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1. Introduction

TheNb-dopedSrTiO3 (SNTO) isoneof themostintensively studied
oxide material because of its intriguing properties such as the high
dielectric constant [1], the strongly electric field dependent
permittivity[2,3],thesmallin-planelatticemismatchwithperovskite
oxides [4,5], and the complicated interface states [6]. Recently, the
SNTO-based p–n junctions [7–11], field effect transistors [12],
multilayer structures [13], and Schottky junctions [2,5,6,14–16] have
been fabricated by many groups. Among them, the SNTO-based
Schottky junctions have attracted much attention not only because
they are ideal platforms to probe the complicated interface states of
SNTO in the field of fundamental research [2] but also they are good
candidates for the spintronic devices [6] and non-volatile memory
cells [16] in the real application. Although the vigorous experimental
efforts[2,5,6,15,16]havebeencarriedoutintheSNTO-basedSchottky
junctions, a self-consistent description of the transport processes in
these junctions is still lacking. In addition, the physical origins for the
magnetoresistance (MR) effect [2] and the electroresistance (ER)
effect [15] observed in the SNTO-based Schottky junctions are
unclear. Thus, a theoretical study on the transport processes in the
Schottky junctions of manganite–titanate is urgently to be given.

Recently, a phenomenological model based on Poisson equa-
tion, the drift-diffusion model and the continuity equations has
been proposed [8,17,18] to analyze the transport mechanisms in
the multi-correlated perovskite oxide p–n junctions. With this
model, the transport processes in the all-oxide [17–19] and oxide-
silicon [20,21] p–n junctions have been well explained with both
forward and reverse bias voltages. This provides the possibility to
give a self-consistent analysis on the transport properties of the
perovskite oxide Schottky junctions.

In this paper, a numerical study on the transport processes in
the Schottky junction of La0.7Sr0.3MnO3/Nb:SrTiO3 (LSMO/SNTO) is
given with taking into account the strongly electric field dependent
permittivity of SNTO at both forward and reverse bias. The
comparison between the calculated and the measured I–V curves
reveals that the non-monotonically temperature-dependent cur-
rent observed at reverse bias is induced by the competition
between the direct and the thermally assisted tunneling processes.
It is also found that the strongly electronic field dependence of
permittivity in SNTO plays a very important role on the transport
properties in the LSMO/SNTO Schottky junction with forward bias.
In addition, a novel bias voltage dependent resistance of LSMO/
SNTO Schottky junction is found based on our calculation.

2. Theoretical model

The distributions of electrostatic potential fðxÞ, electrons nðxÞ,
holes pðxÞ in the LSMO/SNTO Schottky junction under external bias
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voltage Vbias are calculated by solving Poisson equation, the drift-
diffusion formulas, and the continuity equations self-consistently
with the Richardson thermionic emission current as the interface
condition [22–24]. Considering the electric field and temperature
dependence of permittivity erðEðxÞ; TÞ in the SNTO material,
Poisson equation is expressed as

� d2fðxÞ
dx2

¼ q

e0erðEðxÞ; TÞ
½ pðxÞ � nðxÞ þ Nd�; (1)

where q denotes the electron charge, e0 is the dielectric constant of
vacuum, and Nd represents the ionized donor density of SNTO,
respectively. The electric field dependence of permittivity is
approximated by erðEðxÞ; TÞ ¼ bðTÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðTÞ þ E2ðxÞ

q
with the para-

meters aðTÞ ¼ ½ðcoth ð44:1=TÞ � 0:937Þ=1635�bðTÞ, bðTÞ ¼ 1:39�
107 þ 4:29� 105T V/cm [25,26], and the electric field intensity
EðxÞ ¼ �dfðxÞ=dx, respectively. The drift-diffusion and continuity
equations, the boundary conditions, and the detailed arithmetic for
solving these formulas have been given in elsewhere [17,22,23].
Based on the calculation, the band-energy profile of the LSMO/
SNTO Schottky junction under reverse bias is given in Fig. 1. As
shown in this figure, the tunneling process is divided into two
parts. When a forward bias voltage is applied to the Schottky
junction, the tunneling process with electrons between the bottom
of the conduction band Ec and the Fermi level E fn for semi-
conductor is defined as the direct tunneling. In another process,
electrons are first thermally excited to an energy between E fn and
the top of the barrier Etop and then tunnel into the metallic LSMO.
And this process is defined as thermally assisted tunneling. For the
reverse-biased Schottky junction, the electrons with energy
between Ec and the Fermi level for metal E fM and the thermally
exited electrons with energy between E fM and Etop can tunnel into
the n-SNTO region directly and indirectly, respectively.

With taking into account the direct and thermally assisted
tunneling processes, the currents with forward and reverse bias JF

and JR are expressed as

JF ¼ A�T2exp � qFB

kBT

� �
exp

qVbias

kBT

� �
� 1

� �

þ q

Z Etop

Ec

NðEÞTðEÞ
1þ exp

E�E fn

kBT

� � dE (2)

and

JR ¼ A�T2exp � qFB

kBT

� �
exp

qVbias

kBT

� �
� 1

� �

� q

Z Etop

Ec

NðEÞTðEÞ
1þ exp

E�E fM

kBT

� � dE; (3)

where A� is the effective Richardson constants of electron, FB

represents the effective barrier height of the Schottky junction,
NðEÞ is the density of states, and kB denotes Boltzmann’s constant,
respectively. The tunneling rate TðEÞ ¼ ð�h=

ffiffiffiffiffiffiffiffiffiffiffiffi
2m�cE

p
ÞI½c�EðxÞ

ðd=dxÞcEðxÞ� with ‘‘I’’ denotes the imaginary part of a complex
number, �h is the reduced Planck constant, and m�c denotes the
electron effective mass, respectively. The wave function cEðxÞ is
solved by using the free electron approximation and the finite-
difference schemes [19,27].

3. Results and discussion

With these formulas, the I–V characteristics of a LSMO/SNTO
Schottky junction with Nd ¼ 3:0� 1020 cm�3 are calculated self-
consistently at T ¼ 100, 200, 300, and 400 K, respectively. In the
calculation, the Schottky barrier height is taken as 1.2 eV [6], the
effective mass of electrons for SNTO is 1:3m0 with m0 being the
mass for free electron [28], and the other necessary parameters are
taken from Ref. [17] and [18], respectively. The calculated I–V

curves with applied bias voltages from negative to positive are
given in Fig. 2, while the detailed I–V characteristics under reverse
bias are plotted in the inset. Comparing our theoretical results with
the experimental data reported in Ref. [16], it is found that the
thermoionic emission current, the direct and thermally assisted
tunneling currents dominate the forward transport process in the
LSMO/SNTO Schottky junction, while the direct and thermally
assisted tunneling processes are the mainly transport mechanisms
at reverse bias. To reveal the physical origin of the non-
monotonically temperature-dependent I–V curves observed at
reverse bias [16], we plot the direct tunneling current (dashed
curve), the thermally assisted tunneling current (dotted curve) and
the total tunneling current (solid curves) with T ¼ 100, 300, and
400 K in Fig. 3(a), (b), and (c), respectively. As indicated in these
figures, the density of direct tunneling current decreases and that

Fig. 1. The band energy of the La0.7Sr0.3MnO3/Nb:SrTiO3 Schottky junction with

reverse bias at T ¼ 300 K with concentration of donor Nd as 3:0� 1019 cm�3.

Fig. 2. The theoretical I–V characteristics with applied bias voltage from negative to

positive at T ¼ 100 K (dashed and dotted curve), 200 K (dotted curve), 300 K

(dashed curve), and 400 K (solid curves), respectively. The inset shows the I–V

curves under reverse bias at various temperatures.
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of thermally assisted tunneling current increases with the increase
of temperature. Thus, the non-monotonically temperature-depen-
dent current observed at reverse bias is attributed to the
competition between the direct and the thermally assisted
tunneling processes.

For the further study on the transport properties of SNTO-based
Schottky junction, we plot the value of DR=R ¼ ½RðVbiasÞ �
Rð0:01 VÞ�=Rð0:01 VÞ with T ¼ 100, 120, 140, 160, and 200 K at
forward and reverse bias in Fig. 4(a) and (b), respectively. As shown
in Fig. 4(a), the value of DR=R increases with the increased forward
bias and obtains its peak value at a certain bias voltage, and then
decreases with the further increase of the bias. In addition, it is also
found that the value of DR=R decreases with the increased
temperature at a certain applied bias voltage. In Fig. 4(b), the value
of DR=R decreases with the increased reverse bias monotonically at
a certain temperature and decreases with the decreased tempera-
ture under a certain applied bias voltage, respectively. These
intriguing behaviors can be explained as follows. When a forward
bias voltage is applied to the Schottky junction, the intensity of
electric field in the space charge region decreases and the electric
field dependent permittivity increases, thereby increasing the
width of the Schottky barrier. The electric field dependent
permittivity in the SNTO region of LSMO/SNTO Schottky junction
under both forward and reverse bias at T ¼ 100 and 200 K is
plotted in Fig. 5(a) and (b), respectively. On the other hand, the
thermoionic emission current increases exponentially with the
increased forward bias according to Eq. (2). The competition
between the increased barrier width and the thermoionic emission
current induces a peak value of DR=R at a certain forward bias. As

indicated in Fig. 5(a) and (b), the electric field dependent
permittivity decreases with the increased temperature, thereby
reducing the width of Schottky barrier. In addition to the decrease
of barrier width, the rapidly increased thermoionic emission

Fig. 3. The comparison between the direct tunneling current, the thermally assisted

tunneling current, and the total tunneling current under applied reverse bias

voltages at T ¼ 100 K (a), 300 K (b), and 400 K (c), respectively.

Fig. 5. The electric field dependence of relative permittivity with Vbias ¼ 0:0 V (solid

curve), 0.2 V (dashed curve), and �0:2 V (dotted curve) at T ¼ 100 K (a) and 200 K

(b), respectively.

Fig. 4. The calculated DR=R ¼ ½RðVbiasÞ � Rð0:01 VÞ�=Rð0:01 VÞ with forward (a) and

reverse bias (b) at various temperatures.
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current dominates the transport process and reduces the value of
DR=R with the increase of temperature. In the case of reverse bias,
the width of the Schottky barrier decreases and there are more
available unoccupied states on the n-SNTO side with the increase
of bias voltage. And these result in the increase of current and the
monotonic decrease of DR=R with the increased reverse bias.

4. Summary

In summary, the transport processes in LSMO/SNTO Schottky
junction have been studied self-consistently with taking into account
the electric field dependent permittivity of SNTO material. Compar-
ing with the calculated results and the experimental data, it is found
that the thermoionic emission current, the direct and thermally
assisted tunneling currents are the mainly transport mechanisms in
the LSMO/SNTO Schottky junction, and the non-monotonically
temperature-dependent I–V characteristics is induced by the
competition between the direct and the thermally assisted tunneling
current. Based on our calculation, it is also found that the value of
DR=R ¼ ½RðVbiasÞ � Rð0:01 VÞ�=Rð0:01 VÞ exhibits a novel property
with the increased forward bias, and this behavior is attributed to the
electric field dependence of permittivity in the SNTO material.
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