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The drift-diffusion mechanism, the interband Zener tunneling theory, and the trap assisted tunneling
model are combined to reveal the transport properties in a multicorrelated system of the
p-Lag oSty ;MnO3/n-SrNby o, Tig 9903 junction with various temperatures. The good agreement
between the calculated and measured -V curves reveal that the drift-diffusion mechanism
dominates the transport process with forward bias, and the interband Zener tunneling plays an
important role for the carrier transport with high reverse bias. In the low reverse bias, the I-V
characteristic of oxide device is mainly attributed to the trap assisted tunneling process caused by
the oxygen vacancy induced states. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2804608]

The immense interesting phenomena of the correlated
electron perovskite oxide material, such as colossal magne-
toresistance (CMR) effect and picosecond photoelectric char-
acteristic, have provided the impetus for fabricating the per-
ovskite oxide devices, including field-effect transistors,l
manganite tunnel junctions,2 and p-n junctions.Sf5 Recently,
many novel phenomena such as unusual CMR, photovoltaic,
and ferroelectricity effects have been observed in these
devices.'”’ Although the vigorous experimental and theoret-
ical researches®™” have been carried out in the perovskite
oxide system, a detailed understanding of this kind of mate-
rial is still unknown due to the complicated interplay of spin,
charge, and orbital coupling and the competition of energy
scales.’ Furthermore, it was believed that the band theory for
semiconductor p-n junctions would be difficult to apply to
the correlated oxide devices due to the Coulomb repulsion
among electrons.” In addition, different from the conven-
tional semiconductors, the oxygen vacancies can be gener-
ated in the perovskite oxide material due to lack of oxygen.
The role of these oxygen vacancies placed in the transport
property has not been known clearly. Therefore, a proper
theoretical method to accurately reveal the transport process
in the perovskite oxide devices is fundamentally important.

Different from the strong-correlated perovskite oxide,
the hole-doped LajoSry;MnO; is a multicorrelated ferro-
magnetic semiconductor.”'" The Coulomb repulsion among
electrons in the multicorrelated system is much weaker than
that in the strong-correlated system, and this provides the
possibility to analyze the transport characteristics of multi-
correlated devices by using the semiconductor band theory.
However, few numerical studies have been focused on the
transport process in the oxide devices by using the semicon-
ductor theory until now. In our previous work, a numerical
simulation of the transport properties in a homogeneous
StTiO5 p-n junction with forward bias has been carried out
recently. "2 The self-consistent study of transport property in a
perovskite oxide heterostructure with both forward and re-
verse bias has never been reported. In addition, the theoreti-
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cal analysis of the mechanism of the leakage current in the
oxide p-n junction is still lacking either.

In this work, we analyze the transport properties at the
interface region of the perovskite oxide heterojunction of
Lagy oSty ;MnO3/StNby 5, Tig 9903  (LSMO/SNTO)  self-
consistently based on Poisson equation, and the drift-
diffusion formulation with considering Richardson current at
the interface over a wide range of bias and taking into ac-
count the effects of trap assisted tunneling and interband Ze-
ner tunneling processes at the reverse bias. Under the applied
bias voltage, the I-V characteristics, the band structures, the
electric fields, and the carrier concentrations at the interface
region of the LSMO/SNTO heterostructure are obtained with
various temperatures. Our results reveal that the drift-
diffusion process is the dominative transport mechanism in
the oxide heterostructure with forward bias, and the inter-
band Zener tunneling current plays an important role for the
reversed transport process with high reverse bias. In addition
to the conventional semiconductor theory, the trap assisted
tunneling process assisted by the oxygen vacancy-induced
states in the forbidden gap13 is proved to be the main mecha-
nism for the leakage current in the oxide p-n junction at low
reverse bias.

In the conventional transport theory of semiconductors,
the current transport across the heterojunction interface is
taken into account by employing the Richardson thermionic
emission current at the interface, as well as the drift-diffusion
current is used in the homogeneous regions.14 The behavior
of electrostatic potential ¢(x), electrons n(x), and holes p(x)
under the external bias voltage Vi, are obtained by solving
the following coupled equations self-consistently.
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where ¢ is the electron charge, € is the dielectric permittivity,
D, and w, (or D, and u,) are the electron (or hole) diffusion
coefficient and mobility, respectively, N, is the ionized ac-
ceptor density in p region, and N, is the ionized donor den-
sity in n region. R(x) is the recombination rate of the
Shockley-Read-Hall recombination process.14 The boundary
conditions of Poisson equation are set to be 0 and V,;—Vy;,, at
the p and n side far away from the space charge region,
where V,; denotes the build-in potential. The boundary con-
ditions for the concentration of hole and electron at the p (or
n) side are N, [or n?(L)/Nd] and niz(O)/Na (or N,), respec-
tively. n,(0) and n;(L) are the intrinsic concentration in the p
and n regions, respectively.

With an applied reverse-bias voltage, electrons in the
valence band on the p side can directly tunnel to the empty
states in the n side with energy between E\,, and Eg,, where,
E,, is the top of valence band in the homogeneous region of
the p side and Ep, is the Fermi level in the homogeneous
region of the n side. Because the width of barrier between
the valence band of p side and the conduction band of n side
decreases with the increase of reverse bias voltage, the tun-
neling current increases rapidly with reverse-bias voltage.
The interband Zener tunneling current density is calculated
by using the method given in Ref. 15.

Different from the conventional semiconductors, it is ex-
perimentally known that the oxygen content of oxide mate-
rials can be changed depending on the film growth param-
eters and postdeposition treatment, leading to the likely
formation of oxygen vacancies. Recently, Picozzi et al. dem-
onstrated that the oxygen vacancy can induce states in the
forbidden gap of LSMO based on their ab initio
calculation.”” Thus, a two-step tunneling process via traps
generated by the oxygen vacancy-induced states (the so-
called trap assisted tunneling) should be considered in the
transport process in the oxide p-n junctions with reverse
bias. "’ The trap assisted tunneling process has attracted
much attention over many years, and several authors have
proposed theoretical models to describe it. "1 Among them,
the model proposed by Suzuki et al.” is well accepted. In
our work, this model' is employed to describe the trap as-
sisted tunneling process in the oxide p-n junction with re-
verse bias. The trap assisted tunneling current Jpat can be
calculated as

Jrar=aNa, L NEFE) L o -

2)
where N(E) denotes the density of state and F(E) describes
the Fermi distribution function. N, presents the density of
traps and o, is the effective capture cross section. The values
of N,o, are taken as 0.15, 0.75, and 1.0 at 7=190, 255, and
190 K, respectively. The tunneling rates of this two-step pro-
cess T((E) and T,(E) are obtained with the method given in
Ref. 15.

With these formulas, we have performed a self-
consistent calculation on the transport properties in the oxide
p-n junction of LSMO/SNTO over a wide range of the bias
voltages. The concentrations of the acceptor and the donor
are N,=4.0X 10" cm™ and N,;=1.63 X 10?° cm™, respec-
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TABLE I. Material parameters used in the calculation (Refs. 6 and 16).

Parameters LSMO SNTO
Band gap E, (eV) 0.8 2.8
Affinity energy y (eV) 3.95 4.05
Dielectric constant & (&) 10.0 300.0
Electron mobility u,, (cm?/V s) 10.0 8.0
Hole mobility 4, (cm?/V s) 1.8 0.1

tively. The other necessary parameters for our calculation can
be found in Table L.

The calculated band structure of LSMO/SNTO p-n junc-
tion without bias voltage is shown in Fig. 1. In this figure,
the space charge region locates mostly at the n region of
SNTO even though the doping density of SNTO is greater
than that of LSMO. This is due to the high dielectric constant
of SNTO material. To study the mechanism of transport pro-
cess in the oxide p-n junction, we plot the /-V curves of the
interband Zener tunneling process (solid curve), the trap as-
sisted tunneling process (dashed curve), the combined theo-
retical results (dotted curve), and the experimental ones (hol-
low squares) with 7=190, 255, and 290 K in Fig. 2(a)-2(c),
respectively. The experimental data are obtained from the
recent work of our group.s’6 As shown in these figures, the
good agreement between the theoretical and experimental
data with forward bias proves that the drift-diffusion model
can be employed to describe the forward transport process in
the oxide heterostructure. For the case of reverse bias, the
theoretical results reveal that the trap assisted tunneling pro-
cess, which should be assisted by the oxygen vacancy in-
duced states, is the dominant transport mechanism for the
transport process in the oxide p-n junction. In addition to the
leakage current caused by the trap assisted tunneling, the
interband Zener tunneling is also important for the transport
process with reverse bias. As shown in Fig. 2, the interband
Zener tunneling currents are increased with the increase of
bias voltage and the decrease of temperature. Thus, this pro-
cess plays a more important role for the transport process
with higher reverse bias at low temperature in the oxide p-n
junction system.

In summary, the transport properties in the multicorre-
lated electron oxide heterojunction have been systemically
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FIG. 1. The band-energy profile of the La ¢Sry, ;MnO5/SrNb o, Tij 9905 het-
erojunction with no bias applied across the entire system. The inset is a
schematic illustration of the p-n junction sample.

Downloaded 30 Oct 2007 to 159.226.36.218. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



182102-3 Han et al.

3r— T T T T T
(a)

—0O— Experiment data

= Total theoretical current

«sssee |ntarband tunneling current

= === Trap assisted tunnsling current

Current (mA)
o = N

2t

—0o— Experimental data
= Total theoretical current
1+ ====== Interband tunneling current

2L®

? = === Trap assisted tunneling current

=~ 0

c

[

E

S -1F T

o T=255K
21 b
210 5 Experimental data 1

= Total theoretical current

1 ====== |ntarband tunneling current 1

% = = = = Trap assisted tunneling curent

- 0

c

g

5 1L 1

(5] T=200K
2 1

25 20 -15 -0 05 00 05 1.0
Bias Voltage (V)

FIG. 2. (Color online) The theoretical results vs experimental data from
reverse bias to forward bias with (a) 7=190 K, (b) T=255 K, and (¢) T
=290 K, respectively. In these figures, the solid, dashed, and dotted curves
represent the interband, Zener tunneling current, trap assisted tunneling cur-
rent, and total theoretical current, respectively. The hollow squares describe
the experimental data.

studied based on the self-consistent calculation over a wide
range of applied voltages with various temperatures. The
good agreement between theoretical results and experimental
data proves that the drift-diffusion model is a good method to
analyze the forward transport process in the perovskite oxide
p-n junctions. For the case of low reverse bias, the transport
characteristic is mainly determined by the trap assisted tun-
neling phenomenon assisted by the oxygen vacancy induced
states. In the higher reverse bias, the interband Zener tunnel-
ing is the dominate transport mechanism for the oxide de-
vices. This work will benefit to the further study of analyzing
the spin polarization transport phenomena and picosecond
photoelectric characteristic in the all-oxide devices.
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