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bstract

he ultrahigh relative dielectric constant (K′) values reported for the CaCu3Ti4O12 bulk ceramics (104 at RT) joined to their low thermal dependence,
o phase transitions are expected between −173 and 330 ◦C, make this material very promising for capacitor applications and certainly for
icroelectronics. The interest in the preparation of this material in thin film form is twofold, the understanding of its physical properties and the

′
ntegration of this high K oxide with the Si technology. In this work, the preparation of CCTO thin films onto Pt/TiO2/SiO2/Si(1 0 0) substrates is
ttempted using sol–gel processing and rapid thermal processing (RTP) at 650 ◦C. Structural, microstructural and dielectric characterization of the
lms is performed. The results are commented and discussed on the light of the grain boundary effect on the dielectric constant and the possibility
f application of these thin films in microelectronic devices.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Dielectric and magnetic ceramic materials are of increas-
ng interest, as a field of solid-state electronics that continues
xpanding rapidly. The principal applications for dielectric
eramics are as capacitive elements in electronic circuits and
s electrical insulators.1 High relative dielectric constant (K′)
eramics make it possible to noticeably miniaturize passive
icrowave devices. Their size can typically be reduced in com-

aring with classical resonators and filters by a factor of 1/
√

K′.2
The CaCu3Ti4O12 (CCTO) compound has recently attracted

onsiderable interest in view of its anomalously large dielec-
ric response. It is a cubic perovskite-like phase with space
roup Im3. Subramanian and co-workers3,4 first reported K′
alues as high as 12,000 of CCTO compound at room temper-
ture. This is possibly related to a Maxwell–Wagner effect due
o isolating grain boundaries between semiconducting grains
r in the case of single crystals to the blocking of the semi-

onductivity in dislocations, twins inside the crystal or domain
alls.3,5 Oxides with perovskite structure are well known by

heir high K′ values, which make them appropriate in many
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echnological applications.6 However, this behavior is generally
elated to ferroelectric or relaxor phase transitions. However, the
eported results for CCTO show that its K′ values are high and
ith small dependence on the temperature.7,8 Therefore, CCTO
ased materials are very promising for capacitor applications,
icroelectronics and microwave devices, where the miniaturiza-

ion is crucial. Few works have been reported on the preparation
f CCTO thin films onto silicon substrates. Most of them are
ased on physical deposition techniques as pulsed-laser deposi-
ion (PLD).9–11 Scarce works report the use of chemical solution
eposition methods (CSD) for the thin film preparation.12,13

In this work, we report the CSD preparation of CCTO
hin films onto Pt/TiO2/SiO2/Si substrates at low temperatures
923 K) using a sol–gel route. The relative dielectric constant
K′) and loss (K′′) were also studied in the range of 100 Hz to
MHz as a function of temperature. The results are discussed
n the light of the grain boundary effect in the permittivity.

. Experimental methods
A titanium diol-based sol was prepared14 by refluxing
n air and for 1 h titanium di-isopropoxide bis-acetylacetonate
Ti(OC3H7)2(CH2COCHCOCH3)2] and 1,3-propanediol [HO
CH2)3OH]. Distillation of the 80 vol% of the byproducts of

mailto:riqjim@icmm.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.050
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Fig. 1. (a) Grazing incidence X-ray diffraction diagrams of the CCTO films as
a function of the crystallization time. The diagrams are displaced in the ordinate
values for clarity. The indexing to the ICSD card for the CCTO structure is
included. The peaks labeled with (*) are an unidentified phase possibly related
to a TiO2 phase. The peaks coming from the substrate are also labeled in the
plot. (b) FEGSEM plane view micrograph of the prepared CCTO thin film.
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eaction was carried out after refluxing. A molar ratio of
i(IV) to 1,3-propanediol of 1/1 was used. Other two solutions
f copper acetate [Cu(OOCH3)2·xH2O] and calcium acetate
Ca(OOCH3)2·xH2O] in 2-ethyl-hexanoic acid [C7H15COOH]
ere prepared by stirring the acetates in the acid. Molar ratios
f any of the acetates to the acid of 1/10 were used. The tita-
ium sol and the copper and acetate solutions were mixed and
tirred to obtain a stock solution with a nominal composition of
aCu3Ti4O12.

Four layers of this solution were successively deposited by
pin-coating (2000 rpm/45 s) onto Pt/TiO2/SiO2/(1 0 0)Si sub-
trates and dried at 350 ◦C for 60 s. These amorphous films were
rystallised by rapid thermal processing (RTP) at 650 ◦C using
ummulative soaking times of 30 + 30 + 60 min.

Grazing incidence X-ray Ddiffraction GIXRD (α = 2◦) of the
repared films were performed at room temperature using a
iemens D500 diffractometer with Cu anode. The plane view
icrographs of the films were obtained by scanning electron
icroscope (FEG-SEM) using a JSM-6335F NT field emission

un microscope. Thickness of the films was measured from the
ross-section SEM micrographs as well as by profilometry in a
alysurf 100 equipment.

Top platinum electrodes with an area of 5 × 10−7 m2 were
eposited by cold sputtering on the film surfaces using a shadow
ask. A LCR-meter HP 4284 A was used to measure dielectric

ermittivity as a function of temperature (2 ◦C min−1) and at
everal selected frequencies between 100 Hz and 1 MHz.

. Results and discussion

Fig. 1(a) shows the GIXRD patterns of the crystallized films.
n the first 30 min of crystallization at 650 ◦C, the main peaks
f the cubic CCTO phase begins to appear joined to a broad
aximum at low 2θ angles due to residual amorphous material.
fter 60 min of thermal treatment at 650 ◦C the peaks of the
CTO phase are clearly seen as well as a reduction of the amor-
hous, but new diffraction peaks at 27.6◦ and 54.5◦ 2θ appear,
hat can be assigned to a TiO2 oxide. A further thermal treatment
f 60 min produces an increase in the crystallinity of the CCTO
hase.

The plane view SEM image of the CCTO thin film is shown in
ig. 1(b). The film microstructure shows darker regions around
mall pores. These regions could be the result of diffusion from
he TiO2 buffer layer forming the substrate to the surface through
he pinholes on the Pt bottom electrode. This would justify the
wo extra diffraction peaks in the patterns of Fig. 1(a). The inset
n Fig. 1(b) shows a surface microstructure area where the grain
oundaries have been traced by hand. This microstructure is
ormed by a mixture of grains with an average grain size of
bout 150 nm and other smaller grains that some times seems
o be included into the large ones, similar to that found out by
ang et al.15 and related to domains in the case of included

mall grains. From the cross-section SEM image (not shown)
CCTO layer thickness close to 125 nm can be deduced. This

alue is in good agreement with the 135 nm thickness obtained
rom profilometry.

fi

o
f

he region surrounded by dashed lines is duplicated and the grain-boundaries
ontour highlighted by hand after eye inspection.

The results of relative permittivity variation with the tem-
erature are included in Fig. 2(a and b). The K′ presents three
ispersive relaxations (Fig. 2(a)). In the relative dielectric loss
K′′) Fig. 2(b), three peaks can also be defined. The small one at
he highest frequencies and low temperatures corresponds to the
elaxation observed at low temperatures in K′. Two large peaks
ppear at the lowest frequencies that at higher frequencies coa-
escence to produce a single relaxation. In the inset of Fig. 2(b),
he loss tangent as a function of temperature at different fre-
uencies is included. The values at maximum are in the range
.2–0.5 that are lower than those reported for PLD CCTO thin
lms.11
Fig. 3 (open symbols) shows the Arrhenius representation
f the frequency of the relative dielectric loss maxima picked
rom Fig. 2(b). The low temperature relaxation has an activation
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Fig. 2. (a) Relative dielectric constant as a function of temperature at different
frequencies from 100 Hz to 1 MHz. The frequency values are depicted in the
plot. The arrows signal possible relaxations from 100 Hz to 1 MHz. (b) Relative
dielectric loss as a function of temperature at different frequencies. In the inset
the loss tangent as a function of temperature at the same frequencies is depicted.

Fig. 3. Arrhenius representation of the relaxation frequency variation as a func-
tion of temperature (open symbols) and the D.C. conductivity obtained after
applying the Maxwell–Wagner relaxation model (closed symbols). The mean-
ing of the symbols are depicted in the plot as well as the activation energies
calculated from the linear fits.
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nergy of 0.16 eV. The second relaxation presents a change in
he activation energy located at 44 ◦C, giving place to a high
emperature activation energy of 0.63 eV and a low temperature
ctivation energy of 0.32 eV. The third relaxation has an activa-
ion energy of 0.72 eV. These results indicate that the dielectric
esponse of thin films is dominated by power law in frequency
s found by Telesev et al.16 in epitaxial CCTO thin films.

The equivalent circuit that can explain the observed dielectric
elaxations would be formed by three (RC) circuits in series,
rain interior, grain boundary and electrode effect. This would
ives place two possible relaxations. Following the formalism
resented in ref. 16 and considering that the first relaxation is
ue to the blocking of the grain interior conductivity by the
rain boundaries, the relaxation time can be expressed in terms
f the equivalent circuit as:

= RgRgb(Cg + Cgb)

Rg + Rgb
(1)

g and Rgb, are the resistances of grain and grain boundary,
espectively, and Cg and Cgb are the capacitances of the grain
nd grain boundary, respectively. If it is supposed that Rg � Rgb
nd Cg � Cgb Eq. (1) becomes:

= RgCgb (2)

nd Cgb = K′
S Co where K′

S is the static relative dielectric con-
tant of the relaxation and Co is the capacitance of the empty
ell. If Cgb is temperature independent τ should follow the same
rrhenius law as Rg. The same simplification can be made for

he relaxation between grain boundary and the electrode.
Applying these equations to the relaxations observed in the

CTO films allows to obtain an estimation of the conductivi-
ies of grain interior and grain boundary from the values of the
tatic relative dielectric constant and the corresponding relax-
tion times. To perform the calculations the relaxations observed
n the permittivity data as a function of frequency at different
emperatures are used. The values of the static relative dielec-
ric constant for the relaxations of the grain interior conductivity
nd grain boundary conductivity are 265 and 690, respectively.
ecently, Shao et al.17 have studied the microstructure influence
n the observed relaxations in CCTO ceramics. They stated that
here should be a relaxation due to the domain boundaries that
ominates the impedance spectrum at the lowest frequencies. In
ur thin film, due to the observed bi-modal grain size microstruc-
ure and thickness, is possible that the difference between the
wo low frequency relaxations be small and can be observed in
he measuring frequency window. Nevertheless, in thin films the
xisting asymmetry between the top and bottom electrodes giv-
ng place to different Schottky contacts and so different static
′ for the relaxation of the grain boundary conductivity can be

elated to the observation of two low frequency relaxations. For
implicity, in the following discussion just the relaxation with
arger peak in Tan δ (inset in Fig. 2(b)) is taken into account.
In Fig. 3 (solid symbols) the conductivities as a function
f the inverse of temperature obtained after applying Eq. (2)
re plotted. The grain interior conductivity in the thin film
as values much lower than those obtained in bulk ceramics,
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resenting the same activation energy as the first relaxation
ime but with a clear departure from linear Arrhenius behavior
elated to a possible variable-range-hopping type conduction.18

his conductiviy variation with temperature should be a straight
ine using 100/T1/4 abscissa, but in our case this representation
lightly improves the linearity. This result can be related to tem-
erature dependence of Cgb. The value of activation energy is
n good agreement with the results obtained in PLD CCTO thin
lms by Telesev et al.16 in the same temperature range.

The results for the grain boundary conductivity showed two
egions with different activation energies 0.3 and 0.78 eV for the
ow temperature and for the high temperature behaviors. The
ctivation energy obtained at the high temperature is in good
greement with the results found out by Chiodelli et al.19 of
.76 eV for the grain boundary, but the conductivity values are
uch higher than those obtained in the later work and than those

btained in ref. 16. From the results it can be inferred that the
ifference in conductivity between the grain boundary and grain
nterior is lower that that obtained in bulk ceramics5 and PLD
hin films.10,16

The origin of the increase in homogeneity between the grain
nterior and the grain boundary must be related to the thin film
reparation. The sol–gel technique allows the crystallization of
he film in oxygen rich atmospheres and low temperature. The
mall thickness of the films also enhances the accessibility of the
rains to the oxygen producing a decrease in the grain interior
onductivity. The easier accessibility to the oxygen and the low
rystallization temperature that can prevent the impurity segre-
ation to the grain boundaries, increasing the grain boundary
onductivity. At this point, it is interesting to address our atten-
ion to the influence of sample thickness onto the derived values
f Rgb.20 In the perspective of a back to back double Schot-
ky contact between particles the results of sample thickness
nfluence showed that a reduction of three times in thickness
roduced a reduction of two orders in magnitude in resistivity
ith a threshold for sample thickness close to four times the
rain size. The low values of Rgb obtained in our thin films can
e related the ≈130 nm thickness of our film that is close to once
he grain size.

The small thickness of the prepared sol–gel films can be also
esponsible of the observation in our temperature frequency win-
ow of the relaxation at the electrode that is scarcely seen in bulk
eramics and thicker thin films. The low value of Cgb found out
ere can be related to the effect of the lower conductivity of the
rain bulk in the structure of the Schottky contact.

On the other hand, the rather high values obtained for the high
requency relative dielectric constant (K′∞) = 130 in these thin
lms seems to indicate that the size effects do not have much

nfluence in this property. The equivalent oxide thickness for
his sample is 6 nm making this material a promising candidate
o be used in high-density DRAM technology.

. Summary
Thin films of 130 nm thickness has been prepared by sol–gel
ethod and RTP at 650 ◦C. The grain interior conductivity

s lower and the grain boundary conductivity larger than the

1

eramic Society 27 (2007) 3829–3833

btained in bulk ceramics or pulsed laser deposition produced
hin films. This can be related to the high compositional homo-
eneity of the films and the low crystallization temperature used.
he lower dielectric constant found in comparison with CCTO
eramic can be related to the spreading to the grain interior of the
epletion layer in the Schottky contact between grains due to the
ower grain interior conductivity. The high value found for the
igh frequency dielectric constant makes the sol–gel prepared
CTO thin films good candidates for DRAM applications.
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