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The behavior of leakage current at reverse bias in p-La0.9Sr0.1MnO3/n-SrNb0.01Ti0.99O3 heterojunction has
been theoretically studied by calculating interband tunneling current with various doping densities and
temperatures. Our results reveal that the reduction of leakage current with decrease of doping density
and increase of temperature originates from properties of interband tunneling.
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1. Introduction

The novel physics properties of colossal magnetoresistance, fer-
romagnetism, ferroelectricity, and photoelectricity in the perovskite
oxide materials provide great potential applications for these cor-
related electron systems. To realize the practical application of
the perovskite oxide materials, many investigations have been per-
formed on the low-dimensional perovskite oxide devices. Recently,
the all-oxide and oxide–silicon p–n junctions, p–i–n junctions, and
tunneling junctions with good rectifying property have been fab-
ricated by many groups [1–13]. Besides the experimental efforts,
the transport mechanism of the oxide p–n junctions also has been
studied from theoretical aspects [14–17]. As indicated in Ref. [14],
the conventional semiconductor theory for p–n junction can be
phenomenologically employed to analyze the carrier distribution,
the electric field intensity, the band structure, and the I–V char-
acteristics of the multi-correlated perovskite oxide heterojunction.
Based on this hypothesis, the good agreement between theoreti-
cal and experimental I–V characteristics of perovskite oxide p–n
junction with forward and reverse bias has been obtained [15,17].
However, all these theoretical research works [14–17] are focused
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on the I–V characteristics above 190 K and few theoretical study
about the transport process below 190 K has been reported. Espe-
cially, the theoretical study on the behaviors of leakage current at
reverse bias in the perovskite p–n junction with low temperature
is still empty.

As shown in our previous work [17], the trap assisted tunnel-
ing process caused by the oxygen vacancy induced states has been
proven as the dominant mechanism for the leakage current in the
manganite/titanate p–n junction with low reverse bias. In addi-
tion, it also has been revealed that the interband tunneling process
plays an important role for the leakage current with high reverse
bias. However, as indicated in Ref. [18], the density of trap centers
for the trap assisted tunneling process decreases with the increase
of temperature and the intensity of trap assisted tunneling current
decreases. Thus, the effect of direct interband tunneling between
the valence band of p side and the conduction band of n side on
the leakage current cannot be omitted anymore with low reverse
bias at low temperature.

In this work, we present the theoretical study on the behav-
ior of leakage current with reverse bias based on the calculation
of interband tunneling current in La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3
(LSMO/SNTO) heterojunction at low temperature. The energy band
and the tunneling barrier, which are used in the calculation, are
obtained self-consistently by solving the Poisson equation and
drift–diffusion formulas. The good agreement between the calcu-
lated results and the experimental data reveals that the decrease
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of leakage current with the increase of temperature at T below
130 K originates from the property of interband tunneling. In ad-
dition, it has been revealed that the leakage current decreases with
the decrease of doping density in LSMO due to the increase of bar-
rier width for interband tunneling.

2. Theoretical model

The behavior of the electrostatic potential φ(x), the energy
band, the electric field intensity E(x), the concentrations of elec-
tron n(x) and hole p(x) under the external bias voltage V bias in the
LSMO/SNTO heterojunction are obtained self-consistently by solv-
ing the Poisson equation, electron and hole continuity equations on
the basis of drift–diffusion model. And the Richardson thermionic
emission current is taking into account as the interface condition
to treat the current across the interface of heterojunction. The for-
mulas, the boundary conditions, and the detailed arithmetic can be
seen in Refs. [15] and [19,20].

With the forward bias voltage, the drift–diffusion current dom-
inates the transport process of p–n junctions. However, the mobile
electrons and holes have essentially been swept out of the space
charge region and the drift–diffusion current can be neglected with
the reverse bias. For this case, the bottom of the conduction band
of n region decreases with the increase of reverse bias. Thus, elec-
trons in the valence band on the p side can directly tunnel into
the empty states in the n side with energy between E vp and E f n ,
where E vp is the top of the valence band in the homogeneous re-
gion of the p side and E f n is the Fermi level in the homogeneous
region of the n side. The interband tunneling current is written as
[21,22]

J = q

E vp∫

E f n

N(E) f (E)T (E)dE (1)

with tunneling rate T (E) = h̄√
2m∗

c E
�[ψ∗

E (x) d
dx ψE (x)], where q rep-

resents the electric charge, “�” denotes the imaginary part of a
complex number, m∗

c is the electron effective mass, and ψE(x)
is the wave function obtained by solving the Schrödinger equa-
tion [23]. N(E) is the density of state and f (E) is the Fermi distri-
bution function, respectively.

3. Results and discussion

The energy band, the electric field intensity, and the distribu-
tion of carrier density are calculated self-consistently based on the
Poisson equation and the drift–diffusion formulas [15,19] with con-
centrations of the acceptor and the donor are Na = 4.0×1019 cm−3

and Nd = 2.0 × 1020 cm−3 at T = 90 and 130 K, respectively. The
other necessary parameters used in the calculation are given in
Table 1, and the effect of temperature on the carrier mobility and
dielectric constant [24–26] has been taken into account in our cal-
culation.

Fig. 1 presents the energy band of LSMO/SNTO heterojunction
under −1.0 V bias voltage at T = 130 K with Na = 2.0× 1019 cm−3

(solid line) and 4.0 × 1019 cm−3 (dashed line), respectively, and
the donor concentration is Nd = 2.0 × 1020 cm−3. In this figure,
the diagrams of energy band show that the space charge region of
LSMO decreases and the barrier width between the valence band
of p side and the conduction band of n side decreases with the
increase of acceptor concentration. Additionally, the distributions
of electric field intensity with 0.0 V bias (solid curve), 0.8 V bias
(dashed curve), and −0.8 V (dotted curve) are presented in Fig. 2,
respectively. As indicated in this figure, the electric field inten-
sity increases with the applied reverse bias and decreases with the
forward bias. Furthermore, the distributions of carrier densities at
Table 1
Material parameters used in the calculation [14,26–28]

Parameters LSMO SNTO

Band gap E g (eV) 1.0 3.0
Affinity energy χ (eV) 3.95 4.05
Dielectric constant ε (ε0) 10.0 300.0
Electron mobility μn (cm2/V s) 10.0 8.0
Hole mobility μp (cm2/V s) 1.8 0.1

Fig. 1. The band energy of the La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 heterojunction with
−1.0 V bias at T = 130 K with concentration of acceptor Na as 2.0 × 1019 cm−3

(solid line), and 4.0 × 1019 cm−3 (dotted line), respectively. The concentration of
donor Nd = 2.0 × 1020 cm−3.

Fig. 2. The distribution of electric field intensity at T = 130 K with bias voltage as
0.8 V (dashed line), 0.0 V (solid line), and −0.8 V (dotted line), respectively.

T = 90 K and 130 K are plotted in Fig. 3, respectively. The compar-
ison between the carrier densities at T = 90 K and 130 K shows
that the concentrations of minority carrier (electrons in p region
and holes in n region) decrease with the decrease of temperature.

The theoretical I–V characteristics with reverse bias are ob-
tained by solving Eq. (1) and the forward I–V curves are calculated
with the Poisson equation and the drift–diffusion formulas [15,19],
respectively. Combining with the experimental data obtained from
Ref. [29], the comparison between the calculated and measured
I–V curves with T = 90 and 130 K are given in Fig. 4, respectively.
As shown in this figure, the leakage current increases monotoni-
cally and rapidly with the increase of reverse bias, and decreases
with the increase of temperature. The good agreement between
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Fig. 3. The distribution of carrier densities in the La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3

heterojunction with 0.0 V bias voltage at T = 90 K and 130 K, respectively.

Fig. 4. The theoretical and experimental I–V curves with reverse and forward bias
at T = 90 K and 130 K, respectively. The experimental data are obtained from
Ref. [29].

theoretical and experimental I–V characteristics with reverse bias
reveals that the behaviors of leakage current in the LSMO/SNTO
heterojunction below T = 130 K originate from the properties of
interband tunneling. The temperature dependent behavior of the
leakage current can be explained with the theory of tunneling as
follows. The Fermi distribution function of electrons in the valence
band of p region f (E) = 1

1+exp(
E−E f p

kB T )
, where E f p describes the

Fermi level of the homogeneous region of the p side and kB is
the Boltzmann’s constant, decreases with the increase of temper-
ature. And therefore, the intensity of tunneling current decreases
with temperature according to Eq. (1).

In addition, to reveal the effect of doping density on the be-
havior of the leakage current, we plotted the calculated I–V
curves of LSMO/SNTO heterojunction with Na = 2.0 × 1019 cm−3

(solid curve), 4.0 × 1019 cm−3 (dotted curve), and 6.0 × 1019 cm−3

(dashed curve) in Fig. 5, respectively, and the donor concentration
is Nd = 2.0 × 1020 cm−3. As presented in this figure, the intensity
of the leakage current increases with the increase of Na , and this
behavior is due to the decrease of barrier width for tunneling with
the increase of doping density as illustrated in Fig. 1.
Fig. 5. The theoretical I–V characteristics with Na as 2.0 × 1019 cm−3 (solid curve),
4.0 × 1019 cm−3 (dotted curve), and 6.0 × 1019 cm−3 (dashed curve), respectively.
The concentration of donor Nd = 2.0 × 1020 cm−3.

4. Summary

In summary, the behaviors of leakage current with reverse
bias in the p-LSMO/n-SNTO heterojunction have been theoretically
studied based on the calculation of interband tunneling current
with various doping densities and temperatures. Our results reveal
that the decrease of leakage current with the increase of tem-
perature with T below 130 K is caused by the decrease of Fermi
distribution function of electrons in the valence band of p region.
In addition, the leakage current increases with the increase of the
doping density due to the reduction of barrier width for interband
tunneling. We hope these results will benefit to the further study
of the oxide electronics in the future.
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