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a  b  s  t  r  a  c  t

The  15-nm-thickness  BaTiO3 (BTO)  epitaxial  film  was  prepared  on  the  Nb-doped  SrTiO3 (NSTO)  single
crystal  substrate  using  pulsed  laser  deposition  technique.  The  morphology  and  structure  of  the  film
was  measured  by the  AFM,  TEM  and  XRD,  respectively.  The  current–voltage  curves  show abnormal
backward  diode-like  rectifying  behavior  at  room  temperature,  which  was  discussed  using  the  Schot-
tky barrier  model  taking  into  account  the  movement  of  oxygen  vacancies.  The  leakage  currents  under
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reverse  bias  were  excellently  fitted  by  the  Poole–Frenkel  (P–F)  emission  and  Fowler–Nordheim  (F–N)
tunneling  mechanisms,  respectively.  At  forward  bias,  the  current  was  fitted  by the  space-charge-limited
current  mechanism.  The  C–V  curves  indicate  that  there  is  a positive  build-in  voltage  (about  0.56  V)  in  the
Pt/BTO/NSTO  structure,  which  confirms  the  backward  rectifying  behavior.

© 2012 Elsevier B.V. All rights reserved.

urrent mechanism

. Introduction

Recently the rectifying properties of many heterojunctions are
tudied due to their widely applications in various semiconductor
evices. Among these junctions, p–n junctions made of oxides are
xpected to work at a high temperature and cause much attention
1–5]. Reports show that Nb-doped SrTiO3 single crystal behaves
ike a metal, suggesting that NSTO is a degenerate n-type semi-
onductor with a band gap of 3.2 eV [6].  Using as both substrate
nd bottom electrode, NSTO is well lattice matched with BaTiO3,
BaxSr1−x)TiO3 or Pb(Zr,Ti)O3, which makes it easy to epitaxially
row BTO thin films. The p–n junctions with NSTO used as n-type
xide substrate are also interesting to be investigated [7–11]. Con-
idering the carrier transport at the interface near the p–n junction,
he current–voltage (I–V) rectifying effect was usually described by
he exponential relation [12],

 = Is exp
(

qV

�kT

)
(1)

here q is the electronic charge, V is the applied voltage, k is the

oltzmann constant, � is the ideality factor and Is is the reverse
aturation current of junction.

Cui et al. reported the rectifying properties of TbMnO3/NSTO
–n junctions and investigated the abnormal backward diode-like

∗ Corresponding author. Tel.: +86 27 88661571; fax: +86 27 88664297.
E-mail address: tj65zhang@yahoo.com.cn (T.J. Zhang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.146
behaviors at low temperature [6,7]. He suggested the backward
diode-like behavior can be originated from the tunneling current
through TbMnO3/NSTO p–n junction instead of the thermionic
emission [7].  Luo et al. studied Pr0.7Ca0.3MnO3/NSTO junctions and
the results showed that the J–V characteristics of these hetero-
junctions can be well-fitted by the thermally assisted tunneling
model [9]. Large rectifying currents and resistive hysteresis were
also found at the interface between two n-type semiconductors
besides the interface of p–n junctions [13]. In this paper, large
rectifying currents in the Pt/BTO/NSTO structure were observed
at room temperature, which also showed above-mentioned back-
ward diode-like behavior. The leakage currents were excellently
fitted by the P–F emission and F–N tunneling mechanisms, respec-
tively, which may  have an insight into understanding the abnormal
backward rectifying behavior.

2. Experimental

The epitaxial BTO film was grown by the pulsed laser deposition technique at
700 ◦C on the one-side-polished Nb–0.7 wt%-doped SrTiO3 single-crystal substrate,
which size is 10 mm × 10 mm.  The electrical resistivity of the NSTO substrates is
about 7.0 m� cm at room temperature, which exhibits metal conductive behavior.
The  substrates were chemically and thermally treated [14,15]. A KrF excimer laser
(248 nm)  operating at 2 J/cm2 was focused on the surface of a rotating target at a 45◦

angle of incidence. The NSTO substrate was placed on a heater, which was 50 mm
away from the target. The working pressure during the depositing was maintained

at 0.1 Pa by O2 flow rate of 40 sccm. After the deposition, The BTO film was annealed
at  750 ◦C for 1 h in the tube furnace in air. The topography and microstructure of the
BTO film were examined by an atomic force microscopy (AFM: DI, Nanoscope II),
high-resolution transmission electron microscopy (HRTEM: JEOL, JEM-2100F) and
X-ray diffraction (XRD: Bruker, D8 Advance). 100-nm-thick Pt layer patterned by the

dx.doi.org/10.1016/j.jallcom.2011.12.146
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tj65zhang@yahoo.com.cn
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R.K. Pan et al. / Journal of Alloys and Compounds 519 (2012) 140– 143 141

ection

m
c
(
p
e
f
P
t

4
r
s
t

3

1
h
0
s
s
F
t

F
b
3

h
a

Yang et al. reported that the rectifying I–V characteristic origi-
nates from the BFeO3/Nb-STO p–n junction [3,17].  According to Eq.
(1), the forward I–V characteristic of a p–n junction can be identified
by the linear relation of Ln I–V curves. But the nonlinear relation of
Fig. 1. The AFM topography image (1 �m × 1 �m area) (a), HRTEM image (cross-s

etal mask was  deposited as top electrode (diameter = 0.2 mm)  using dc magnetic
ontrolled sputtering technique at room temperature. The In film bottom electrode
about 1 mm2) was pressed on the NSTO substrate. The I–V measurements were
erformed at room temperature by an unswitched linear voltage sweep to the top
lectrode, using a ferroelectric parameter test system (RT, Precision Premier II). A
orward bias applied to the BTO film is defined as the current flowing from the top
t  electrode into the BTO film (see the insert in Fig. 2). At each voltage step, the delay
ime and the measure time are identical (0.1 s). The soak time is 0.2 s.

The C–V curves were measured by a precision impedance analyzer (Agilent
294A), a small ac signal of 50 mV was employed at 10 kHz, 100 kHz and 1 MHz,
espectively. The dc voltage was  firstly scanned from −1.5 V to +1.5 V, and then
canned from +1.5 V to −1.5 V with a step of 0.1 V. The leakage currents are so large
hat  only 1.5 V can be applied.

. Results and discussion

The surface quality of the BTO film was characterized by AFM.
 �m × 1 �m AFM image is presented in Fig. 1(a). The BTO thin film
ad a smooth and uniform surface. The root mean square (RMS) is
.82 nm.  Fig. 1(b) illustrates a HRTEM lattice image of the BTO/NSTO
tructure, which displays the epitaxial crystallographic relation-
hip. The thickness of the film is about 15 nm.  The XRD pattern in
ig. 1(c) shows clearly the separated peaks, which also indicate that
he BTO film grew hetero-epitaxially on the NSTO (1 0 0) substrate.

The I–V curves under forward and reverse bias are shown in
ig. 2, which clearly demonstrate a backward diode-like rectifying
ehavior. The rectification ratio is about 85 (1 0 1) at bias voltage
 V (4 V).
For the epitaxial BTO film on the NSTO substrate, the barrier

eight at the interface of BTO/NSTO is low. Because the band gaps
re almost same (about 3.2 eV) and the difference between the work
 view) (b), and the XRD pattern (c) of the BTO film grown on the NSTO substrate.

functions 4.08 (NSTO) − 3.9 (BTO) ≈ 0.18 eV is small [3,6,16].  The
barrier height at Pt/BTO is about 1.7 eV.
Fig. 2. The I–V curves in log-log scale for the Pt/BTO/NSTO structure. Maximum
voltages are 2 V (open square), 3 V (solid triangular) and 4 V (open circle), respec-
tively. The insert shows the measurement schematic of a conventional sandwiched
structure (not to scale).
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Fig. 3. (a) The I–V curve in log-log scale under the reverse bias of 3 V. (b) Plots of Ln(I/V) ∼ (−V)1/2 show the P–F emission under the reverse bias from 0.6 V to 1.44 V. (c) Plots
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C–V measurements indicate that a positive internal electric field
was  established in Pt/BTO/NSTO structure, which directs toward
the NSTO bottom electrode.
f  −Ln(−I/V2) ∼ 1/V show the F–N tunneling under the reverse bias exceeds 1.44 V. 

he Ln I–V curve in Fig. 2 indicates that the rectifying behavior of
he configuration of Pt/BT/NSTO is dominated by other mechanisms
nstead of the p–n junction effect.

For nonlinear conduction mechanisms of the Schottky bar-
ier, there are space-charge-limited conduction (SCLC) with a
inear relation of I ∝ V2, Schottky emission with a linear relation
f log I ∝ V1/2, Poole–Frenkel emission with a linear relation of
og(I/V) ∝ V1/2 and Fowler–Nordheim tunneling with log(I/V2) ∝ 1/V
12,18]. The I–V curve of the Pt/BTO/NSTO structure measured at
everse bias of 3 V is drawn in log-log scale in Fig. 3(a). All stan-
ard errors of these linear fittings are below 0.02. And the Adj.
-Squares are higher than 0.998. We  can distinguish the conduc-
ion mechanisms according the slopes of the log I ∼ log V curve. At
ow reverse bias (<0.1 V), the slope is around unity imply that the
hmic conduction is the dominant leakage mechanism. When the
everse bias increases (0.1–0.6 V), the slope is about 2.27 (close to
), which indicates SCLC conduction. At higher reverse bias, the
lopes become much bigger than 2, which indicate P–F emission
nd other conduction mechanisms. Fig. 3(b) and (c) shows that the
–V curve can be excellently fitted by P–F emission at −0.6 V to
1.44 V bias and F–N tunneling exceeding about −1.44 V, respec-

ively.
Safari et al. mentioned that the P–F coefficient ˇPF can distin-

uish P–F emission from other mechanisms by calculating the slope
f the fitted line ˇPF/kBT [19],

 = �0E exp

(
ˇPF E0.5 − ˚PF

kBT

)
, (2)

here ˇPF = (e3/�ε0εr)
1/2

is the Poole–Frenkel coefficient, εr is the

ielectric constant in the optical frequency range, ˚PF is the trap

evel, kB is the Boltzmann’s constant, T is absolute temperature,
nd �0 is a constant. The slope in Fig. 3(b) is about 10.87, which
s consistent with the calculated slope 11.69. Here we  choose the
e I–V curve in log-log scale under the forward bias of 3 V.

dielectric constant 6.30 in the optical frequency range (fricative
index n = 2.51 at � = 500 nm)  for BTO films [20].

At forward bias (>0.1 V), Fig. 3(d) shows that the I–V curve can
be fitted by SCLC mechanism since the slopes are mostly close to
2. Bayhan et al. indicated that the merging and leveling of log I–V
curves may  be due to SCLC conduction mechanism [21], which can
also be seen from the I–V curves at forward bias in Fig. 2.

The C–V curves in Fig. 4 reveal a hysteretic and asymmetric
behavior. The hysteretic behavior comes from the ferroelectric
nature of BTO thin film. It is worth to note that the correspond-
ing voltage value of short dash line is about −0.56 V, not zero. The
Fig. 4. C–V curves of the Pt/BTO/NSTO capacitor at different frequency. Open mark-
ers, voltage sweep up; solid markers, voltage sweep down.
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ig. 5. Schematic band diagrams of the Pt/BTO/NSTO structure under different bias-
ng conditions: (a) zero bias, (b) forward bias and (c) reverse bias.

The backward rectifying behavior can be explained by the mod-
lation of the interface barrier width driven by the migration of
xygen vacancies. The Schottky-like barrier model considering the
igration of oxygen vacancies driven under electric fields, which
as reported by Sawa et al. [22,23], might be responsible for the

ectifying behavior. When a forward bias is added, oxygen vacan-
ies migrate away from the interface of Pt/BTO and move toward
he interface of BTO/NSTO, which cause the interface barrier wider.
he electrons are blocked to inject into Pt electrode. So the current is
mall and space-charge-limited (see Fig. 5(b)). Under a reverse bias,
xygen vacancies with positive charges move to the Pt/BTO inter-

ace through the grain boundaries in the BTO film, which narrows
he Schottky barrier [23–25].  This may  result in the P–F emission
nd F–N tunneling of electrons into the conduction band of the BTO
lm (see Fig. 5(c)).

[
[
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4. Conclusions

The BaTiO3 thin film was prepared on the Nb-doped SrTiO3
single crystal substrates using pulsed laser deposition tech-
nique. The Schottky barrier formed at the Pt/BTO interface. The
current–voltage curves exhibit backward diode-like rectifying
character at reverse bias. About two  orders of the rectification
ration are achieved at reverse bias 4 V. The accumulation of the
oxygen vacancies results in lowering and narrowing of the Schottky
barrier near the interface region of Pt/BTO, which caused leakage
current increase sharply as negative bias was added. At forward
bias, the current were fitted by the space-charge-limited current
mechanism. At reverse bias, the leakage current mechanisms were
dominated by the Poole–Frenkel emission and Fowler–Nordheim
tunneling near the Pt/BTO interface at lower bias and higher bias,
respectively. The C–V measurements confirm such backward rec-
tifying behavior.
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