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Abstract A study of the effect of the presence of
BIT (Bi4TizO1,) in the dielectric and optical proper-
ties of the CaCu;3Ti4O1, (CCTO) is presented. The
samples were prepared by the solid state procedure.
Mechanical alloying followed by the solid state pro-
cedure has been used successfully to produce powders
of CaCu3Ti4012 (CCTO) and BIT (Bi4Ti3012) to be
used in the composites. We also look at the effect of
the grain size of the BIT and CCTO in the final
properties of the composite. The samples were studied
using X-Ray diffraction, scanning electron microscopy
(SEM), Raman and infrared spectroscopy. We also
did a study of the dielectric function K and dielectric
loss of the samples.

The role played by the grain size of CCTO and BIT
in the dielectric constant and structural properties of
the substrates are discussed. For frequencies below
10 MHz the K value presented by the CCTO100
sample is always higher than the K value presented by
the BIT100 sample. At 100 Hz the value of K 1900 for
the CCTO100 sample and 288 for the BIT100 sample.
However for the composite sample one has an unex-
pected result. The dielectric constant is higher for all
the frequencies under study. At 100 Hz the value of
the K is around 10.000 for the BIT10 sample. Which is
more than one order bigger compared to the CCTO100
value for the same frequency. Therefore, these mea-
surements confirm the potential use of such materials
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for small high dielectric planar devices. These com-
posites are also attractive for capacitor applications
and certainly for microelectronics, microwave devices
(cell mobile phones for example), where the miniatur-
ization of the devices is crucial.

Introduction

High dielectric constants have been found in oxides of
the type CaCusTizOq, [1-3] (CCTO) which shows a
dielectric constant (K) at 1 KHz of about 10.000 that is
nearly constant from room temperature to 300 °C.
Oxides with the perovskite structure are well stabilized
by their high dielectric constants (K) which lead these
class of materials to a big number of technological
applications [4]. However this behavior is generally
associated to ferroelectric or relaxor properties. In
these cases the highest value of K is obtained during a
phase transition (as a function of temperature) pre-
sented by the material.

The existence of a transition temperature is gener-
ally a problem when one is talking about applications
of these materials. The reported results for CCTO
shows that the K is high but with small dependence on
the temperature [3].

Such material is very promising for capacitor appli-
cations and certainly for microelectronics, microwave
devices (cell mobile phones for example), where the
miniaturization of the devices are crucial.

High K ceramics make it possible to noticeably
miniaturize passive microwave devices. Their size can
typically be reduced in comparing with classical
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resonators and filters by a factor of 1/K (relative
dielectric constant)

In this paper we will study a composite bulk
substrate with two different phases. The first ceramic
will be the bismuth titanate BiyTi3O0,—BIT. It belongs
to the family of ferroelectric materials with layered
structures, which consists of three perovskite-like units
(BizTi3O%6 ), sandwiched between bismuth oxide
(Bi,03") layers. BIT single crystals has low dielectric
constant (K ~ 244 at 1 KHz) and a very high Curie
temperature (7Tc = 675 °C), which makes it useful for
various applications such as memory elements, optical
displays, piezoelectric and piroelectric devices in a
wide temperature range from 20 °C to 600 °C. Below
room temperature it shows a orthorhombic Fmmm
symmetry, which exhibits ferroelectric properties [1, 2].

BIT ceramics have been used in capacitors, trans-
ducers, sensors etc [3, 4]. The tunning of specific
electric properties by compositional modification as
well as the grain size effect could lead to modifications
in the Curie temperature, conductivity, coercivity,
compliance etc [5, 6].

Dielectric properties of BIT ceramics are highly
dependent upon the grain size, phase content of the
ceramic body and sintering temperature. Dielectric
constant (K) of BIT ceramics sintered around 850 °C
show values in the range of 235-250 in the frequency
range of 100 Hz-100 KHz. The dielectric loss (D)
shows a little increase with values around 1.6 x 1072 in
this frequency range [7].

Therefore, ceramics of BIT can show a different
dielectric behavior, depending on the particle size.

The second crystalline phase will be in the form of
CaCu;Ti401;, (CCTO) [8-10] as discussed before. For
this material, high dielectric constants have been found
which shows a dielectric constant at 1 KHz of about
10.000 that is nearly constant from room temperature
to 300 °C.

The structure of CCTO was previously determined
from neutron powder diffraction data [10]. It belongs
to space group Im3 (No. 204) [10]. Recently we
propose the use of mechanical alloying to produce
CCTO [11]. The mechanical alloying is proving to be a
powerful technique to obtain any quantity of powder
with controlled microstructure [12]. Recently a poly-
meric citrate precursor route was used to produce
CCTO [13]. It was observed dielectric constant of 3.000
and loss around 0.3-0.35 at 1 KHz.

In this work we report the preparation of the
ceramic of CCTO and BIT through the solid state
route and use these materials together to prepare
composite substrates. The produced samples were
studied using X-ray diffraction, infrared and Raman

Spectroscopy and Scanning Electron Microscopy tech-
niques. The dielectric constant and loss were also
studied in the range of 100 Hz-10 MHz. The produc-
tion, and the study of the properties of the BIT-CCTO
substrates is important in view of possible applications
as bulk devices like microwave resonators and oscilla-
tors, thick and thin high K films.

Experimental methods
CCTO crystalline powder

Commercial oxides Ca(OH), (Vetec, 97% with 3%
of CaCOs;), titanium oxide (TiO,) (Aldrich, 99%),
CuO (Aldrich, 99%) were used in the CCTO
preparation. The material was ground on a Fritsch
Pulverisette 6 planetary mill with the proportionality
of Ca(OH),-3Cu0-4TiO, . Milling was performed in
sealed stainless steel vials and balls under air.
Mechanical alloying was performed for 30 min of
milling. In this case the milling was used only to give
a good homogeneity of the powder. However we
already showed in the literature that for 100 h of
milling the complete production of CCTO is possible
[11]. The reaction occurring during milling can be
summarized as:

Ca(OH), +3Cu0 +4TiO, AP CaCus Ti4 Oy, + H, 0.

The compounds were also prepared by the conven-
tional powder-sintering technique using the same
starting materials. The ceramic was submitted to
calcination and sintering (see Table 1) in air in the
range of 900 °C to 1020 °C for 12 and 12 h respectively
[14]. This ceramic is called CCTO100.

BIT powder preparation

The used BIT powder was prepared by the solid sate
reaction of Bi,O3 (Aldrich, 99%), and TiO, (Aldrich,
99%), at temperatures around 850 °C (See Table 1-
BIT 100). The composites were prepared at different
temperatures described in Table 1.1.

Substrates and electrodes
The samples were prepared in a disk shape

(with thickness around 1 mm). The electrodes are
circular prepared using the screen printing technique

@ Springer
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Table 1 Sample compositions and experimental procedure

Sample Reaction Sinterization procedure
BIT100 milled 40 min., calcinated 850 °C/1 h BIT 850 °C/1 h

BIT80 80% BIT + 20% CCTO BIT,5 CCTOq, 930 °C/12 h

BITS0 50% BIT + 50% CCTO BIT (5 CCTO 45 930 °C/12 h

BIT20 20% BIT + 80% CCTO BIT,, CCTOgs 1020 °C/12 h

BIT10 10% BIT + 90% CCTO BIT (1 CCTOy, 1020 °C/12 h
CCTO100 milled 30 h, calcinated 900 °C/12 h CCTO 1020 °C/12 h

(diameter around 1 cm) using silver (Ag) (Joint
Metal-PC200).

X-ray diffraction

The X-ray diffraction (XRD) patterns were obtained
at room temperature (300 K) by step scanning using
powdered samples. We used 5s for each step of
counting time, with a Cu—Ko tube at 40 kV and 25 mA
using the geometry of Bragg—Brentano.

Scanning electron microscopy

The photomicrograph of the films of BIT100, BIT50
and CCTO100, were obtained on a Scanning Electron
Microscope, Phillips XL-30, operating with bunches of
primary electrons ranging from 12 to 20 keV, covered
with a layer of carbon of 30 nm of thickness.

Dielectric measurements

The Dielectric measurements were obtained from a
HP 4291 A Material Impedance Analyzer in conjunc-
tion with a HP 4194 Impedance Analyzer, which jointly
cover the region of 100 Hz-1.8 GHz at room temper-
ature (300 K).

Infrared spectroscopy

The infrared spectra (IR) were measured using KBr
pellets made from a mixture of powder for each
sample. The pellet thickness varied from 0.5-0.6 mm.
The IR spectra were measured from 400-1000 cm™
with a Nicolet 5ZPX FT-IR spectrometer

Raman spectroscopy

Micro-Raman measurements were performed using a
T64000 Jobin Yvon spectrometer equipped with an N,-
cooled charge coupled device (CCD) to detect the
scattered light. The spectra were excited with an argon-
ion laser (5145 A) The spectrometer slits were set to
give a spectral resolution always better than 2 cm™.

@ Springer

The Raman scattering was measured in a back
scattering geometry directly from the powder.

Results and discussion
X-ray diffraction

Figure 1 shows the X-ray diffraction (XRD) patterns
of the samples BIT x—CCTO,_x together with the XRD
of the references (JCPDS), associated to CCTO(CC-
TO_REF) and BIT(BIT_REF), that were used in the
sample preparation (as discussed before). In the same
figure one starts with the XRD of sample BIT
(BIT100) (see Table 1). For this sample one can easily
identify all the peaks associated to BIT phase. For the
sample BIT80 (BIT,s-CCTOg, see Table 1) the pres-
ence of the CCTO phase is very weak. Weak peaks

CCTO_REF
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CCTO100 L
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__ |BIT10 l
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BIT 20
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Fig. 1 X-Ray diffraction of the samples in the series BIT-CCTO
and reference samples (Joint Committee on Powder Diffraction
Standards (JCPDS); International Center for Diffraction Data;
12 Camous Blvd.; Newton Square; Pennsylvania 19073-3723;
USA; 19995—Pattern 93-1880 [BTO-reference], 75-1149
[CCTO-reference]
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around 34.8° and 49.3°. Could be detected. For the
sample BIT50 (BIT(s—CCTOys) the presence of both
phases is easily detected. The increase of the CCTO
presence is quite clear. For the sample BIT10 (BIT( -
CCTOyy), the presence of BIT is quite weak. For the
final sample in the series CCTO100, the CCTO
presence is clear.

Scanning electron microscopy

The particle morphology of the films was investigated
by means of SEM. In Figs. 2, 3 and 4 for samples
BIT100, BIT50 and CCTO100 respectively. For Figs. 2,
3 and 4 one has an amplification of x5000, 5000 and
1000 respectively for the same samples. In Fig. 2 one
has the SEM for the BIT100 substrate sintered at
850 °C for 1 h. One can notice that the sample exhibit
long plates grains with good densification. In Fig. 3 one
has the SEM associated to the composite BITS0

f———— 10um

10 p
BIT (0,5) GCTO (0,5,

S

Fig. 3 Scanning electron photomicrograph of the BIT50-
CCTOS50 (5000x)

Fig. 4 Scanning electron photomicrograph of the CCTO100
(1000x)

(BIT(5—-CCTOgq5s). One can observe that the CCTO100
grains are much bigger compared to the BIT100 grains.
The action of two grain sizes in the composite samples
will lead to important consequences in the electrical
properties that will be discussed later. In Fig. 4
(CCTO100 sample) one can notice the presence of
the plates for the CCTO100 grains. These grains are
bigger compared with the BIT100 grains. This is
confirmed when one compares Figs. 2 and 4.

Infrared spectroscopy

In Fig. 5 and Table 2 one has the infrared spectra of
the samples in the series BITx—CCTO;_x. The tetrag-
onal BIT was characterized by the IR spectrum from
octahedral TiO6 groups and the characteristic
adsorption bands appeared at 830, 580 and 390 cm™

g

|

BIT10

CCTO 100

«~—— 516

/ 561

3

S |BIT20

c

o

2

£ |BITso

[}

=

g

= ©
BIT 80 4

5
3

BIT 100 Q 8

>

1000 950 900 850 800 750 700 650 600 550 500 450 400

Wavenumber (cm™)

Fig. 5 Infrared spectra of the substrates in the BIT-CCTO series
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Table 2 Infrared modes of the samples BIT,~CCTO,_x

Infrared modes (cm™)

BIT [45] BIT 100 BIT80 BIT50 BIT20 BIT10 CCTO100 CCTO [46]

vi(Ti-O-Ti) 453 453 453 453 441
y1(Ti-0) b 390

476
vi(Ti-0) 516 516 516 516 516 516
vi(Ti-0) 561 561 561 561 561 561
yi(Ti-0) s 580 588
vi(Ti-0) s 830 817 817 817

[15] (see Table 2 and Fig. 5). The bands above 405 cm™!
was due to the Ti—O stretching vibration and the bands
below 405 cm™ are attributed to Ti-O bending vibra-
tion [15]. Figure 5 shows the IR spectra of the BIT100
sample where the modes at 817 and 588 cm™ are
identified. With the addition of 10% of the CCTO
phases, new absorptions at 453, 516, 561 cm™! are

448 580 CCTO100

BIT 10

J \ BIT 20

Raman Intensity(a.u.)

BIT 100|

200 250 300 350 400 450 500 550 600 650 700 750
. -1
Raman Shift (cm')

Fig. 6 Raman spectra of the substrates in the BIT-CCTO series

Table 3 Raman modes of the samples BITy—CCTO,_x

present. These absorptions are associated to the CCTO
phase. With the increase of the CCTO presence the
modes at 588 and 817 cm™' associated to the BIT
phase, are very weak. From the sample BIT20 all the
detected modes are associated to the CCTO phase.
One can notice that the CCTO phase present reso-
nance absorptions at 561, 516 and 441 cm™'. Several
authors have assigned [9, 11, 12, 16] this region of
absorptions with the titanium ion. These bands were
associated to vri_o = 653-550 cm™! and vrio 1 = 495-
436 cm™' (see Table 2)

In summary one can say that the main bands
associated to BIT and CCTO were identified in the
samples according with data from the literature.

Raman spectroscopy

In Fig. 6 and Table 3 one has the Raman spectra of the
samples of the complete series BITxy—CCTO,_x. The
Raman spectra of the CCTO sample (CCTO100) has
three main peaks at 448, 518 and 580 cm™' (see Fig. 6)
in good agreement with values reported in the litera-
ture [17-19]. The Raman lines (Table 3) at 448 and
518 cm™ have A, symmetry (TiOg rotationlike). The
peak at 580 cm™' is associated to a mode of Fg
symmetry (O-Ti-O antistretching).

Modes Raman modes (cm™)
BIT [45] BIT100 BIT80 BIT50 BIT20 BIT10 CCTO100 CCTO [46]
B3, + By, (O-Ti-O) 227 230 230 230
B3, + By, (O-Ti-0) 268 275 275 275
Ay, (O-Ti-0) 324 334
By,(O-Ti-O) 346 355
A,(TiOg) 445 447 448 448 448 448
A4(TiOg) 514 515 516 518 518 518
B3, + By, (O-Ti-O) 538 541
Ag (TiOg) 558 568
A,(TiOg) 615 616
Fy(O-Ti-O) 578 580 580 580

@ Springer
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In Fig. 6 one has the Raman spectra of the BIT
sample. Modes at 616, 568, 334 and 355 cm™! could be
assigned as the A;, and B;, modes, respectively (see
Table 3); the 541,275 and 230 cm™' modes could be
assigned as Bs, + By, modes originating from the
lifting of Eg degeneracy.

The Raman modes of the samples BIT and CCTO
are in good agreement with the values reported in
literature [11, 15, 16, 20], see Table 3.

For the composite film BIT80 the presence of CCTO
was very weak through the Raman spectra. For the
BIT50 sample, the mode at 520 cm™ associated to the
CCTO phase is already present. For the BIT20 sample
(see Fig. 6) the CCTO phase is dominant in the
composite and the BIT phase is not detectable.

Dielectric measurements

In Figs.7 and 8 one has the dielectric constant
measurements of all the samples of the series BIT xy—
CCTO1_x. One can notice that for all the samples the
dielectric constant always decreases with the increasing
of the frequency (see Fig. 7). For frequencies below
1 MHz the K value presented by the CCTO100 sample
is always higher than the K value presented by the
BIT100 sample. One can also notice that, the BIT10
sample (BIT,;—-CCTOg ) present the highest dielectric
constant up to 1 MHz of frequency. At 100 Hz the
value of K 1900 for the CCTO100 sample and 288 for
the BIT100 sample (see Table 4). However for the
composite film one has an unexpected result. The
dielectric constant is higher for all the frequencies
under study. At 100 Hz the value of the K is around

10000
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Fig. 7 Dielectrc permittivity (K) as a function of frequency of
the samples in the BIT-CCTO series
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Fig. 8 Dielectric loss (D) as a function of frequency of the
samples in the BIT-CCTO series

Table 4 Dielectric permittivity (K) and dielectric loss (D) of the
samples BITx—CCTO,_x

Composite K D (100Hz) KD (1kHz) K D (1 MHz)
BIT 100 288.1 2174 159.0
0.62 0.24 0.027
BIT 80 808.0 576.1 2273
0.22 0.25 0.10
BIT 50 1317.4 726.2 171.0
0.81 0.52 0.17
BIT 20 5197.6 2097.9 170.4
0.66 0.72 0.35
BIT 10 10908.1 5480.5 196.6
0.46 0.58 0.55
CCTO 100 1909.2 648.3 164.8
1.22 0.87 0.17

10.000 for the BIT10 sample. Which is more than one
order higher compared to the CCTO100 value for the
same frequency (see Table 4). Our previous observa-
tions of the difference in the grain sizes of the two
phases (Figs. 2-4) is suggesting that this difference in
size for the composite is leading to a more effective
densification of the sample, where little grains should
more effectively fill empty spaces in the composite.
This could lead to more effective interface effects that
could lead to a higher dielectric constant to a specific
composite concentration. This kind of effect was
observed by our group in other composites of the
series of (BaTiO;) BTO-CCTO [21]. The other point
is that for all the samples there is a general tendency to
decrease of D (loss) with the increase of the frequency
from 100 Hz to 1 MHz. This behavior is less accentu-
ated for the BIT100 sample.

@ Springer
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In Fig. 8 one has the dielectric loss for these
samples. At 1 MHz the loss is lower for the BIT100
sample (2 x 107%) and higher for the BIT10 sample
(0.5).

This amazing behavior observed for the composite
sample, where one has higher K value compared to the
pure states, is probably associated with the sizes of the
grains in both phases and to the interface between
these grains. We are now looking the presence of this
effect in the microwave region as well.

The classic treatment applied for two or more
phases present in a dielectric are associated to the
dielectric mixing rules that fix a limit to the dielectric
constant that can be achieved with the mixed phase.
The empirical logarithmic rule for the dielectric con-
stant K and the dielectric constants (K;) and relative
volumes (V;) of the individual phases (/ = 1 and 2 for
BIT and CCTO) is given by [22]

logK =" VilogK;. (1)
1

In Fig. 9 one has the plot of the dielectric constant
(K) as a function of the substrate composition for the
MF region and for several frequencies, based in Eq. 1.

The continuous line is associated to the value of K
obtained from Eq. 1, at 100 Hz.

The experimental points (for the frequencies
100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz) of the
samples are also indicated in the figure. One can easily
conclude that the increase of the BIT phase in the

10000- a BIT,CCTO4 4 = 100 Hz
] @ kHz
o w v 10 kHz
g 100 kHz
o1 MHz
o = O
1000+ o _
p v O n

100 —

Fig. 9 Dielectric permittivity for the Medium Frequency Range.
Continuous line obtained from Eq. 1 (f = 100 Hz). Experimental
points extracted from Fig. 7
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BIT,—CCTO;_yx composite is decreasing the K of the
substrate at 100 Hz of frequency. However for
x =10% the experimental value of the dielectric
constant is much higher when compared to the
expected value suggested by Eq. 1 (K ~ 600) at
100 Hz. This is an unexpected behavior. It means that
the composite is not following the linear regime of the
model. This behavior is present in all the studied
frequencies (below 100 KHz)(see Fig. 9). In summary,
three different composite substrates of BIT-CCTO
were studied in the medium frequency range (MF) of
the spectra.

The dielectric permittivity K of all the samples in the
range of 100 Hz-1 MHz was studied. For all the
samples there is a decrease of the K value with
frequency for this range of studied frequencies. The
dielectric permittivity K of the samples BIT x—CCTO_x
were studied in the range of 100 Hz-10 MHz. One can
observe that for the CCTO100 sample the dielectric
constant K is higher compared to the BIT100 sample
for frequencies below 1 MHz. However for the sam-
ples where the BIT and CCTO form a composite
ceramic, the dielectric constant is also decreasing with
frequency.

One can say that the CCTO100 sample is presenting
a higher value of K at 100 Hz (1900) compared to the
BIT100 sample (288). However the composite sample
BIT10(BIT;—CCTOqo) is presenting a surprising
effect, where the composite ceramic is not following
the linear dielectric model with a K value around 10.000
(see Fig. 9). This is a strong suggestion that a nonlinear
mixing effect of the two phases is taking place.

Conclusions

A study of the effect of the presence of BIT
(Bi4Ti3015) in the dielectric and optical properties of
the CCTO(CaCusTi4O,) was presented. The samples
were prepared by the solid sate procedure. Mechanical
alloying followed by the solid state procedure has been
used successfully to produce powders of CCTO and
BIT to be used in the composites. We also look at the
effect of the grain size of the BIT and CCTO in the
final properties of the composite. The samples were
studied using X-Ray diffraction, scanning electron
microscopy (SEM), Raman and infrared spectroscopy.
We also did a study of the dielectric function K and
dielectric loss of the samples.

The X-ray diffraction (XRD) patterns of the
samples BITxy—CCTO;_x concludes that the BIT
and CCTO phases are present in the composite
samples.
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The particle morphology of the films was investi-
gated by means of SEM and suggest that the BIT
sample exhibit long plates grains geometry with good
densification. The CCTO sample present a plate
geometry for the grains with bigger grains compared
to the BIT sample. The action of two grain sizes in the
composite samples will lead to important consequences
in the electrical properties. The IR and Raman analysis
shows the presence of the main Raman and IR modes
associated to the BIT and CCTO phases reported in
the literature [15, 16, 20, 21].

The dielectric constant (K) and loss (D) of the series
BITx—CCTO;_x was studied in the range of 100 Hz-
10 MHz. One can notice that for all the samples the
dielectric constant always decrease with the increase of
the frequency. For frequencies below 1 MHz the K
value presented by the CCTO100 sample is always
higher than the K value presented by the BIT100
sample. At 100 Hz the value of K 1900 for the
CCTO100 sample and 288 for the BIT100 sample.
However for the composite samples one has an
unexpected result. The dielectric constant is higher
for all the frequencies under study. At 100 Hz the
value of the K is around 10.000 for the BIT10 sample.
Which is more than one order bigger compared to the
CCTO100 value for the same frequency which seems
to be a nonlinear mixing effect of the two phases.

Our previous observations of the difference in the
grain sizes of the two phases is suggesting that this
difference in size for the composite is leading to a more
effective densification of the sample, where little grains
should more effectively fill empty spaces in the
composite. This could lead to more effective interface
effects that could lead to a higher dielectric constant to
a specific composite concentration. The other point is
that for all the samples, there is a tendency of
decreasing the D (loss) value with the increase of the
frequency from 100 Hz to 1 MHz. This behavior is less
accentuated for the BIT100 sample.

This amazing behavior observed for the composite
sample is probably associated with the sizes of the
grains in both phases and to the interface between
these grains. We are now looking the presence of this
effect in the microwave region as well.

Considering the classic treatment applied for two or
more phases present in a dielectric and the empirical
logarithmic rule for the dielectric constant K and the
dielectric constants K; of the individual phases one
conclude that in the MF region of the spectra, the value
of the dielectric constant is not in good agreement with
the rule.

Looking now for high K and low loss film, which
is the best options for use in microwave devices like

dielectric resonators, one has to find a balance
between high dielectric constant and low loss. In a
general view, the presence of the composite structure
of BIT-CCTO is leading to a strong increase of the
dielectric constant of the composite. We expect to find
an equilibrium situation with the maximum for the
dielectric constant and lower loss in the composite.

This strongly suggests that the composites
BIT-CCTO are good candidates for applications
where one are looking for high K materials with low
loss in radio-frequency range.
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