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CaCu3Ti4O12 (stoichiometric)  and  Ca1.1Cu2.9Ti4O12 (non-stoichiometric)  thin  films  have been  prepared  by
the  soft  chemical  method  on  Pt/Ti/SiO2/Si substrates,  and  their  electrical  and  dielectric  properties  have
been  compared  as  a function  of  the  annealing  temperature.  The  crystalline  structure  and  the surface
morphology  of  the  films  were  markedly  affected  by the  annealing  temperature  and  excess  calcium.  The
eywords:
CTO
hin films
lectrical properties
ielectric properties

films show  frequency-independent  dielectric  properties  at  room  temperature  which  is  similar  to  those
properties  obtained  in  single-crystal  or epitaxial  thin  films.  The  room  temperature  dielectric  constant  of
the  570-nm-thick  CCTO  thin films  annealed  at  600 ◦C  at 10  kHz  was  found  to be  124.  The  best  non-ohmic
behavior  (˛  =  12.6)  presented  by the  film  with  excess  calcium  annealed  at 500 ◦C. Resistive  hysteresis  on
the  I–V  curves  was  observed  which  indicates  these  films  can  be  used  in  resistance  random  access  memory
(ReRAM).
. Introduction

Strong demands for miniaturization of electronic devices and
he elimination of lead-based compounds have focused much
ttention on the so-called high-k materials due to their applications
s capacitor and memory devices. Among several materials nonfer-
oelectric lead-free compounds such as Cu2Ta4O12, AFe1/2B1/2O3
A = Ba, Sr, Ca; B = Nb, Ta, Sb), CaCu3Ti4O12 (CCTO) have attracted
onsiderable attention due to their electric and dielectric proper-
ies [1].  The high dielectric permittivity (104–105) is constant in the
emperature range of 100–600 K and for frequencies up to 106 Hz.
urthermore, structural studies show that the CCTO maintains a
ubic structure for all temperatures without phase transitions. Neu-
ron powder diffraction and high-resolution X-ray diffraction (XRD)
2] have shown that there is no evidence of any lattice distortion
n CCTO from 100 K to 600 K which is very desirable for practical
lectronic application.

To apply CCTO in microelectronic devices and to give a more
undamental understanding of its physical properties, some groups
ave grown high-quality epitaxial CCTO films [3,4]. Several stud-
es have shown that CCTO has optical [2],  photoluminescence [5]
nd sensor [6] properties and two resistance states (high and low),
hich enable their potential use in resistance random access mem-
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ory (ReRAM) [7].  Films have an advantage over bulk materials for
future application in microelectronics and several attempts have
been made to grow CCTO thin films on various substrates [3,4].
Most research has been reported on the preparation of CCTO thin
films based on physical deposition techniques such as pulsed-laser
deposition (PLD) [8,9]. Several researchers have reported the use
of chemical solution deposition methods (CSD) for thin film prepa-
ration [10]. Among various methods used to prepare thin films the
soft chemical “polymeric precursor method” has advantages over
other production techniques such as its low cost, good composi-
tional homogeneity, relatively low processing temperatures and
the ability to coat large substrate areas [11]. This method has been
used to prepare different types of materials, such as BaTiO3 and
PZT, among others [12].

In this paper, we  report the growth and electrical and dielectric
characterization of CCTO thin films deposited on Pt/TiO2/SiO2/Si
substrates by a polymeric precursor method. The effects of anneal-
ing temperature and excess calcium on the morphology and
electrical and dielectric properties of CCTO thin films have been
studied.

2. Experimental procedure

Thin films were synthesized by the polymeric precursor method (PPM). Cal-
cium carbonate (CaCO3, Aldrich, 99.999%), titanium(IV) isopropoxide (C12H28O4Ti,

Aldrich, 99.999%), copper(II) carbonate basic (CuCO3·Cu·(OH)2, Aldrich, 99.99%),
ethylene glycol (99% purity, J.T. Baker) and anhydrous citric acid (99.5% purity,
J.T. Baker) were used as starting materials. Titanium(IV) isopropoxide citrate was
diluted in aqueous solutions of citric acid under constant stirring at 50 ◦C. Then
the calcium and copper precursors were added to the solution, respectively, and the

dx.doi.org/10.1016/j.jallcom.2011.07.098
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. X-ray diffraction data for CCTO (a) stoichiometric and (b) non-stoichiometr
 h in ambient atmosphere.

itrate solution was stirred at 95 ◦C to obtain a clear and homogenous solution. After
omogenization, ethylene glycol was added to promote the citrate polymerization.
he metal/citric acid/ethylene glycol ratio was fixed at 1:4:16. The viscosity of the

esulting solution was  adjusted to 20 cp by controlling the water content using a
rookfield viscosimeter. More details of the precursor method have been described

n  detail elsewhere [13]. The solution layer was  deposited on Pt(1 1 1)/Ti/SiO2/Si
ubstrates by spinning the deposition solution at 5000 rpm for 30 s. The films were

Fig. 2. Atomic Force Microscopy for (a and b) stoichiometr
O thin films deposited by the soft chemical method at (I) 500 ◦C and (II) 600 ◦C for

heat-treated at 350 ◦C for 4 h in a conventional oven to remove organic material and
then annealed at 500 ◦C and 600 ◦C for 2 h in an ambient atmosphere. This procedure
was  performed layer by layer ten times. To study the influence of excess calcium in

the CCTO thin films, two compositions were prepared: CaCu3Ti4O12 (stoichiometric)
and Ca1.1Cu2.9Ti4O12 (non-stoichiometric).

CCTO films were characterized by X-ray diffraction (XRD, Rigaku, Model Rint
2000) at 40 kV and 150 mA from 2�◦ (20–80) following the phase evolution. The

ic and (c and d) non-stoichiometric CCTO thin films.
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Table 1
Morphological and electrical properties of CCTO thin films annealed at different
temperatures.

Stoichiometric Non-stoichiometric

500 ◦C 600 ◦C 500 ◦C 600 ◦C

Average grain size (nm) 21 72 22 46
Average roughness (nm) 0.6 4.1 0.7 3.3
Average thickness (nm) 500 570 490 570
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Non-linear coefficient 6.3 2.5 12.6 3.0
Dielectric permittivity (10 kHz) 65 124 35 92
Dielectric Loss (10 kHz) 0.2 0.18 0.15 0.1

hickness of the annealed films was analyzed using a field emission gun scan-
ing  electron microscope (FEG-SEM, JEOL, Model 7500F) (images not shown here).
tomic Force Microscopy technique was used to analyze the surface of the films

AFM, Digital Instruments, Model NanoScope IIIa). Top Au electrodes (300 �m) were
repared by sputtering through a shadow mask at room temperature and acquir-

ng  a metal–semiconductor–metal (MSM)  capacitor configuration for electrical and
ielectric measurements. The current–voltage characteristic was  determined with

 pick amperimeter (Keithley 6430) with a 10 �A as the current compliance (it is
sed here to prevent permanent damage to the films). Dielectric permittivity (εr)
nd the dissipation factor (tan ı) were obtained by impedance spectroscopy mea-
urements in the frequency range from 100 Hz to 2 MHz  by employing a frequency
esponse analyzer (HP, Model 4192A). All measurements were performed at room
emperature.

. Results and discussion

Fig. 1 shows the XRD patterns of stoichiometric and non-
toichiometric CCTO thin films deposited on Pt/Ti/SiO2/Si sub-
trates and annealed at 500 ◦C and 600 ◦C for 2 h. The formation of
aCu3Ti4O12 cubic phase belonging to the Im-3 space group (JCPDS
0-367) is apparent. The characteristic peaks of the Pt substrate can
lso be observed in these patterns. In stoichiometric CCTO films
nnealed at 600 ◦C, the presence of the (4 0 0) peak is noticeable.
owever, this peak is absent in stoichiometric CCTO films annealed
t 500 ◦C which can be related to the crystallinity improvement of
he film due to the increased annealing temperature. On the other
and, the (4 0 0) peak is not observable in the non-stoichiometric
CTO thin film at both annealing temperatures which indicates that

n non-stoichiometric CCTO films, the slight variation in the Ca/Cu
atio can influence the crystallinity of this phase due to increased
train in the film caused by excess calcium [14–16].

The surface morphology of stoichiometric and non-
toichiometric CCTO thin films performed by AFM measurements
s shown in Fig. 2. The average grain size and surface roughness
f thin films were estimated using Gwyddion Free Software. The
urface morphology was obtained using an area of 1 �m × 1 �m.
toichiometric and non-stoichiometric CCTO thin films show a
ependence of average grain size and roughness with the annealing
emperature. In both systems the grain size and roughness increase
hen the temperature increases. Furthermore, the variation in

he average grain size and roughness for non-stoichiometric films
nnealed at 600 ◦C is lower than for stoichiometric films annealed
t the same temperature. The significant reduction of grain growth
n non-stoichiometric CCTO thin films can be related to excess
alcium due to increased strain in the film. Table 1 presents the
verage grain size, roughness and thickness for stoichiometric and
on-stoichiometric CCTO thin film.

Fig. 3 depicts the I–V curves of stoichiometric and non-
toichiometric films. The non-linear coefficient increase in
on-stoichiometric samples is an important consideration for
aristors and memory device applications. It can be seen that there
re two clearly different regions: an insulating region essentially

ontrolled by potential barriers located at grain boundaries and a
egion within grains. It is also proposed that the transport of charge
nside grains has a linear I–V relationship. As shown in Fig. 2, CCTO-
ased films annealed at 600 ◦C exhibit a larger grain size which
Fig. 3. Current density versus electric field for stoichiometric and non-
stoichiometric CCTO thin films.

suggests a larger contribution from intra-grain transport. Another
region which is essentially conductive and driving can be explained
by means of conductive paths. When established within the grain
boundaries, conduction paths, charge the I–V relationship from lin-
earity to non-linearity. When the conduction paths are ruptured,
the barriers formed by grain boundaries are recovered, and the
I–V relationship return to non-linearity. At higher field strengths
the current density increases exponentially which implies that at
least one part of the conductivity results from the Schottky emis-
sion mechanism. The larger non-coefficient values in both films
annealed at 500 ◦C can be attributed to the small grain size (see
AFM in Fig. 3). The non-linear coefficients of films are shown in
the Table 1. Chung et al. [17] have demonstrated that the pres-
ences of potential barriers at CCTO in the region of grain boundaries
are Schottky-type barriers. Non-stoichiometric films have a non-
linear coefficient larger than found in the CCTO stoichiometric film
annealed at the same temperature which may  be related to lower
grain size in non-stoichiometric films due to excess calcium.

Current–voltage characteristics of the stoichiometric and non-
stoichiometric samples were performed at room temperature with
the voltage sweep from −Vmáx to 0 to +Vmáx to 0 to −Vmáx and
a current compliance limited to 10 �A in the measurement unit
(see Fig. 4). Hysteresis curves observed in these plots are usu-
ally related to resistive switching effects commonly observed in
heterostructured ferroelectric thin films [18]. This switching mech-
anism as a function of polarity is a CCTO intrinsic effect and may
be related to intrinsic dipole formation in the CCTO due to intra-
granular defects [19] and/or to trapped state relaxation [20]. It is
observed that stoichiometric films have a larger decrease in this
effect with an increase in the annealing temperature while the non-
stoichiometric films maintain this effect which can be occurring
due to excess calcium inhibiting grain growth.

Fig. 5 shows the variation of dielectric permittivity and dielectric
loss as a function of frequency for the CCTO-based film. The dielec-
tric permittivity for a stoichiometric CCTO film annealed at 600 ◦C
was  124 at 10 kHz. The large dielectric permittivity of CCTO has
been interpreted as an extrinsic mechanism which was  assumed
to come from the sample microstructure such as grain boundary
(IBLC model) or interface effects [21]. In recent studies we  have
reported that the giant dielectric constant in the CCTO is a con-

sequence of the formation of a nanoscale barrier layer capacitor
[19]. Based on this model, we  conclude that thin films have lower
dielectric permittivity due to a lower concentration of defects when
compared with crystals or ceramics. The reduced dimensions and
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Fig. 4. I–V hysteresis curve for (a) stoichiometric 
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[19] P.R. Bueno, R. Tararan, R. Parra, E. Joanni, M.A. Ramírez, W.C. Ribeiro, E. Longo,
J.A.  Varela, J. Phys. D: Appl. Phys. 42 (2009) 055404.
ig. 5. Dielectric permittivity and dielectric loss for (a) stoichiometric and (b) non-
toichiometric CCTO thin films.

ow annealing temperature of CCTO thin films may  not have favored
he formation of planar defects which suppress the dielectric prop-
rties. Finally, the dielectric loss in the thin film is actually lower
han in the ceramics which may  be as indication that ceramics have

ore defects than the thin films because the dielectric permittiv-
ty in thin film (∼124) is much lower than in crystals (≥105) (see
able 1). As can be seen from Fig. 5, the dispersion of dielectric
ermittivity by frequency is low which indicates that films pos-
ess low defect concentrations at the interface film-substrate. The
ow dispersion of the dielectric permittivity and the absence of any
elaxation peak in tan ı indicate that Maxwell–Wagner relaxations
nd interfacial polarizations in the film/electrode may  be negligible
n the film. Non-stoichiometric CCTO thin films have a lower dielec-
ric permittivity than stoichiometric films which are according with
bserved to non-stoichiometric CCTO ceramics [16].

. Conclusions
Polycrystalline stoichiometric and non-stoichiometric CCTO
hin films were prepared by the soft chemical method. XRD stud-
es revealed the polycrystalline nature of the film belonging to the
m-3 space group. The film exhibited homogeneous morphology

[

[

and (b) non-stoichiometric CCTO thin films.

with grain size in the range of 20–70 nm.  The stoichiometric CCTO
film annealed at 600 ◦C has a dielectric constant of 124 at 10 kHz.
The best non-ohmic behavior was  a non-stoichiometric sample
annealed at 500 ◦C (  ̨ = 12.6). Resistive switching also was  observed
in this films which is an intrinsic effect of the material. These inter-
esting results suggest the possibility of the manufacture of ReRAM
based on CCTO thin films.
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