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a b s t r a c t

An enhanced nonlinear current–voltage behavior has been observed in Au nanoparticle dispersed
CaCu3Ti4O12 composite films. The double Schottky barrier model is used to explain the enhanced
nonlinearity in I–V curves. According to the energy-band model and fitting result, the nonlinearity in
Au: CCTO film is mainly governed by thermionic emission in the reverse-biased Schottky barrier. This
result not only supports the mechanism of double Schottky barrier in CCTO, but also indicates that the
nonlinearity of current–voltage behavior could be improved in nanometal composite films, which has
great significance for the resistance switching devices.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

CaCu3Ti4O12 (CCTO) has attracted great attention in recent
years since it was reported as a giant dielectric constant ma-
terial in 2000 [1] which indicates its potential application in
devices based on its dielectric properties. Besides its high permit-
tivity, many efforts have been devoted to study its current–voltage
characteristics [2–5]. The strong nonlinear current–voltage behav-
ior was observed in its bulk material with the nonlinear coefficient
about 900 [2] which may lead to potential applications in resis-
tance switching devices. Some researchers attributed these prop-
erties to interfacial polarization effect [6], the internal boundary
layer capacitance effect, and the grain boundary effect [7–12]. Up
until now, the origin of high dielectric constant and strong nonlin-
ear I–V behavior has not been fully understood. Zang et al. pro-
posed that the I–V nonlinearity in CCTO was due to the double
Schottky barriers (DSB) formed at the grain boundaries because of
the appearance of negative charge sheet [11]. If it is so, the non-
linearity of CCTO could probably be enhanced if it is dispersed by
metal nanoparticles which could result in the Schottky barrier at
the interface of metal/CCTO.

It is useful to fabricate CCTO thin films with high nonlinear
coefficients which could bewidely used as resistors or varistors for
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surge protection, both in electronic circuits and in power systems.
However, the current–voltage (I–V ) nonlinearity of CCTO films is
much weaker than that of its bulk material [5]. In order to verify
the DSBmechanism in CCTO and enhance the nonlinearity of oxide
films, pure CCTO and Au nanoparticle dispersed CCTO (Au: CCTO)
composite films were prepared by pulse laser deposition (PLD),
and an enhanced nonlinear I–V behavior was observed in these
composite polycrystalline films with different Au volume fraction.
Referring to theDSBmodel in CCTO [11], the origin of the enhanced
nonlinearity is attributed to the double Schottky barriers formed at
the interfaces between Au nanoparticles and CCTO.

2. Experimental details

A series of pure CCTO and Au: CCTO polycrystalline films
with different Au volume fraction were prepared on MgO (100)
substrates by pulse laser deposition (PLD) at 800 °C under an
oxygen pressure of 10 Pa. During the deposition process, Au and
CCTO targets were alternately ablated by the pulsed laser beam
and deposited onto the substrates, so the Au nanoparticles were
dispersed into whole CCTO films randomly. The thicknesses of
the CCTO and Au: CCTO films were measured to be 300 nm by
a surface profile measuring system (DEKTAK, USA). Served as the
electrodes, two ITO films with length of 3 mm and width of 1 mm
were deposited on each film through a mask at 500 °C under
3 × 10−3 Pa.
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Fig. 1. XRD spectra of the pure CCTO and Au: CCTO films on MgO (100). The inset
shows the surface morphology of the pure CCTO film observed by SEM.

The crystalline structure and crystallographic orientation of the
CCTO and Au: CCTO filmswere analyzed by X-ray diffraction (XRD)
with Cu Kα radiation at 1.54 Å. The microstructure and surface
morphology of the samples were observed by using scanning
electron microscopy (SEM), while the chemical compositions of
the films were measured by the energy dispersive X-ray analysis
(EDAX). The values of current, corresponding to different intensity
of electric field, were recorded by Keithley 2400 SourceMeter.
Every single I–V curve was measured three times to ensure that
the experimental data were reliable. It should be pointed out that
the value of currentwas below15µAduring all themeasurements,
so the thermal effect can be ignored.

3. Result and discussion

Fig. 1 shows the XRD result of the CCTO and Au: CCTO films on
MgO (100) substrates. The pure CCTO film is named as A, and the
other four Au: CCTO films were labeled as B, C, D, and E in terms
of the increase in Au volume fraction. The CCTO diffraction peak
mainly consists of CCTO (220) and (310) peaks though the (220)
peak is quite feeble, which represents the lattice structure of CCTO
to be polycrystalline. After being dispersed with Au nanoparticles,
the Au (200) peak appears and the CCTO (310) peak splits,
which means that the dispersed Au nanoparticles would strongly
frustrate the crystal growth of CCTO. This phenomenon probably
arises from the stress exerted on CCTO nanocrystals induced by Au
nanoparticles [13]. The average size of Au nanoparticles is about
20 nm calculated from the full width at half maximum (FWHM) of
the Au (200) peak.

The SEM images of the pure CCTO and Au: CCTO films are
shown in the inset of Figs. 1 and 2, respectively. The cubic crystal
grain of the pure CCTO film can be observed clearly due to its
body-centered cubic crystal structure [14]. However, the crystal
grain of CCTO changes abruptly after being dispersed with Au
nanoparticles, which is consistent with the result of XRD. The Au
volume fraction of the four Au: CCTO films are measured to be
18%, 22%, 27% and 31%, corresponding to samples B, C, D and E,
respectively, based on the analysis of EDAX. It can be seen that
there are numerous nanoparticles dispersed among the irregular
CCTO grains, and the number of nanoparticles becomes larger with
the increase in Au volume fraction. Estimated from the result of
SEM, the size of the nanoparticles is about tens of nanometers,
which is closed to the calculation result according to the XRD peak
of Au nanoparticles. So, it is reasonable to conclude that these
nanoparticles observed by SEM are the dispersed Au particles.

The current–voltage properties of CCTO and Au: CCTO films
were investigated at room temperature as shown in Fig. 3. As
can be seen, the nonlinear I–V characteristics were observed
in all the five samples. Calculated from the slope at different
values of the electric field, the resistivity of the films decreases
as the electric field becomes larger. The value of resistivity at
the same electric field decreases when the volume fraction of Au
nanoparticles increases. In order to establish that the nonlinearity
was not caused by the contact of ITO and CCTO, the I–V behavior
of In/CCTO/ITO sandwiched film sample was measured, and no
rectifying characteristic was observed. This result indicates that
it can be considered as an Ohmic contact at the interface of
CCTO/ITO.

In general, the I–V correlation for a varistor can be expressed
by [15]

I = KV α (1)
where K is a constant related to the electrical resistivity of
the material. α is the nonlinear coefficient, which indicates the
nonlinearity of I–V characteristics. Fit by Eq. (1), the nonlinear
Fig. 2. The surface morphology of the four Au: CCTO films with different Au fraction volume observed by SEM. The value of the scale is 1 µm.
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Fig. 3. The I–V characteristics of the pure CCTO and Au: CCTO films measured at
room temperature.

coefficient of the samples A, B, C, D and E is about 1.5, 2.1, 2.7, 3.9
and 3.1, respectively. It can be seen that, the nonlinearity of Au:
CCTO films can be enlarged by 2–3 times than that of pure CCTO
films.

So far, several leakage current mechanisms have been reported
to explain the nonlinear current–voltage behavior in CCTO, such
as the Poole–Frenkel emission [16], Schottky emission [16] and
grain boundary effect [2,11], etc. In our experiments, the enhanced
nonlinear I–V behavior is attributed to double Schottky barriers
formed at the interface of CCTO/Au, supporting the validity of the
DSB model [11].

Because CCTO has been thought to be n-type conduction by
electrons due to oxygen vacancies or the substitution of Ti in the
Cu sites [17], it can be considered as an n-type semiconductor
with high resistivity. So it is reasonable to suppose that there
are numerous semiconductor–metal–semiconductor structures
composed of Au grains sandwiched between the surfaces of n-
type semiconductive CCTO grains. The band gap energy Eg of the
CCTO film has been obtained to be about 3.25 eV calculated from
the transmittance spectrum of CCTO films. The values of electron
affinity for CCTO and Au (χ(CCTO) = 3 eV [18], Φ(Au) = 5.3 eV
[19]) are taken to construct the band structure.

According to the discussion above, the non-biased and biased
energy-band diagrams of double Schottky barriers are shown in
Fig. 4. In order to clarify the I–V behavior in such DSB, it is
necessary to discuss the conductionmechanisms in three different
regions of the energy-band model. In region I, the conduction
mechanism is governed by a forward-biased Schottky barrier. And
in region II, the electron can move freely inside the metal under
the applied voltage, while the conduction mechanism in region
III is governed by a reverse Schottky barrier. Since the reverse-
biased Schottky barrier plays a dominating role in the series
connection of back-to-back rectifying barrier, the conduction
process in region I has no strong effect on the nonlinear I–V curves.
Judging from these discussions, it is reasonably considered that the
conductionmechanism is governed by reverse Schottky barriers in
the enhanced nonlinear I–V behavior of Au: CCTO films.

So far, the conduction mechanism explained by the DSB model
in Au: CCTO film is still not enough to be convincing. The
microstructure of Au: CCTO films seems to be porous from the
surface SEM figures. It is well known that the porous structure
affects the varistor behavior. In order to make out the dominating
conduction mechanism in our sample, the I–V curves are fitted
by using the current–voltage behavior of the reverse-biased Schottky
barrier.

For a reverse-biased Schottky barrier, there are three con-
duction mechanisms: (1) thermionic emission, (2) thermally
Fig. 4. (a) The energy-band model of the double Schottky barrier under no bias.
(b) the energy band of the double Schottky barrier under applied bias.

assisted field emission and (3) field emission. The current–voltage
characteristics of the three mechanisms can be expressed as
follows [20]:

Thermionic emission:

J = AT 2 exp


−
EB − βE1/2

kT


(2)

where β = (q3/4πε)1/2, EB is the electric barrier height formed at
the interface region.

Thermally assisted field emission:

J = JSTF exp(−E/ε′). (3)

Field emission:

J = JSF exp


−

2E3/2
B

3E00(E00 − E)1/2


. (4)

As shown in Fig. 5, the plots, ln(J) vs. E1/2, show regions with
straight fits to the data of all the five samples at high electrical
field, which means that the dominating conduction mechanism
is thermionic emission in the conduction of Au: CCTO films, but
not the surface effect resulting from the porous structure. It should
be noticed that the fit results of β and EB should be the value of
the series connection of back-to-back rectifying barriers, different
from the single reverse-biased Schottky barrier. The reason why
the I–V curve of pure CCTO film can also be explained by the DSB
due to the appearance of the negative charge sheet at the interface
between CCTO grains [11,21]. Concluded from the discussion
above, the origin of the enhanced nonlinear I–V behavior can
be contributed to the introduction of numerous double Schottky
barriers due to the dispersed Au nanoparticles. It can be expected
that the nonlinearity of I–V curves will be enhanced as the Au
volume fraction increases because the number of DSB is related to
Au concentration, which is consistent with the result of samples
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Fig. 5. The relationship between ln(J) and V 1/2 , which shows regions with straight
fits to the data of all the five samples.

A–D. The reason for the decrease phenomenon of nonlinearity in
sample E is that the Au volumehas been larger than the percolation
limit [22,23].

4. Conclusions

In summary, enhanced nonlinear I–V characteristics have been
observed in Au: CCTO films. Not only the validity of the DSBmodel
in CCTO is verified, but also a new method is proposed to enhance
the nonlinearity of perovskite oxide films, as long as there are
Schottky barriers at the interfaces of metal and perovskite oxide.
It can also be expected that the nonlinearity could be improved
if metal nanoparticles are dispersed more uniformly, which could
enhance the percolation limit.
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