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ABSTRACT Mechanisms of leakage current have been investi-
gated in the capacitor consisting of a Bag ¢Srg 4TiO3 thin film,
a Pt top electrode, and a Nb-doped SrTiO3 (STON) bottom
electrode. The leakage current shows asymmetric behavior for
different bias voltage. For the Pt electrode negatively biased, the
leakage current can be explained by modified Schottky emis-
sion mechanism, and the barrier height is obtained as 0.44 eV.
For the Pt electrode positively biased, the leakage current shows
a space-charge-limited current behavior. The trap in dielectric
film is regarded as deep traps, and the density of trapped carrier
is estimated as about 3.2 x 103 /m?.
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1 Introduction

Thin films of Ba;_,Sr, TiO3 (BST) have recently
been received considerable attention as promising candidates
for applications in tunable microwave devices and in dynamic
random access memories [1-3]. It is well documented that,
in a form of capacitor, the electrical and reliability properties
are strongly influenced by the electrode. The electrode studied
so far can be classified into three groups. The first group con-
sists of noble metals, such as Pt, Au, Ru and Ir [1,2,4,5].
The second group consists of rutile-type metal oxides, such
as RuO, and IrO; [4,6]. The third group of electrode ma-
terials is the conducting perovskite oxide electrodes, such
as LaNiO3, SrRuO3 and Nb-doped SrTiO; (STON) [8—12],
which have same crystal structure as the dielectric BST. Ear-
lier studies have shown that the noble metals usually form
a Schottky contact with BST, thus limiting the leakage cur-
rent and gave excellent electrical properties. The proposed
leakage mechanisms in the capacitor with noble metal include
Schottky emission [1], Poole—Frenkle emission [12], modi-
fied Schottky emission [2], and space-charge-limited current
(SCLC) [1], etc. Unfortunately, there exist serious shortcom-
ings with noble metal, including etching difficulty and high
oxygen permeability, which results in the formation of oxy-
gen vacancy, accelerating the degradation of the dielectric
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properties of BST thin film [13]. Studies have demonstrated
that the rutile-structure oxide electrodes do not form blocking
contacts to BST, but the leakage current densities in capac-
itors with oxide electrodes were higher than that with noble
metal [4, 6]. It is proposed that transport in IrO,/BST/IrO,
capacitor is through bulk-limited, and Poole-Frenkel emis-
sion is responsible for the leakage mechanism [13]. The third
class of electrodes, namely the perovskite oxide electrodes,
has inherent advantage that they are well lattice matched with
BST, thus promoting phase stability of the dielectric layer.
Watanabe et al. reported some investigations on the BaTiO;
thin film prepared on STON bottom electrode, such as re-
producible memory effect in leakage current, the difference
between the characteristics of nanometer and millimeter-size
metal contacts, and nonlinear positive temperature coeffi-
cient of resistance, etc. [10—12]. Recently, we have investi-
gated the dielectric property of BST epitaxial thin films de-
posited on single-crystal STON substrate [3]. Furthermore,
we reported a reduction of leakage current by Co-doping in
Pt/BST/STON capacitor in the condition of Pt positively
biased. In order to fully understand the fundamental mech-
anisms for leakage current in different bias, in this study, the
characteristics of the leakage current versus applied bias volt-
age (I-V) in asymmetric Pt/BST/STON capacitor have been
investigated in the whole bias range, and possible mechanisms
for the leakage current are discussed.

2 Experiments

The BST ceramic target with a diameter of 25 mm
and a thickness of 4 mm were prepared by conventional solid-
state reaction using analytic reagent grade of purity [3]. The
(001) STON substrate with a thickness of about 0.5 mm and
a surface of 3 x 5mm? had been cleaned with alcohol and
acetone in an ultrasonic bath, the BST thin films were de-
posited onto them with pulsed-laser deposition (PLD) tech-
nique employing a XeCl excimer laser (308 nm, 20 ns and
4 Hz). A laser with energy density of about 2 J/cm? was fo-
cused on the ceramic target mounted on a motor-driving rotary
shaft rotating at a constant speed to ensure a uniform abla-
tion rate. The STON substrate was maintained at 800 °C for
20 min, the deposition of the BST thin film were carried out
at the same temperature in a oxygen pressure of 0.2 Pa. After
deposition the thin films were annealed at 800 °C for 10 min
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under oxygen pressure of 500 Pa. The thickness of BST thin
films was measured as 160 nm by a surface profile measuring
system (DEKTAK OO, U. S. A.).

The crystalline phase and structure of the BST thin films
were analyzed by X-ray diffraction (XRD) using Cu K, ra-
diation (40kV, 50 mA) and a graphite monochromator. The
surface morphologies of the BST thin films were observed
with Nano Scope III atomic force microscopy (AFM). For
electrical measurements, Pt top electrodes with a diameter
of 0.2 mm were deposited through a shadow mask onto the
BST thin films under the pressure of 1 x 1073 Pa at room tem-
perature. The leakage current was measured with a RT-6000S
ferroelectric test system, with the bottom electrode STON
grounded.

3 Results and discussions

The XRD profile of BST thin films deposited on
STON substrates shows only (001) peaks for both films and
substrates, indicating that BST thin films are aligned along
(001) direction, normal to the substrate surface. The surface
morphology of the film was smooth with no cracks and de-
fects, and the smoothness of the surfaces, measured as root-
mean-square surface roughness Ry, is smaller than 2 A.

The leakage current versus applied bias voltage is shown
in Fig. 1. The I-V curves show conventional diode charac-
teristics. Similar results have been reported previously on
Pt/BaTiO3/STON [10—12]. The diode characteristic of the
I-V curve maybe originates from the variation of the leak-
age mechanism, resulted from the different contact interfaces
of Pt/BST and STON/BST. In order to determine the mech-
anism of leakage current, Current-voltage characteristics on
a logarithmic scale and the slope of the log(/) versus log(V)
curve are plotted in Fig. 2a and b, respectively, providing the
information about the conduction mechanism. It is shown that
the ratio of d(log(7))/d(log(V)) can be divided into four re-
gions. In region I, the ratio of d(log(/))/d(log(V)) varies
from 6.0 to 4.0; in region II, the ratio is around 1.0; in region
III, the ratio varies from 2.0 to 9.2; in region IV, the ratio is
about 2.5. In region I the leakage current is probably domi-
nated by Schottky emission because the ratio is larger than 4;
and in low bias region the leakage current demonstrate Ohmic
law due to the slope near 1. However, in region IIl and IV leak-
age conduction at first increases rapidly and then increases
mildly.
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FIGURE 1 -V characteristic of the Pt/BST/STON capacitor. The inset

shows the schematic diagram of the capacitor
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FIGURE 2 Current-voltage characteristics on a logarithmic scale (a) and
slope of the log(/)-log(V) curve (b) of the Pt/BST/STON capacitor

When the top Pt electrode is negatively biased, the Schot-
tky barrier formed between Pt electrode and BST dielectric
thin film is probably responsible for the leakage mechan-
ism, as illustrated in Pt/BST/Pt capacitor [1, 2]. In modified
Schottky equation, the current density J can be written as [3]:

J = ape T2 E(m* /mo)*?
X exp [—@t + (an/4TL’808)1/2 /kT] , (O

where (. is the electron mobility in BST, T the absolute
temperature, E the applied electric field, m* the effective elec-
tron mass, m the free-electron mass, @, the Schottky barrier
height at the Pt, g the electronic charge, ¢y the permittivity
of free space, ¢ the optical dielectric constant, k the Boltz-
mann constant, and a is a constant and can be assume as
3 x 107 As/cm3K?/? [3]. If the conduction current is gov-
erned by modified Schottky emission, the In(J/ E) versus E'/?
plot should be a straight line and the slope will give the optical
dielectric constant, which is about 4.0 according to the square
of the refractive index n [15]. In Fig. 3, In(J/ E) is plotted ver-
sus E'/2 for the leakage current in the case of Pt negatively
biased (0 — —12 V). It is shown that when the E is higher
than about 160 kV/cm (E'/? > 400 V!/2 cm!/?), the modified
Schottky equation provides a good fit, as indicated by the
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FIGURE 3 Modified Schottky emission plot of In(J/E) vs. E'/? under
negative bias (0 — —12V) on Pt electrode. The optical dielectric constant
and the barrier height calculated are 3.8 and 0.44 eV, respectively
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straight solid line. The slope of the fit line provides an esti-
mation of the optical dielectric constant (¢), and ¢ is thereby
estimated as 3.8. Such value of ¢ agrees well with the opti-
cally determined value of about 4.0 [15]. Hence the modified
Schottky equation provides a satisfactory description of the ¢.
Furthermore, with m* = 5 mg and ;. = 0.001 cm?/Vs [15], the
Schottky barrier height @, can be calculated as 0.44 eV.
Figure 4 shows a log-log plot of the leakage current versus
the applied voltage with the Pt electrode biased with posi-
tive bias voltage. The slope is about 0.5 in the low voltage
region; it is followed by a transition region characterized by
a large slope; at higher bias above 2.3 V, the slope of log(/)
versus log(V) plotis about 2.4. Such characteristics agree well
with the space-charge-limited current (SCLC) theory with
traps [2, 14]: the region 1 follows Ohm’s law for the ratio
of log(7)/log(V) near 1.0. Due to the ferroelectric polariza-
tion and strong voltage-dependence of dielectric constant at
grain boundaries, the slope in low electric field is usually less
than 1, as shown in Fig. 4 [9, 16]; the region 2 corresponds to
the accomplishment of the trap-filling process, and then gives
a sharp increase of the leakage current; the region 3 corres-
ponds to the trap-free square law with self-blockage of charge
carriers. The conduction current (J) at high bias region from
SCLC theory can be expressed as the following form [14].

J =9eeope V2 /84>, 2

where V is the bias voltage, &, the permittivity of the thin
film, and d the thickness of thin film. Figure 4 shows that
the TFL characteristic is merged into the trap-free square law
when V ~ 2Vrg, therefore, the trap in the dielectric film can
be regarded to be deep traps, namely, the trap located be-
low the Fermi level in the energy gap [14]. At that point
V ~ 2VrpL, the free space charge begins to exceed and over-
shadow the trapped space charge. The trapped electron dens-
ity (Vy) can be calculated from the trap-filled limit voltage
(VrrL) using [1, 2]

N; = 9¢,0 Vrpr/8qd” . 3)

Experimentally, Vg in region 2 obtained from Fig. 4 are
about 1.2 V. Then the value of N, at room temperature can be
calculated as about 3.2 x 1023 /m?>.
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FIGURE 4 Logarithm of the current plotted as a function of the logarithm
of the applied voltage at positive bias (12 — 0 V) on Pt electrode
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FIGURE 5 Schematic energy band of the Pt/BST/STON capacitor without
bias voltage

From the above phenomenological analysis of the leak-
age current, the modified Schottky emission model and SCLC
theory are responsible for the leakage mechanism in the
Pt/BST/STON capacitor for the negative and positive bias,
respectively. Based on the above results, a schematic energy
band of the Pt/BST/STON capacitor is proposed, as shown
in Fig. 5. It is suggested that the injection of conduction elec-
trons from the top electrode (Pt) to the BST is performed
under the negative bias on the Pt, and that from the bottom
electrode (STON) to the BST is performed under the positive
bias on the Pt electrode [1]. At the low oxygen pressures in the
preparation of BST thin films, BST can be considered as an
n-type semiconductor due to the dominant defect formed by
oxygen deficiency [17]. When the semiconductor is contacted
with Pt, Schottky diode is constructed based on the well-
established metal /semiconductor contact theory [18]. For the
Pt/BST/Pt capacitor, it is suggested that two Schottky diode
connected back to back in the Pt/BST/Pt capacitor. There is
always an electrode is biased negatively in despite of the po-
larity, resulting in the symmetrical behavior of /-V curves.
However, for the Pt/BST/STON capacitor, when Pt is neg-
atively biased, the electron injected from the Pt electrode is
impeded by the Schottky barrier at the interface of Pt and BST
thin film, as shown in Fig. 5; but when Pt is positively biased,
the Schottky barrier becomes conductive enough for the elec-
tron injected from the bottom electrode STON into the BST
thin film [14], then the SCLC current mechanism dominates
the leakage current. In the low bias region, the ohmic-like cur-
rent behavior dominates; the slope of /-V curve is smaller
than 1.0, which probably resulted from the ferroelectric po-
larization of BST thin film [9, 16]. In the higher bias region,
after the filling of the deep traps at Vygr, the leakage current
increases sharply, following by the trap-free square law with
self-blockage of charge carriers. The different leakage mech-
anism implies the different contact nature in the Pt/BST and
STON/BST interfaces. When the BST contacts with STON
electrode, most of the surface dangling bond will disappear;
but when the BST contacts with Pt, the chemical states of the
surface dangling bonds can be preserved after contact forma-
tion, resulting in the upward band bending due to the Fermi
level pinning as illustrated by Hwang et. al [7]. Such differ-
ence results in different mechanisms of leakage current in
Pt/BST/STON capacitor.

4 Conclusions

The leakage current in Pt/BST/STON capacitor
demonstrates an asymmetric behavior at positive and negative
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bias. When the Pt electrode negatively biased, the electrons
are injected from Pt to STON through BST, and the leak-
age current can be explained by modified Schottky emission
mechanism at the Pt/BST interface, and the Schottky barrier
height is calculated as 0.44 eV. When the Pt electrode is pos-
itively biased, the conduction electrons are transformed from
STON to Pt through BST film, and the leakage current seems
to be controlled by space-charge-limited current mechanism.
The trapped electron density was estimated as 3.2 x 10?3 /m?.
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