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ABSTRACT: In today’s world, technology for capacitors
has grown significantly with its requirements in the direc-
tion of better dielectric properties. Developing an ideal com-
posite material (polymer and ceramic) for satisfying the
processing parameters is of great interest for capacitor in-
dustry. In this study, chemically treated barium titanate (BT)
nanocrystals were prepared and used to make ceramic—
polystyrene (PS) composites. A unique methodology was
used in processing these materials. Effects of the chemically
treated BT, filler loading, and frequency on the dielectric
properties of these composites were examined, and com-

pared with untreated BT-PS composites. Composite dielec-
tric constant was proportional to the volume ratio of the BT
filler and remained stable at different frequencies. The ex-
perimental data show that the dielectric constant of compos-
ites made with treated BT powders can attain values 2.5
times higher than that of untreated BT-PS composites. In
addition, the composite shows consistency in dielectric con-
stant values measured at different frequencies. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 99: 2815-2821, 2006
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INTRODUCTION

Recently, the focus of research has been on the use of
polymer—ceramic composites in embedded capacitor
technology. On filling a polymer matrix with ceramic
particles, the resulting composite exhibits different elec-
trical characteristics. When nonconductive ceramic filler
with high permittivity, e.g. barium titanate (BaTiO;; BT),
is used, then one can control the dielectric properties of
the composite by changing the filler content. From the
time when electronic devices using ferroelectric ceram-
ics, such as multilayer capacitors, have been miniatur-
ized, effects of particle size on the physical properties
have become very important. There have already been
several reports on particle size effects in BT ceramics as
well as in BT-polymer composites.'™ Novel methods to
produce particles that are finer in size and homogeneous
in composition are some of the key factors. This alone
has important implications to embedded ceramic capac-
itor applications.

Embedded decoupling capacitors show better elec-
tric performance because they are placed closely to the
chips, resulting in reduced parasitic inductance. Im-
portant requirements for embedded capacitor materi-
als are high dielectric constant, low capacitance toler-
ance, good processability, and low cost. However, no
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single material can meet all these requirements. For
example, thin film capacitor materials formed by vac-
uum deposition have the advantage of fairly high
capacitance, while they have the drawbacks of high
processing temperature and cost.'”

In bulk BT ceramics, grain size has a strong effect on
the dielectric constant at room temperature for the
grain size below ~10 um.*>'! Dielectric constant in-
creases with decreasing grain sizes up to a maximum
of ~700 nm.'° Below this size, dielectric constant
sharply decreases, in conjunction with the reduction of
tetragonality and remnant polarization."” The crystal
structure of BT powder changes with particle size.
Below ~100 nm, tetragonality disappears, resulting in
a cubic structure. Therefore, it can be expected that the
dielectric constant of BT powder will vary with BT
particle size.

Polymer—ceramic composite, with polymer as the
matrix, is one of the promising materials for embed-
ded capacitor.'”*'* It utilizes the high dielectric con-
stant of ceramic powders and good processability of
polymers, resulting in lower processing temperature
and cost.' It has been reported that for ceramic—poly-
mer composites, epoxy is a suitable polymer for its
inertness to the electroless plating solution and its
compatibility with printed wiring boards. BT has a
high dielectric constant of ~6000 at a fine grain size of
1 um."? Different types of treatment have been ap-
plied to the dielectric BT to move the Curie peak value
toward room temperature to improve the capacitance,
and to smooth the Curie peak to have lower temper-
ature coefficient of capacitance. These treatments can
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either decrease or increase the Curie point and change
the dielectric constant as required. For ceramic—poly-
mer composites, BT is in the unsintered powder form.
As compared with sintered BT, unsintered BT powder
can show difference in dielectric behavior."

The dielectric constant of the ceramic used in the com-
posite is one of the most important factors for determin-
ing the composite dielectric constant as well as the vol-
ume fraction of ceramic particles required for the com-
posite. Recent improvements in achieving even higher
dielectric constants are based on the normal particle
distribution of treated ceramic particles that have tet-
ragonal structure. Few studies have so far been focused
on polystyrene (PS)-BT composites. It has been reported
that the nanocrystalline BT and polymer PS sodium sul-
fonate were used to form composite material in fabrica-
tion for humidity sensors.'® Until now, BT and PS com-
posites were not studied for their dielectric properties. In
this study, we have examined dielectric properties of
BT-PS composites as a function of BT content in poly-
mer. The object of this work was to produce dense
BT-PS composites with high dielectric constant and low
loss factors. The nanocrystalline cubic BT used in this
work was treated chemically with dimethyl formamide
(DMF) to enhance the tetragonality of BT. Dry pellets
were made by using different volume percentages of BT
in PS. A special type of methodology was used to obtain
high density BT-PS pellets. Dielectric properties were
then explained with respect to ceramic loading content
and frequencies and compared with untreated BT-PS
composites. By optimizing this process, a ceramic—poly-
mer composite with a high dielectric constant has been
obtained.

Homogeneous dispersion of ceramic nanocrystals in
a polymer matrix is an issue of both scientific and
technological interest. The structure—property rela-
tionship in a composite has been a subject of extensive
scientific investigation.'”'® Because of the unique
properties and processing flexibility of composites,
which in many cases cannot be obtained from their
components, these materials have found numerous
technological applications.'” In general, the electrical
properties of composites having less than 60 vol %
ceramics have been widely studied. Simple analytical
equations predict that high dielectric constant com-
posites may be obtained by increasing the ceramic
content in the polymer matrix. However, for compos-
ites greater than 60 vol % ceramics, there are a number
of processing factors that can influence the dielectric
properties of material.*

EXPERIMENTAL
The chemical treatment of BT

Initially, 2 g of commercial cubic phase BT powder
(Cabot, BT-08) of mean particle size 240 nm was dis-
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TABLE 1

Specification of BT Powder® Used in This Study
Powder BT-8
Manufacturer Cabot Corp.
Diameter 240 (nm)
Density 5.9 (g/cc)
Specific surface area 8.5 (m?/g)
Ba/Ti ratio ~1.000

# Supplied by the manufacturer.

persed in 75 mL of DMF in an autoclave. Materials
specification of highly pure commercial hydrothermal
BT powder (Cabot, BT-08) is shown in Table I. The
reaction was carried out in a 100-mL Teflon-lined
stainless steel autoclave (Parr Instrument Co.) without
any agitation. The autoclave was heated to 170 and
200°C for 6 h in an oven. After cooling down to room
temperature in the oven, the resultant precipitate was
centrifuged and washed with a mixture of water/
alcohol several times, and finally dried at 80°C for 24 h
in a vacuum oven. Series of BT samples were prepared
for use in the synthesis of composites. We have exam-
ined the phase transformation in BT powders from
metastable cubic to ferroelectric tetragonal phase.”!
Scanning electron microscope (SEM) images of as-
received and chemically treated BT powder are shown
in Figure 1. Crystal structures of treated and untreated
BT powders were investigated by room temperature
X-ray diffraction (RTXRD; Scintag PAD V using Cu
Ka line with A = 0.15406 nm) with step scan mode:
step size 0.02°, 5 s/step, 20 = 20-80° at 40 kV and
40 mA.

The processing of BT-PS composites

BT was chosen as ceramic filler. Specially formulated
PS obtained from Aldrich Chemicals was used as the
polymer matrix. Fabrication procedure of BT-PS com-
posite is shown in Figure 2. First, PS was dissolved in
~15 mL of toluene in a glass vial with the help of a
magnetic stirrer for 8 h. After that, BT nanocrystals
were added to the mixture and stirred for 12 h to get
a well-dispersed slurry. The slurry was dried in a
vacuum oven at 60°C for 24 h. BT loadings of 20, 40,
50, 60 and 80 vol % in BT-PS composites were pre-
pared.

Composite fabrication technique

Dry pellets of BT-PS composites were prepared by
using BT-PS powder samples compressed and heated
to 140°C in a mold at a rate of 10°C/min. To form the
pellet, 42.5 MPa of pressure was applied three times
for 1 min each, and then the pressure was held con-
stant at 10 MPa until the temperature reaches 140°C to



EFFECT OF DEHYDROXYLATION OF HYDROTHERMAL BT ON DIELECTRIC PROPERTIES 2817

(b) 5.0kV 8.2mm x50.0k SE(U) 5/16/03

Figure 1 (a) SEM image of as-received BT particles and (b) SEM image of treated BT particles at 170°C for 24 h.

ensure good compactness of the resultant composite
specimens. After 15 min, the compressed specimen
was then cooled in the mold to room temperature,
~25°C. The resultant pellets, measuring 10 mm in
diameter and 2 mm in thickness, were used for further
property measurements and characterizations.

Property measurements
Density measurements

The pellets were polished to obtain flat surfaces and
relative densities were measured geometrically using
the linear combination of matrix and filler.
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Figure 2 A flow chart showing preparation of the BT-PS
composites.

Impedance measurements and analysis

Prior to dielectric constant measurements, the surfaces
were coated with silver electrodes and cured in vac-
uum dryer at 50°C for 2 h. A HP 4284 A Precision LCR
meter (Hewlett-Packard, USA) connected to a probe
station was used to measure the capacitance and dis-
sipation factor. All the samples were subjected to tests
at a set time to eliminate the changes in dielectric
response over time. Several pellets were measured,
and an average of the dielectric constant (e,) and dis-
sipation factor values in the frequency range of 20 Hz
to 1 MHz at room temperature were recorded. The
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dielectric constant of the composite was calculated
using this formula:

_
A

87’
where, C is the capacitance value of the pellet, A is the
area of electrode applied, d is the thickness of dielec-
tric layer, and ¢, is the permittivity of free space (8.854
X 10~'* F/m). The measurements were averaged over
three or more pellets to obtain the average dielectric
constant values.

Characterization

RTXRD (Scintag PAD V using Cu K, with A = 0.15406
nm) was used for crystalline phase identification of
the powder samples (step scan mode: step 0.02°, 5
s/step, 20 = 20—80° at 40 kV and 40 mA). SEM studies
were conducted on these pellets prepared from differ-
ent ceramic—polymer contents to understand the effect
of process deviation on the final particle packing of the
composites.

RESULTS AND DISCUSSION

A common problem associated with the inorganic—
organic composites is the incompatibility of the two
materials resulting in structural inhomogeniety.”** In
the system of BT-PS, the surfaces of BT with hydroxyl
groups are highly polar and hydrophilic in nature,
while the PS and organic solvent are nonpolar and
hydrophobic. When these different materials are
mixed, the BT particles tend to segregate and agglom-
erate, thus resulting in processing difficulties with an
inhomogeneous distribution of BT particles in the
polymer. The removal of hydroxyl groups on the sur-
face of BT by chemical treatment is believed to im-
prove the dispersion of BT in PS resulting in compos-
ites having a uniform microstructure.

Figure 3 shows the XRD patterns of the three BT
powders: untreated Cubic BT, DMF-treated tetragonal
BT, and DMF-treated BT-PS. The positions of XRD
peaks of DMF-treated tetragonal BT are similar to
those of untreated cubic BT, but the tetragonal struc-
ture can be discriminated from the cubic structure by
observing peak splitting at 45° 26 angle. This region of
the diffraction pattern is characteristic of the tetrago-
nal form of BT.** There is a splitting of the (200)
reflection in the tetragonal form, with the lower angle
shoulder indexed as (002).?° Based on these results, it
is apparent from Figure 3 that the BT treated with
DMEF in the tetragonal form would show higher di-
electric constant in BT-PS composite as compared
with untreated cubic BT. The XRD patterns for DMF-
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Figure 3 XRD patterns of untreated BT, DMF-treated BT,
and DMF-treated BT-PS.

treated BT-PS composite showed no detectable sec-
ondary phase induced in the material.

Figure 4 shows a variation of the relative density, as
the volume fraction of BT increased in PS. A solid
loading of 40 vol % BT is found to be optimum for
high relative density. The values of the relative den-
sities obtained for the untreated and treated 40%
BT-PS composites are of the order of 99.8 g/cc. A
gradual decrease in relative density is observed with
an increase in ceramic content of more than 50 vol %.

The dielectric properties of untreated BT-PS com-
posites having different volume percent of BT at dif-
ferent frequencies are shown in Figure 5. As the vol-
ume percent of BT increases, the dielectric constant (k)
of the composite increases as expected with respect to
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Figure 4 Relative Density of untreated BT-PS composites.
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Figure 5 Dielectric constant of BT-PS composites.

higher ceramic filler in the composite. The dielectric
constant at 40 vol % loading of BT gives consistent
results at different frequencies when compared with
higher BT loading in the composites. Figure 6 shows
that the dielectric loss decreases at different frequen-
cies, as the BT content in the untreated BT-PS com-
posite decreases. Dielectric loss of 40 vol % BT com-
posites is 0.013 at 1 MHz. Figure 7(a) shows the SEM
of the composite surface 40 vol % BT in the PS matrix.

The dielectric constants of untreated BT-PS, DMF-
treated (170°C/6 h) BT-PS, and DMF-treated (200°C/6
h) BT-PS composites at [40—-60 vol %] of PS at differ-
ent frequencies are given in Figure 8. It was observed
that the dielectric constant of the composite increased
as high as 70 at 1 kHz and 40 at 1 MHz frequency
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Figure 6 Dielectric loss of untreated BT-PS composites.
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(b) 4.0kV 5.2mm x25.0k SE(U) 10/15/04
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Figure 7 (a) SEM image of untreated BT-PS [40-60 vol %] and (b) SEM image of DMF-treated BT-PS [40—60 vol %].

range. The DMF-treated samples show higher dielec-
tric constant values when compared with untreated
samples. The reason being, chemically treated BT
powders have gone through surface modification and
structural change from cubic to tetragonal, resulting in
higher dielectric constants of composites. This increase
can also be attributed to the uniform dispersion of the
BT powder in the PS matrix and the enhanced polar-
ization from the dipole-dipole interaction of closely
packed powders, as compared with untreated BT-PS
composites. Figure 7(b) shows the surface of 40 vol %
BT in the PS matrix, which indicates a better distribu-
tion of the PS.

CONCLUSIONS

The distinctive ceramic/PS composites, having BT as
ceramic filler, were investigated and discussed in this
article. In terms of the materials formulation, these
composites are composed of commercially available
cubic BT-08, which was chemically treated with DMF
and research grade PS. In terms of composite tech-
nique, a unique methodology was used to produce
high density pellets of BT-PS with different ceramic
loadings to analyze their dielectric properties. A com-
posite with 40BT-60PS exhibited good consistency in
dielectric constant values in the frequency range of 1
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Figure 8 Dielectric constant of untreated BT-PS, DMF-
treated (170°C/6 h) BT-PS, and DMF-treated (200°C/6 h)
BT-PS composites at [40—60 vol %].

kHz to 1 MHz with relative density of about ~99.98%.
A maximum dielectric constant of 70 at 1 kHz with a
composite of 40BT-60PS was obtained with the DMF-
treated BT powder, a value ~3 times higher than the
one obtained for untreated samples. At higher fre-
quencies, the dielectric constant drops gradually but is
still 2 times higher than that of values observed in
untreated powders. These results clearly demonstrate
the improvement in the dielectric properties of the
powder, which, if used in making films, may meet the
high capacitance density requirements of the film ca-
pacitors.

We thank Dr. S. Costantino of Cabot Performance Materials
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of South Carolina for providing the graduate assistantship.

References

1. Buessem, W. R,; Cross, L. E.; Goswami, A. K. ] Am Ceram Soc
1996, 49, 33.
2. Arlt, G.; Hennings, D.; With, G. De. ] Appl Phys 1985, 58, 1619.
. Yamamoto, T.; Urabe, K.; Banno, H. Jpn ] Appl Phys 1993, 32,
4272.
Luan, W.; Gao, L.; Guo, J. Cer Int 1999, 25, 727.
. Subbarao, E. Coll Surf A Phys Eng Asp 1998, 133, 3.
. Kinoshita, K.; Yamaji, A. ] Appl Phys 1976, 45, 371.
. Ishikawa, K.; Yoshikawa, K.; Okada, N. Phys Rev B 1988, 37,
5852.
8. Uchino, K; Sadanaga, E.; Hirose, T. ] Am Ceram Soc 1989, 72,
1555.
9. Frey, M. H,; Payne, D. A. Phys Rev B 1996, 54, 3158.
10. Cho, S.; Lee, J.; Hyun, J.; Paik, K. Mater Sci Eng B 2004, 110, 233.
11. Waser, R. Integr Ferroelectr 1997, 15, 39.
12. Bhattacharya, S. K.; Tummala, R. R. ] Mater Sci Mater Electron
2000, 11, 253.
13. Bhattacharya, S. K.; Tummala, R. R. Microelectron J 2001, 32, 11.
14. Rao, Y.; Ogitani, S.; Kohl, P.; Wong, C. P. ] Appl Polym Sci 2002,
83, 1084.
15. Kuo, D.; Chang, C.; Su, T.; Wang, W.; Lin, B. Mat Chem Phys
2004, 85, 201.
16. Wang, J.; Xu, B.; Ruan, S.; Wang, S. Mater Chem Phys 2003, 78,
746.
17. Newnham, R. E. Mat Res Bull 1978, 13, 525.
18. Dias, C. ]J. Key Eng Mater 1994, 92, 217.
19. Liang, S.; Chong, S. R.; Giannelis, E. P. IEEE Electron Compon
Tech Conf 1998, 171.
20. Windlass, H.; Raj, P.; Balaraman, D.; Bhattacharya, S. K.; Tum-
mala, R. R. IEEE Trans Adv Packag 2003, 26, 1.
21. Badheka, P.; Lee, B. I. ] Eur Ceram Soc, in press.
22. Qi, L,; Lee, B. I. Adv Mater, to appear.
23. Devaraju, N. G.; Lee, B. I; Kim, E. S. Microelectronic Engineer-
ing 2005, 82, 71.
24. Dutta, P. K,; Gregg, ]. R. Chem Mater 1992, 4, 843.
25. Hsiang, H. I; Yen, F. S. Jpn ] Appl Phys 1993, 32, 5029.

@

N o Ul



