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 (LSMO/SNTO) het-
erojunction is revealed from a theoretical aspect. The calculated
results confirm that a smaller connected parallel resistance can
increase the speed of the photoelectric response of a LSMO/SNTO
heterojunction. Therefore, parallel resistance is one of the key
factors affecting the response speed and sensitivity of the pho-
toelectric effect in a LSMO/SNTO heterojunction. Moreover, the
present results reveal that the photovoltaic signal and response
speed increase with an increase of the carrier mobility induced by
higher energy photons. Thus high energy photon excitation can in-
crease the speed and sensitivity of the photoelectric response in a
LSMO/SNTO heterojunction.
The system studied in this work is a heterojunction with a

uniform and vertical irradiation on the surface of the p-type
region as shown in Fig. 1. Carrier movement is assumed just
along the c-direction of the heterojunction. Therefore, the dynamic
photoelectric process in this system is treated as a one-dimensional
process. Here, we introduce a one-dimensional time dependent
drift–diffusion model to give a description of the dynamic photo-
electric process in perovskite heterojunctions.
In this model, the Poisson equation and time dependent

continuity equations are presented as follows,

∂2φ(x, t)
∂x2

= −
e
ε(x)
[p(x, t)− n(x, t)+ N], (1)
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Table 1
The material parameters.

La0.9Sr0.1MnO3 SrNb0.01Ti0.99O3

Dielectric constant (ε0) 10 150
Electron mobility (cm2/(V.s)) 10 33a

Hole mobility (cm2/(V.s)) 1.8a 6
Band gap (eV) 1.0 2.8
a Parameters taken from Ref. [14].

∂n(x, t)
∂t

= −µnn(x, t)
∂2φ(x, t)
∂x2

− µn
∂n(x, t)
∂x

∂φ(x, t)
∂x

+
kTµn
e

∂2n(x, t)
∂x2

+ G(x, t)− R(x, t), (2)

∂p(x, t)
∂t

= µpp(x, t)
∂2φ(x, t)
∂x2

+ µp
∂p(x, t)
∂x

∂φ(x, t)
∂x

+
kTµp
e

∂2p(x, t)
∂x2

+ G(x, t)− R(x, t), (3)

where φ(x, t), p(x, t) and n(x, t) represent the electrostatic
potential, hole and electron concentrations, e, ε and N denote
electron charge, dielectric permittivity, and net ionized impurity
concentrations, respectively; and µp and µn denote hole and
electron mobilities, respectively. The interface condition for
solving the Poisson equation Eq. (1) is taken as φ(xinter − δ, t) =
φ(xinter + δ, t), where xinter denotes the position of the interface
and δ is infinitesimal. Furthermore, because the drift–diffusion
model cannot be used to describe the carrier movement across
the interface of the heterojunction, the Richardson thermionic
emission current [9] is used to treat the transport process at the
interface of the heterojunction. And the Richardson thermionic
emission current [9] is employed as an interface condition for
solving time dependent continuity equations (Eqs. (2), (3)). k and
T denote the Boltzmann constant and temperature, respectively.
In the calculation, T is taken as 300 K, G(x, t) is the photo-excited
electron–hole pair generation rate, which was taken as G(x, t) =
I0(t)αβ exp(−αx), where I0(t) denotes the intensity of incident
photon flux, taken as 2.6 × 1023/cm2 · s, by considering the
incident energy (0.1 mJ) of the laser pulse, wave length (308 nm),
the irradiated area of the heterojunction (0.3 cm2), and the laser
pulse duration (25 ns) in the calculation, α denotes the photon
absorption coefficient, and β denotes the quantum efficiency,
respectively. α was taken as 1.5 × 105 cm−1 and 1.2 × 105 cm−1
for LSMO [11] and SNTO [12], respectively. β was set as 0.05 and
0.088 for LSMO and SNTO, respectively, in our calculation. R(x, t)
denotes recombination rate presented by Shockley–Read–Hall
(SRH) model [10]. In the calculation, N = −1.0 × 1019/cm3 in
LSMO and N = 1.0 × 1020/cm3 in SNTO, taken according to our
Hall measurement, some other important parameters are shown
in Table 1, and the others are all taken from Ref. [13]. The initial
values (t = 0):φ(x, 0), p(x, 0) and n(x, 0) for solving Eqs. (1)–(3)
were obtained by solving the Poisson equation coupled with the
Boltzmann approximation [8].
The LSMO/SNTO heterojunction was fabricated by depositing a

40 nm thick p-type LSMO layer on n-type SNTO (0 0 l) substrate
by laser molecular-beam epitaxy (Laser-MBE). An in situ reflection
high-energy electron diffraction (RHEED) system was used to
monitor the growth process of the LSMO film. A resistance of 50�
is connected to this LSMO/SNTO heterojunction as shown in Fig. 1,
through setting indium electrodes on the LSMO surface and the
opposite surface of SNTO. A XeCl pulsed laser (wavelength of 308
nm, repetition rate of 1 Hz and duration of 20 ns) is irradiated on
the surface of the LSMO layer. At the same time, the induced PV
was measured by a 500 MHz oscilloscope.
The experimental and calculated time dependent PV curves are

shown in Fig. 1(a) and (b), respectively. Due to the complication
of light-absorption and carrier-recombination in perovskite oxide

a

b

Fig. 1. (a) The experimental PV -time curves in a LSMO/SNTO heterojunction.
(b) The calculated PV -time curves in a LSMO/SNTO heterojunction. Laser is on at
0 ns and off at 20 ns. The peak of the curve locates at∼40 ns.

heterojucntion, accurate relative parameters are difficult to obtain,
especially the quantum efficiency β . According to our calculation,
these parameters only affect the photovoltaic intensity. While we
are only concernedwith the evolution process of the photovoltage,
we give a comparison between the calculated and experimental
data of the photovoltagewith an arbitrary unit (a. u.). In Fig. 1, both
calculated and experimental photovoltages rise to a peak at∼40 ns
and decay exponentially. After∼1000 ns, both of them decrease to
0. Therefore, regardless of the intensity of the photovoltage, the
calculated evolution of the photovoltage shows good agreement
with the experimental data. This result confirms the validity of the
present model applied to the perovskite oxide heterojunction.
The process of the photoelectric effect in a LSMO/SNTO

heterojunction is considered as the charging and discharging of
a resistance–capacitance (RC) circuit. In Fig. 2, the calculated
evolution of the variation of carrier concentration relative to that
of the initial state exhibits such a time dependent charging and
discharging process in the LSMO/SNTO heterojunction. Fig. 2(a)
and (b) show the evolution of the variation of electron and hole
concentration in the period of 5–20 ns, respectively, while the
laser is on. By the built-in field in the space-charge region of the
heterojunction, the photo-excited electrons and holes accumulate
in the n(x > 40 nm) and p(x < 40 nm) region respectively.
It approximates a process of charging capacitance. Fig. 2(c) and
(d) show the evolution of the variation of electron and hole
concentration in the period of 100–700 ns, respectively, while the
laser is off. Due to photo-excited carriers leaking out through the
parallel resistance, the electrons and holes accumulating in the n
and p regions are gradually reduced. It approximates a process of
discharging.
In a RC circuit, the decay of voltage is expressed as an expone-

ntial decay:

V (t) = V0 exp(−t/RC), (4)

where t , R and C denote time, resistance and capacitance, respec-
tively, V and V0 are the potential difference and the initial potential
difference between two capacitance’s electrodes, respectively. Ac-
cording to Eq. (4), the speed of decay of the potential difference
increases with the decrease of R. Correspondingly, for the pho-
toelectric effect of the LSMO/SNTO heterojunction, the decrease
of parallel resistance can increase the speed of photoelectric re-
sponse of the heterojunction, which has been proved in a simi-
lar experiment for photoelectric response in the heterojunction of
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Fig. 2. The evolution of carrier concentration variation in the photoelectric process.
(a) and (b) show the evolution of electron and hole concentration variation in the
period of 5–20 ns while the laser is on, respectively. (c) and (d) show the evolution
of electron and hole concentration variation in the period of 100–700 ns while the
laser is off and the PV is decaying, respectively.

Fig. 3. The calculated PV -time curves of the LSMO/SNTO heterojunction with
various parallel resistances: 0.5, 5, 50, 500 and 5000 �. The inset shows the time
dependent rising of the PV in the time scale of 0-30 ns, and the PV peaks aremarked
by crosses.

La0.7Sr0.3MnO3/Si [7]. Fig. 3 shows the calculated time dependent
PV evolution with various parallel resistances. The smaller the re-
sistance, the faster the decay of PV . However, the peak value of PV
decreases with the decrease of parallel resistance, because more
photo-excited carriers can leak out through the smaller resistance
during the irradiation. In addition, with the decreasing of the par-
allel resistance, the rise time of PV decreases as shown in the in-
set of Fig. 3. This is because the LSMO/SNTO heterojunction with a
smaller parallel resistance can reach photoelectric saturation ear-
lier, and this saturation occurs when the carriers leaking out are in
equilibrium with the carriers induced by photons. Therefore, the
speed of photoelectric response increases and the photoelectric
sensitivity decreases with decreasing parallel resistance, respec-
tively.
If the energy of photons irradiating onto the perovskite oxide

heterojunction is high enough, the excess energy of the excited
carriers will transform into their kinetic energy. Consequently,
the average mobilities of both electron and hole are increased.
For studying the effect of photon energy on the photoelectric
response of a LSMO/SNTO heterojunction, we also calculated the
PV evolvement for a laser pulse irradiation with 0.02 ns duration
but various photon energies on a LSMO/SNTO heterostructure
with 500 nm thick LSMO layer connected with a 0.2 � parallel

Fig. 4. The calculated PV -time curves of a LSMO/SNTO heterojunctionwith various
carrier mobilities. The laser is on at 0 ns and off at 0.02 ns. The positions of peaks
are marked out at the respective peak.

resistance. The calculated results with various carrier mobilities
which correspond to various photon energies are exhibited in
Fig. 4. As a higher photon energy corresponds to higher carrier
mobilities, the increase of photon energy is indirectly manifested
by an increase in carrier mobility. The increase of carrier mobility
decreases the diffusing time of photo-excited carriers from the
surface to the space-charge region. For the RC circuit, it means
that the time for charging the capacitance is reduced. Therefore,
in Fig. 4, the carrier mobilities increase 10 times and 100 times
and then the rise time of PV is reduced to 0.49 ns and 0.23 ns from
0.9 ns, respectively. In otherwords, a higher photon energy induces
a shorter rise time. Moreover, an increase in carrier mobility
decreases the charging time of the heterojunction, and the carriers
leaking out in the period of charging decrease. Accordingly, the PV
peak increaseswith increasingmobility as shown in Fig. 4. Itmeans
that the increase of photon energy can increase the sensitivity of
the LSMO/SNTO heterojunction. In addition, we found that there is
no strong relation between the decay time of PV and the carrier
mobility of the heterojunction because the increase of carrier
mobility cannot change the capacitance of the heterojunction.
Therefore, it is predicted that applying high energy photons on to
the heterojunction to excite electrons can increase both sensitivity
and the speed of photoelectric response. Or, in other words, using
a heterostructure which consists of materials with high mobility
also improves both the sensitivity and the speed of photoelectric
response.
In summary, on the basis of a time dependent drift–diffusion

model and the hot current model, the dynamic photoelectric
process of a LSMO/SNTO heterojunction is revealed. The calculated
results agree well with experimental data. The calculated results
indicate that a decrease in parallel resistance can increase the
speed of photoelectric response but reduce the photoelectric
sensitivity. In addition, the increase of carrier mobility induced by
higher energy photons can increase both the sensitivity and speed
of photoelectric response in a LSMO/SNTO heterojunction.
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