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a b s t r a c t

Calcium copper titanate, CaCu3Ti4O12 (CCTO), thin film has been deposited by the soft chemical method
on Pt/Ti/SiO2/Si (1 0 0) substrates at 700 ◦C for 2 h. The peaks were indexed as cubic phase belonging to
the Im−3 space group. The film exhibited a duplex microstructure consisting of large grains of 130 nm
in length and regions of fine grains (less than 80 nm). The CCTO film capacitor showed a dielectric loss
ccepted 24 December 2010
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of 0.031 and a dielectric permittivity of 1020 at 1 MHz. The J–V behavior is completely symmetrical,
regardless of whether the conduction is limited by interfacial barriers or by bulk-like mechanisms. Based
on impedance analyses, the equivalent circuit of CCTO film consisting of a resistor connected in series
with two resistor–capacitor (RC) elements.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

The recent observation by Subramanian et al. [1] of a giant
ielectric constant in calcium copper titanate, CaCu3Ti4O12 (CCTO),
as led to considerable efforts aimed to understand the origin of this
ehavior. The high frequency dielectric constant of about 104–105

s practically frequency independent between DC and 106 Hz and

of Ca and Cu cations, leading to a square-planar environment for
Cu and 12-coordinate icosahedral for Ca. The Cu–O distances show
no variation with temperature (in the range 50–300 K), due to the
high rigidity of these bonds [6]. Although the large number of works
published about this material, there is still no commonly accepted
model explaining the obtained values of dielectric constant (ε)
ossesses good temperature stability over a range from 100 to
00 K [2–5]. CCTO shows an Im3 space group [1,5], derived from
he ideal cubic perovskite structure by superimposing a body cen-
ered ordering of Ca and Cu ions and a pronounced tilting of the
itanium centered octahedra. This tilting alters the coordination

∗ Corresponding author. Tel.: +55 12 3123 2765.
E-mail address: alezipo@yahoo.com (A.Z. Simões).

1 Tel.: +55 31 3834 6472.
2 Tel.: +55 16 3301 6643.

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.184
shown by CCTO, mainly due to the discrepancy of the obtained
results even for materials prepared in a similar way. Some authors
propose intrinsic defects, such as stoichiometry variations [7], oxy-
gen vacancies, presence of twinnings [8] or aliovalences of Ti and
Cu ions [9], as the source of the observed values of ε. These defects

should be inherent to the material, though the preparation pro-
cess can affect their quantity or even nature. On the other hand,
some other authors propose the presence of secondary phases that
form layered structures giving rise to an enhancement of the mate-
rial’s dielectric constant, as stated out by the internal barrier layer

dx.doi.org/10.1016/j.jallcom.2010.12.184
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:alezipo@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.12.184
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FT-IR spectrum of the CCTO film besides the peak related to forma-
tion of perovskite phase, one additional prominent band was also
observed at 552 cm−1. Based up on the literature survey, this band
is identified due to Ti–O–Ti symmetric stretching vibrations of TiO6
structural units (600 cm−1) [26–28]. However, in our work the band
818 F. Moura et al. / Journal of Alloys

apacitance (IBLC) model [10]. This model is commonly accepted
or ceramic samples 4 and also on thin films [11]. In the case of single
rystals the presence of such layered structures is highly controver-
ial, although it has been recently proposed that defect structures
orm layers that give rise to an IBLC-like effect [12]. The nature
f the proposed barriers has still not been fully characterised. Most
uthors associate them to the intergranular material [13], although
ome other structures, as intrinsic twin boundaries, have also been
roposed [8]. The intergranular layers are composed mainly of Cu
xides, with small amounts of Ti and Ca oxides [14]. This Cu-oxide
ich phase forms a liquid at the sintering temperature, being an
mportant factor for the growth of the CCTO grains, which is medi-
ted by the presence of the liquid phase. It has been demonstrated
hat the intergranular phase shows a higher resistivity than the
rains interior [15].

Most of the works have been reported on the preparation of
CTO thin films based on physical deposition techniques as pulsed-

aser deposition (PLD) [16–18]. Scarce works report the use of
hemical solution deposition methods (CSD) for the thin film prepa-
ation [19,20]. Among various methods such as metal–organic
hemical vapour deposition, pulsed laser deposition and sol–gel,
he soft chemical method has its advantages over the other
roduction techniques include its low cost, good compositional
omogeneity, relatively low processing temperatures and the abil-

ty to coat large substrate areas [21,22]. In this paper, we report the
rowth and dielectric characterization of CCTO thin films deposited
n Pt/TiO2/SiO2/Si substrates by the soft chemical method without
ny buffer layer.

. Experimental procedures

The precursor solutions of calcium, copper and titanium were prepared by
dding the raw materials to ethylene glycol and concentrated aqueous citric acid
nder heating and stirring. Appropriate quantities of solutions of Ca, Cu and Ti
ere mixed and homogeneized by stirring at 90 ◦C. The molar ratio of metal:citric

cid:ethylene glycol was 1:4:16. The viscosity of the resulting solution was adjusted
o 20 cp by controlling the water content using a Brookfield viscosimeter. Details
f the precursor method has been described in detail elsewhere [23]. The films
ere deposited at Pt(1 0 0)/Ti/SiO2 substrates by spinning the deposition solution at

000 rpm for 30 s. After deposition, the films were treated at 350 ◦C for 2 h to decom-
ose the organic material. The film thickness was reached by repeating 10 times the
pin-coating and heating treatment cycles. Finally, the films were crystallized at
00 ◦C for 2 h in ambient atmosphere.

After crystallization, the films were characterized by X-ray diffraction (XRD;
igaku-DMax 2500PC) at 40 kV and 150 mA from 2� (20–80) following the phase
volution. The thickness of the annealed films was determined by scanning electron
icroscopy (Topcom SM-300) at the transverse section evaluating the back-

cattering electrons. The film annealed at a static atmosphere is 250 nm thick.
aman measurements were performed using an ISA T 64000 triple monochromator.
n optical microscope with 80× objective was used to focus the 514.5-nm radi-
tion from a Coherent Innova 99 Ar+ laser on the sample. The same microscope
as used to collect the back-scattered radiation. The scattering light dispersed was
etected by a charge-coupled device (CCD) detection system = 0.3 mm. Infrared anal-
sis was performed on (Bruker-Equinox 55, Germany) Fourier Transformed Infrared
pectrometer (FT-IR), using a 30◦ specular reflectance accessory. FT-IR reflectance
pectra of the films were recorded at room temperature in the 400–1200 cm−1 range.
op Pt electrodes (0.5 mm diameter) were prepared for the electrical measure-
ents by evaporation through a shadow mask at room temperature. The leakage

urrent–voltage (J–V) characteristic was determined with a voltage source mea-
uring unit (Radiant Technology 6000 A). The relative dielectric constant εr and
he dissipation factor tan ı were measured versus frequency using an impedance
nalyser (model 4192 A, Hewlett Packard). Impedance measurements were per-
ormed with a frequency response analyser (HP 4192) with amplitude of 100 mV.
ll measurements were conducted at room temperature.

. Results and discussion
Fig. 1 shows a typical �–2� X-ray diffraction scan of the as
repared CCTO thin film deposited on Pt/Ti/SiO2/Si substrate and
nnealed at 700 ◦C for 2 h. The film is fully crystallized since intense
eaks are evident. The presented composition is a single-phase
ubic copper calcium titanate belonging to the Im−3 space group
Fig. 1. X-ray diffraction data for CCTO thin film deposited by the soft chemical
method at 700 ◦C for 2 h in ambient atmosphere.

(75-1149), whose planes are indexed in Fig. 1. Besides CCTO peaks,
the characteristic peak for (1 1 1) platinum coated silicon substrates
at 2� = 40◦ was identified. Compared with the XRD intensity from
the substrate, the XRD reflections from CCTO are obviously smaller.
This is mainly due to the polycrystalline character as well as the
relatively small thickness of the CCTO film.

The FT-IR reflection spectra of the CCTO thin film annealed at
700 ◦C for 2 h is shown in Fig. 2. The lattice vibration of the films was
analyzed. A broad reflection band of the BO6 stretching mode was
observed at 600–840 cm−1 suggesting the formation of perovskite
phase [24,25]. The reflection band at 786 cm−1 indicates good crys-
tallization of CCTO film and can be considered a network stiffening
and a structural rearrangement, due the antiresonance with the
longitudinal optic (LO) phonon modes. TiO6 units are anticipated
to exhibit six normal vibrational bands, but only �d

as (F) and ıd
(F) modes were reported to be active in the FT-IR spectrum. In the
Fig. 2. Infrared spectra for CCTO thin film deposited by the soft chemical method at
700 ◦C for 2 h in ambient atmosphere.
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ior occurs in insulating film as long as the film is quase neutral,
that is, as long as the bulk generated current in the film exceeds
the current due to injected free carriers from the electrode. This
current would be due to the hopping conduction mechanism in a
low electric field, because thermal excitations of trapped electrons
ig. 3. Atomic force microscopy for CCTO thin film deposited by the soft chemical
ethod at 700 ◦C for 2 h in ambient atmosphere.

ue to TiO6 structural units has exhibited a shift gradually towards
igher wavenumber due the strain caused by differences in lattice
arameters and thermal expansion coefficients between CCTO and
t substrate.

The surface morphology of the CCTO thin film was also observed
y AFM measurements (Fig. 3). CCTO film exhibited homogeneous
icrostructure consisting of small and large grains with a statistical

oughness, root mean square (RMS) of 4.2 nm approximately. The
ingle layer CCTO film formed on Pt/Ti/SiO2/Si substrates was found
o be effective in improving the surface morphology of synthesized
lm, because the precursor film underwent the optimized nucle-
tion and growth process producing films with a homogeneous
nd dense microstructure. Also, the homogeneous microstructure
f CCTO film may affect the leakage properties, because the voltage
an be applied uniformly onto it. The AFM surface image supports
he XRD results revealing the polycrystalline nature. The film exhib-
ted a duplex microstructure consisting of large grains of 130 nm in
ength and regions of fine grains (less than 80 nm). The grain growth
n some regions might be attributed to the presence of CuO based
iquid phase sintering [14].

Fig. 4 shows the Raman spectra of the CCTO film crystallized at
00 ◦C for 2 h in ambient conditions. Raman spectra in the CCTO
hin film show the order–disorder degree of the atomic struc-
ure at short range. The modes further split into longitudinal and
ransverse components due the long electrostatic forces associated
ith lattice ionicity. There, we can easily find the main peaks at

43 cm−1, 296 cm−1, 346 cm−1, 445 cm−1, 506 cm−1 and 623 cm−1,
hich are in agreement with other reported results for CCTO [29].

he Raman line at 296 cm−1 is almost certainly associated with the
g mode [30]. 445 cm−1 and 506 cm−1 peaks are associated with
he Ag symmetry (TiO6) rotation-like. These rotation movements
f the TiO6 octahedra would be highly influenced by the presence of
u atoms on the lattice, since Cu–O bonds are very rigid and should

mpede the rotation of the octahedrons. The reduction of the rota-
ion modes intensity should then be associated to the observed
ncorporation of Cu into the crystal lattice. However, we can detect
ther peaks, which are not predictable by the CCTO structural mod-
ls [31]: 143 cm−1 and 623 cm−1. These lines can be associated to

he Raman active normal modes of the small minority phases TiO2
anatase phase) and CuO [32,33], respectively located at the grain
oundary. The Raman band assigned to TiO6 structural units seems
o be merged with symmetric stretching vibration of Cu–O–Cu band
Fig. 4. Raman spectra for CCTO thin film deposited by the soft chemical method at
700 ◦C for 2 h in ambient atmosphere.

indicating possible linkages of the type Cu–O–Ti, in the network
[34]. The Raman spectral studies clearly indicated no presence of
TiO4 structural units in the CCTO film [35]. The absence of the band
due to TiO4 structural units observed in the Raman spectrum of
the CCTO film indicates, the presence of titanium ions largely in
tetragonal positions, occupy substitutional positions. Due the high
annealing temperature of the CCTO film, the intensity of the band
due to TiO6 structural units is observed to increase at the expense
of the band due toTiO4 structural units, indicating an increasing
degree of order in the dielectric film.

Low leakage current density is another important considera-
tion for memory device applications. A typical leakage current
characteristic for CCTO thin film is given in Fig. 5. The curve was
recorded with a voltage step width of 0.1 V and elapsed time of
1.0 s for each voltage, here the measured logorithmic current den-
sity (log J) versus the voltage (V) is shown. It can be seen that there
are two clearly different regions. The current density increases lin-
early with the external electric field in the region of low electric
field strengths, suggesting an ohmic conduction. This ohmic behav-
Fig. 5. Leakage current density versus voltage for CCTO thin film deposited by the
soft chemical method at 700 ◦C for 2 h in ambient atmosphere.
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time available during cooling, the reoxidation occurs preferen-
ig. 6. Dielectric permittivity and dielectric loss for CCTO thin film deposited by the
oft chemical method at 700 ◦C for 2 h in ambient atmosphere.

rom one trap site to another dominate the transport in the films.
t higher field strengths the current density increases exponen-

ially, which implies that at least one part of the conductivity results
rom Schottky or Poole–Frenkel emission mechanism. The leakage
urrent density at 1.0 V is equal to 10−7 A/cm2. Since the conductiv-
ty is strongly affected by the characteristics of the film–electrode
nterface, the surface morphology of CCTO thin film is one of the

ajor factors determining the leakage current in capacitors. The
ow leakage current value can be attributed to the small surface
oughness as was observed by AFM in Fig. 3. No significant differ-
nce in leakage currents was observed when the bias was reversed.
his is reasonable because the capacitor system is completely sym-
etrical, and CCTO do not show evidence of ferroelectric behavior.

hus, applying voltage in direction or the other will be totally equiv-
lent, regardless of whether the conduction is limited by interfacial
arriers or by bulk-like mechanisms.

It is well known that in most dielectric materials, the dielectric
oss and leakage current density are related to the free carriers. The
ielectric loss comes from two mechanisms [36]: the resistive loss
nd the relaxation loss of the dipole. In the resistive loss mecha-
ism, the energy is consumed by free carriers in the film; while in
he case of the relaxation loss mechanism, it is the relaxation of the
ipole that expends energy. If there are free carriers in the films, the
esistive loss is the dominant mechanism. Fig. 6 shows the variation
f dielectric permittivity and dielectric loss as a function of fre-
uency for the CCTO film. At 1 MHz, the dielectric permittivity and
ielectric loss for the capacitor, was 1020 and 0.031, respectively.
his value is different from that of the crystal, which is about 100
3]. The large dielectric permittivity of CCTO has been interpreted
s an extrinsic mechanism, which was assumed to come from the
ample microstructure such as boundary or interface effects [37]. In
act, one recent paper has claimed that CCTO is a one-step internal
arrier layer capacitor [5]. With such a model, one would conclude
hat the thin films have less defects than the crystals because of
heir lower dielectric permittivity. This is a possibility though it can
ften be the reverse. Thin films, with their much reduced size in one
imension, may have less planar defects, such as grain boundaries
nd twin interfaces, than crystals, particularly if the latter have a
arge amount of intrinsic planar defects. Finally, it is worth pointing
ut that the dielectric loss in the thin film is actually lower than in
he crystal. This may well be a reflection that the crystals have more

efects than the thin films being the dielectric permittivity in the
hin film (∼1020) much lower than in the crystal (≥10,000). As it can
e seen from Fig. 6, the dielectric permittivity shows very little dis-
ersion with frequency indicating that the films possess low defect
Fig. 7. Cole–Cole plot of complex-impedance diagram in the frequency range 100 Hz
to 1 MHz for CCTO thin film deposited by the soft chemical method at 700 ◦C for 2 h
in ambient atmosphere.

concentrations at the interface film–substrate. The low dispersion
of the dielectric permittivity and the absence of any relaxation peak
in tan ı indicate that an interfacial polarization of the Maxwell Wag-
ner type and an interfacial polarization arisen from the electrode
barrier are negligible in the film. The dielectric properties of the
film obtained in the present work is comparable with that reported
for polycrystalline CCTO thin films [10,38,8]. Dielectric permittivity
as high as 2000 and dielectric loss of 0.05 has been reported for a
polycrystalline CCTO thin film having 480 nm thickness produced
by PLD [10]. Such improvement may be a result of the increased
thickness, much closer package of uniform grains, crystal orien-
tation and presence of buffer layer. Other explanation can be the
presence of CuO based liquid phase sintering which increases the
degree of disorder in the network forming positions with octahe-
dral TiO6 structural units. Such structural units may increase the
rigidity of the network and cause to increase the values of dielectric
parameters, as observed.

The complex impedance plane plot of Z′ versus Z′′ (where Z′

and Z′′ are the real and imaginary parts of the complex impedance,
respectively) is used to understand the different relaxation pro-
cesses as a consequence of different capacitive components.
Impedance spectroscopic analysis was employed to verify the pres-
ence of intrinsic as well as the space-charge contributions to
our measured values of the dielectric permittivity (Fig. 7). The
Cole–Cole plot for the complex impedance in the 10 kHz to 1 MHz
frequency range clearly reveals the presence of three overlap-
ping semicircular arcs which are attributable to contributions from
electrode–grain interface (circle I), grain boundary (circle II), and
grains contribution (circle III) in the decreasing order of measuring
frequencies [39–41]. The possible origin of different resistivities
of grains and grain boundaries can be caused by the equilibrium
concentration of oxygen vacancies in ABO3 type perovskites which
results in loss of oxygen during sintering. This loss can be written
in the Kröger–Vink notation as follows:

OO = 1
2 O2 + V

••
O + 2e−

The electrons released in the above reaction may be captured by
Cu2+ leading to the formation of Cu+• This leads to hopping of
electrons among the two different valence states, which increases
conductivity of the grains. During cooling down period after sin-
tering, the reverse reaction occurs. However due to insufficient
tially at grain boundaries only. Thus grain boundaries regain their
insulating character, while the grains remain more or less semi-
conducting. The grain boundaries thus act as barriers against the
hopping electrons, which pile up against them leading to space
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ig. 8. Equivalent circuit model to describe the electrical properties of CCTO thin
lm deposited by the soft chemical method at 700 ◦C for 2 h in ambient atmosphere.

harge polarization. A similar space charge polarization occurs at
he electrode–grain interface. These space charge polarization pro-
esses are responsible for the extremely large value of dielectric
ermittivity at very low and medium frequencies. Based on an
quivalent circuit consisting of two parallel RC elements in series,
he high frequency non-zero intercept indicates the presence of
n arc with ωmax greater than the highest frequency measured,
hich is assigned as the contribution from grain interior (Rg), while

he low frequency extrapolated intercept is attributed to the insu-
ating grain boundaries (Rgb). By assigning this equivalent circuit

odel, the CCTO film exhibited Rgb of ∼2 × 105 and Rg of ∼10 �.
he impedance parameters obtained in the present study is com-
arable with those reported for polycrystalline CCTO thin films
42,43]. Hence, the impedance spectroscopy studies revealed that
he internal barrier layer effect, which depends upon the resistivity
ifference between the grain and grain boundary was pronounced

n the CCTO film; thus giving a reasonable explanation for the
igher k of the film. These results indicate that the grain and grain
oundaries of CCTO film have different characteristics of electrical
ransport. Based on these observations, the CCTO film can be ana-
yzed using the equivalent circuit consisting of a resistor connected
n series with two resistor–capacitor (RC) elements as shown in
ig. 8, element Rg representing the grain, RgbCgb representing
he grain boundary and RelCel representing the electrode–sample
nterface. Where Rg is the grain resistance, Rgb, Rel and Cgb, Cel are
he resistance and capacitance associated with the grain boundary
nd the electrode–sample interface, respectively.

. Conclusions

Good quality polycrystalline CCTO thin film was prepared by
he soft chemical method at a substrate temperature of 700 ◦C for
h. The XRD studies revealed the polycrystalline nature of the film
elonging to the Im−3 space group. The film exhibited a duplex
icrostructure consisting of large and fine grains. Raman analy-

es reveal active normal modes of the minority phases CuO and
iO2 and the main modes of the structural CCTO phase. The 250 nm
lm had a high dielectric constant of 1020 at 1 MHz. Leakage mea-
urements do not show any evidence of ferroelectric behavior,
egardless of whether the conduction is limited by interfacial barri-

rs or by bulk-like mechanisms. Based on impedance analyses, the
rain and grain boundaries of this material have different charac-
eristics of electrical transport. The high value found for the high
requency dielectric constant makes the sol–gel prepared CCTO thin
lms good candidates for DRAM applications.
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