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Influence of Oxygen Vacancy on Transport Property in Perovskite Oxide
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Effect of oxygen vacancy on transport property of perovskite microstructures is studied theoretically. Compared
with calculated and measured 𝐼–𝑉 curves, it is revealed that electron conduction plays an important role in
the oxygen nonstoichiometry perovskite heterostructures even with hole-doped or un-doped material due to the
oxygen vacancies. In addition, a detailed understanding of the influence of oxygen vacancy concentration and
temperature on the conduction characteristics of oxide heterojunction with both forward and reverse biases is
obtained by calculation.
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Perovskite oxide microstructures, including all-
oxide or oxide–silicon p–n junction,[1−3], tunnel
junction[4], and multilayer structures[5], have at-
tracted great attention since last decade due to their
novel properties such as ferromagnetism, ferroelec-
tricity, and photoelectricity. Besides the vigorous
research efforts from the experimental aspect, the
transport mechanism of the perovskite heterojunction
also has been studied from theoretical aspect. Based
on the drift-diffusion formulas, Poisson equation, the
continuity equations for current, and the interband
tunnelling model, the transport processes in the all-
oxide[6,7] and oxide-silicon p–n junction[8] have been
well explained with both forward and reverse bias,[7]

respectively. As indicated in the experimental work,[9]

the oxygen contents in perovskite films and junctions
are reduced during the fabrication and annealed pro-
cesses, and this leads to the formation of oxygen va-
cancies. Moreover, it has been shown that the oxy-
gen content plays an important role on the photo-
voltaic effect, magnetic property, and transport pro-
cess in the oxide heterostructures.[10] Although the
theoretical[6−8] researches have been carried out in the
perovskite oxide microstructures, the effects of oxygen
vacancies on the transport processes in these struc-
tures are still unclear. Thus, the study of the influence
of oxygen vacancy on the transport process in per-
ovskite microstructures is fundamentally important.

Recently, an ab initio calculation result revealed
that the oxygen vacancy can induce energy states
in the forbidden gap of manganite compounds.[11]

Furthermore, we have reported that these vacancy
induced states can act as trap centres in the trap
assisted tunnelling process in p-La0.9Sr0.1MnO3/n-
SrNb0.01Ti0.99O3 junction.[7] Besides inducing trap

centre states, the shallow energy levels induced by
the oxygen deficiency can be taken as a reduction
of the band gap in the oxygen nonstoichiometry per-
ovskite material.[11−14] In addition, the oxygen va-
cancies exhibit the donor character in this kind of
materials.[15] Thus, the concentration of electrons in
the conduction band of the oxygen nonstoichiometry
perovskite is much greater than that in the oxygen
stoichiometry perovskite oxide. These electrons not
only lead the un-doped insulated perovskite oxide to
an n-type semiconductor, but also act as transport
electrons in the hole-doped perovskite oxide such as
La1−𝑥Sr𝑥CoO3−𝛿.[16] However, a theoretical proof is
still lacking and few systematic studies have been car-
ried out on the effects of electrons induced by vacan-
cies on the transport process of the perovskite oxide
microstructures.

In order to understand the influence of oxygen
vacancies on the transport properties in the oxygen
nonstoichiometry perovskite microstructures, in this
Letter we present the transport processes in such
structures with taking into account the electrons in-
duced by the vacancies by solving Poisson equation
and the drift-diffusion formulation self-consistently.
Our results demonstrate that the electrons induced
by oxygen vacancies play an important role in the
transport process of the oxide heterostructures with
oxygen deficiency. Furthermore, our results also in-
dicate that the uncertainty of the doping type (p-
doped or n-doped) we often observed in Hall mea-
surement for hole-doped oxide material may come
from the competition of carriers between holes and
electrons induced by oxygen vacancies. To ver-
ify this mechanism, we present our calculation on
the oxygen nonstoichiometry perovskite structures
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of SrTi0.8In0.2O3−𝛿/SrNb0.01Ti0.99O3 (SITO/SNTO)
and La0.7Sr0.3MnO3−𝛿/Si (LSMO/Si). The good
agreement between the calculated and the measured
𝐼–𝑉 characteristics reveals that the transport of elec-
trons induced by oxygen vacancies under reverse bias
is the physical origin of the leakage current in these
systems. In addition, to understand the transport
properties of the oxide n–n heterojunction, the 𝐼–𝑉
characteristics of LaMnO3−𝛿/SrTiO3−𝛿(LMO/STO)
heterostructure are calculated with various temper-
atures and concentrations of oxygen vacancies. It is
found that the increase of the concentration of oxygen
vacancy in LMO side (with low vacancy concentra-
tion) of the heterojunction mainly affects the forward
𝐼–𝑉 characteristics, while the increase of that in the
STO side (with high vacancy concentration) mainly
affects the reverse current. In addition, it is also found
that both forward and reverse currents increase with
the increase of temperature in the oxide n–n junction.

According to the electroneutrality condition, the
concentration of electrons induced by the oxygen va-
cancies 𝑁O depends on the concentration of oxygen
vacancies and on their states of charge,[15]

𝑁O = 2[𝑉 ∙∙
O ] + [𝑉 ∙

O], (1)

where, [𝑉 ∙
O] and [𝑉 ∙∙

O ] denote the concentrations of
singly and doubly ionized oxygen vacancies, respec-
tively. Based on the itinerant electron model for oxy-
gen defect in the hole-doped perovskite oxide,[16,17]

the electrons induced by oxygen vacancies are dis-
tributed in the conduction band. Thus, the hole-
doped oxygen nonstoichiometry perovskite material
behaves as a compensated semiconductor. With the
complete ionization, the charge neutrality condition in
the hole-doped perovskite oxide is expressed as

𝑁𝑐 exp
(︁
− 𝐸𝑐 − 𝐸𝑓

𝑘𝐵𝑇

)︁
+ 𝑁𝑎

= 𝑁𝑣 exp
(︁
− 𝐸𝑓 − 𝐸𝑣

𝑘𝐵𝑇

)︁
+ 𝑁O, (2)

where 𝐸𝑓 denotes the Fermi energy; 𝐸𝑐 and 𝐸𝑣 are
the bottom of conduction band and the top of valence
band, respectively; 𝑁𝑐 and 𝑁𝑣 represent the effective
density of states function in the conduction and va-
lence band, respectively; 𝑁𝑎 denotes the concentra-
tion of acceptor; 𝐾𝐵 is Boltzmann’s constant, and 𝑇
is the temperature.

Besides exhibiting the donor character, the oxy-
gen vacancy also induces many shallow energy levels
in the forbidden gap of the perovskite oxide mate-
rial. Therefore, the band gap decreases in the oxygen
nonstoichiometry oxide, and the principle of semicon-
ductor in thermal equilibrium in such material reads

𝑛0𝑝0 = 𝑁𝑐𝑁𝑣 exp
(︁
− 𝐸𝑔 −∆𝐸

𝑘𝐵𝑇

)︁
, (3)

where 𝑛0 and 𝑝0 are the concentrations of electrons
and holes in the homogeneous region of the oxide semi-
conductor, respectively; 𝐸𝑔 and ∆𝐸 denote the band

gap of the material without oxygen vacancy and the
decrease of band gap due to the oxygen defects,[11,12]

respectively.
According to Eqs. (2) and (3), the concentration of

electrons in the conduction band increases and that of
holes in the valence band decreases with the increase
of the density of oxygen vacancies in the hole-doped
perovskite material. The electrons generated by the
oxygen vacancies play more and more important role
in the transport process in the perovskite heterojunc-
tion. In the case that 𝑁O is much greater than the con-
centration of thermal equilibrium electron and much
less than that of ionized acceptor density 𝑁𝑎, the ef-
fect of electrons induced by the oxygen vacancies on
the transport current with forward bias can be omit-
ted, and the drift of these electrons plays a major role
in the reverse transport process. For the case that
𝑁O is much greater than 𝑁𝑎, the electrons induced by
vacancies are the dominant carriers for the transport
process with both forward and reverse biases, and an
artificial hole-doped oxide can behave as an n-type
semiconductor. Therefore, the concepts of majority
and minority carrier in semiconductor theory should
not be completely applied in the hole-doped oxygen
nonstoichiometry perovskite materials. And the ma-
jority transport mechanism in such material is deter-
mined by the competition between the currents carried
by electrons and holes.

In the multicorrelated perovskite oxide system we
studied, the behaviour of electrostatic potential 𝜑(𝑥),
the electron concentration 𝑛(𝑥) and the hole concen-
tration 𝑝(𝑥) with external bias voltage 𝑉bias are ob-
tained by solving the coupled Poisson equation, drift-
diffusion formulation, and current continuity equa-
tion self-consistently.[6,7] The detailed arithmetic for
solving these equations has been introduced in the
previous work.[6,7,18] The electrostatic potentials at
the boundary of two sides are set as 𝜑(0) = 0 and
𝜑(𝐿) = 𝑉𝑑 ± 𝑉bias, respectively, with 𝑉𝑑 denoting the
build-in potential. The concentrations of electron and
hole far away from the space charge region are set to

𝑝(0) =
𝑁𝑎 −𝑁𝑂

2

+
√︂(︁𝑁𝑎 −𝑁𝑂

2

)︁2

+ 𝑁𝑐𝑁𝑣 exp
(︁
− 𝐸𝑔 −∆𝐸

𝑘𝐵𝑇

)︁
,

𝑛(0) =
[︁
𝑁𝑐𝑁𝑣 exp

(︁
− 𝐸𝑔 −∆𝐸

𝑘𝐵𝑇

)︁]︁⧸︀
𝑝(0),

𝑛(𝐿) = 𝑁𝑑, 𝑝(𝐿) = 𝑛2
𝑖 (𝐿)/𝑁𝑑,

where 𝑁𝑑 denotes the ionized donor density, 𝑛𝑖(𝐿) de-
notes the intrinsic concentration at the n side of the
junction.[19]

To verify the mechanism of electron conduction,
we present our calculation on the SITO/SNTO homo-
junction with parameters given in Ref. [6]. The com-
parison between the experimental (hollow squares)
and the theoretical (solid curve) 𝐼–𝑉 curves with the
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calculated tunnelling current (dotted curve) is plot-
ted in Fig. 1 at 𝑇 = 300 K with doping density of
𝑁𝑎 = 7.34 × 1018 cm−3 and 𝑁𝑑 = 1.63 × 1019 cm−3,
respectively.[6] This junction was fabricated under
3 × 10−4 Pa oxygen pressure and was annealed for
30 min under the oxygen pressure of about 1×10−2 Pa.
The concentration of electrons induced by the oxy-
gen vacancies is chosen as 1.0 × 1018 cm−3 and ∆𝐸
is chosen as 0.4 eV in our calculation.[14] Because the
concentration of acceptors is greater than that of elec-
trons induced by vacancies, the behaviour of carriers
with forward bias is the same as that in a p–n junc-
tion. With reverse bias, the electrons induced by oxy-
gen vacancies in the conduction band of p-SITO drift
into the n-region with the increase of reverse bias and
form a non-saturation leakage current. In addition, as
shown in the inset of Fig. 1, the barrier width between
the valence band of p-side and the conduction band of
n-side is about 50 nm with 𝑉bias = −1.5 V, thus the ef-
fect of tunnelling can be omitted. Therefore, the drift
of electrons induced by the oxygen vacancies is proven
to be the physical origin of the leakage current in the
SITO/SNTO junction at reverse bias.

Fig. 1. Theoretical and experimental 𝐼–𝑉 curves of
SITO/SNTO junction with reverse and forward biases at
𝑇 = 300K. The experimental data are obtained from
Ref. [6]. Inset: the band structure of LSAO/SNTO junc-
tion with 𝑉bias = −1.5V.

For further studying the effects of oxygen vacancy
on the transport process in oxide heterojunction, we
plot the calculated (solid curve) and the measured
(hollow squares) 𝐼–𝑉 curves of LSMO/Si heterojunc-
tion with the calculated tunnelling current (dotted
curve) at 𝑇 = 300 K in Fig. 2, respectively. The calcu-
lated band-energy profile with −1.5 V bias is indicated
in the inset of Fig. 2. This LSMO layer was fabricated
and annealed with the pressure of oxygen of about
3 × 10−2 Pa. The doping densities 𝑁𝑎 and 𝑁𝑑 are
taken as 1.0× 1020 cm−3 and 1.0× 1016 cm−3, respec-
tively. The concentration of electrons induced by the
oxygen vacancies 𝑁O is chosen as 5.0×1015 cm−3, ∆𝐸
is chosen as 0.2 eV, and the other necessary parame-

ters are taken from Ref. [8]. It should be pointed out
that a series resistance of 3.8 kΩ is introduced in cal-
culation to fit the effect of the contact resistance and
substrate resistance as we have treated in our previous
work.[8] The good agreement between the calculated
and measured data gives a further verification that
the reverse leakage current originates from the drift of
electrons induced by the oxygen vacancies in the hole
doped region.

Fig. 2. Theoretical and experimental 𝐼–𝑉 curves of
LSMO/Si junction with reverse and forward bias at 𝑇 =
300K. The experimental data are taken from Ref. [8]. In-
set: the band structure of LSMO/Si junction with 𝑉bias =
−1.5V.

Fig. 3. Calculated 𝐼–𝑉 curves of LMO/STO n–n junction
with various concentrations of oxygen vacancies in sample
1 (𝑁OL = 5.0 × 016 cm−3 and 𝑁OR = 5.0 × 1017 cm−3,
solid curve), sample 2 (𝑁OL = 1.0 × 1016 cm−3 and
𝑁OR = 2.5 × 1018 cm−3, dotted curve), and sample 3
(𝑁OL = 1.0 × 1016 cm−3 and 𝑁OR = 5.0 × 1017 cm−3,
dashed curve) at 𝑇 = 300K, respectively. Inset: the bot-
tom of conduction band of sample 1 and 2 with 𝑉bias =
0.15V.

Furthermore, to understand the effect of the con-
centration for the oxygen vacancies on the transport
property in oxide heterojunctions, we calculate the 𝐼–
𝑉 curves with various concentrations of the oxygen
vacancies 𝑁OL in LMO side and 𝑁OR in STO side of
an LMO/STO n–n junction. Similar to p–n junction,
the material with low Fermi level is set as the left side
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of the n–n junction and the material with high Fermi
level is set as the right one, respectively. The calcu-
lated 𝐼–𝑉 curves of sample 1 (𝑁OL = 5.0× 1016 cm−3

and 𝑁OR = 5.0 × 1017 cm−3, solid curve), sample 2
(𝑁OL = 1.0× 1016 cm−3 and 𝑁OR = 2.5× 1018 cm−3,
dotted curve) and sample 3 (𝑁OL = 1.0 × 1016 cm−3

and 𝑁OR = 5.0 × 1017 cm−3, dashed curve) are plot-
ted in Fig. 3, respectively. As indicated in this figure,
with the increase of either 𝑁OL or 𝑁OR, both forward
and reverse currents increase due to the increase of
the concentration of electrons induced by the oxygen
vacancies. In addition, the effect of 𝑁OL on the cur-
rent density with forward bias is greater than that of
𝑁OR, while 𝑁OR dominates the property of current
under reverse bias. To understand the behaviour of
current with forward bias, the barrier height of the
conduction band with 𝑉bias = 0.15 V for sample 1
(∆𝐸1 = 0.17 eV) and 2 (∆𝐸2 = 0.23 eV) are plotted in
the inset of Fig. 3, respectively. Here ∆𝐸1 and ∆𝐸2

are determined by the difference between the work
function of the two sides of the n–n junction. As shown
in this figure, the greater barrier height of sample 2 re-
duces the Richardson thermal emission current, which
dominates the transport property at forward bias. In
the case of reverse bias, the electron drift current in-
creases rapidly in sample 2 due to its high build-in
potential caused by the great difference between the
concentrations of oxygen vacancies in two sides of the
junction.

Fig. 4. Calculated 𝐼–𝑉 curves of LMO/STO n–n junc-
tion with various temperatures 𝑇 = 200K (solid curve),
250K (dashed curve), and 300K (dotted curve), respec-
tively. The concentrations of oxygen vacancies in the left
and right side of the junction are 𝑁OL = 1.0× 1018 cm−3

and 𝑁OR = 2.0× 1019 cm−3, respectively.

To reveal the effect of temperature on the 𝐼–
𝑉 characteristics of n–n junction, we plot the 𝐼–
𝑉 curves of the oxygen nonstoichiometry LMO/STO
heterojunction with 𝑇 = 200 K (solid curve), 250 K
(dashed curve), and 300 K (dotted curve) in Fig. 4,
respectively. The concentrations of the oxygen va-
cancies for the left and right side of the junction are
𝑁OL = 1.0 × 1018 cm−3 and 𝑁OR = 2.0 × 1019 cm−3,
respectively. As indicated in this figure, both the for-

ward and reverse currents increase with the increase of
temperature. This behaviour is attributed to the ef-
fect of Richardson thermionic emission current, which
governs the transport process across the interface of
the heterojunction.

In summary, the transport properties in the oxy-
gen nonstoichiometry perovskite microstructures have
been studied theoretically. Our results reveal that the
oxygen vacancies play a dominant role on an un-doped
oxide thin film, even in p-type oxide film in which not
only holes but also electrons contribute to the cur-
rent. As a result, an artificial hole-doped oxide can
behave as a compensated semiconductor and an un-
doped oxide can become an n-type semiconductor due
to the increase of the concentration of electrons in-
duced by the oxygen vacancies. We believe that the
uncertainty of the doping type (p-doped or n-doped)
we often observed in the Hall measurement in the hole-
doped oxide material may be attributed to the oxygen
vacancy. In addition, it is found that the variation of
the concentrations of oxygen vacancies in one side of
the oxide heterojunction mainly affects the forward
or reverse 𝐼–𝑉 characteristics, respectively. Further-
more, our results reveal that both forward and reverse
currents in the oxide n–n junction increase with the
increase of temperature. These results not only give a
new insight into the microscopic transport property of
the perovskite heterostructures but also provide a re-
liable scheme to estimate the concentration of oxygen
vacancies in the oxide heterostructures by measuring
the 𝐼–𝑉 characteristics.
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