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The pellets of BaTi4Og were synthesized via a polymerized complex method and irradiated with 50 MeV
Li3* ions for two different fluences. The dielectric constant (&;), and dielectric loss (tan ) as a function of
frequency (1kHz-2 MHz) and temperature (40-200°C) were measured for unirradiated and irradiated
samples. The values of ¢, for unirradiated and irradiated samples decreased with frequency at room
temperature which is explained by Koops’ model. The increase in dielectric constant after the irradiation
shows that the damage occurs during irradiation and produces defects due to electronic processes and/or
inelastic collisions. Micro-structural properties revealed that the size of pores/holes and their number
increased with irradiation fluence giving rise to volume expansion porous defects.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of the telecommunications industry, espe-
cially in the satellite and active antennas sector requires the use of
radio and microwave frequency substrates. These substrates should
essentially exhibit high dielectric constant (&;), low dielectric loss
(tand) and a near-zero temperature coefficient of resonant fre-
quency (t¢) for temperature stable circuits in the electrical devices
[1]. A number of researchers have reported that TiO,-rich com-
pounds, such as BaTiOs, BaTizO9 and Ba;TigO,g exhibit suitable
radio and microwave dielectric properties for electrical applica-
tions [2,3].

Swift heavy ion (SHI) irradiation provides understanding of
material structure damage and their modifications. The effect of
energetic ion beam on the materials depends on the ion energy, flu-
ence and ion species. The energetic heavy ions loose their energy
as they pass through the material. The ions either excite or ion-
ize the atoms by inelastic collisions or displace atoms of the target
by elastic collisions. Elastic collisions are dominant in low energy
regime, whereas inelastic collisions process dominates at high-
energy regime where elastic collisions are insignificant. It is evident
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from the previous reports that electronic energy loss (Se) due to
inelastic collision can generate point/cluster of defects, if Se is less
than the threshold value of electronic energy 1oss (Seth) [4,5]. The
energetic ions can create columnar amorphization with greater
value of Se than the Sgy,. The strain/stress developed due to the
defects created by the energetic ions and amorphization enables
modification in different properties of the materials [6-8]. There
have been few attempts to investigate effect of irradiation on
ceramic materials particularly derived of BaO-TiO, system [6,9,10].
Jiang et al. [6] reported irradiation-induced disorder and amor-
phization in BaTiOs wafers using 1MeV Au?* ions at different
fluences and temperature of irradiation. It has been reported that
at 170 and 300K irradiation temperatures, the dependence of dis-
ordering was observed to be small. Recovery of disorder was also
observed atlow damage levels and at room temperature. The exper-
imental investigations to the energy loss of high-energy protons
(25MeV) in BaTiO3 have been reported by Kumar et al. [9]. The
observed results in this study were indicative of a new mode of
energy loss and can be related to the fluctuations in polarization
of cluster of unit cells and the dynamics of their short-range order.
The thermal phase transitions and the temperature dependence of
the dose for amorphizations in BaTiO3 have been investigated [10].

The dielectric properties of Ba-TiO, system depend upon several
factors, such as chemical composition, method of preparation and
grain size. Study of dielectric characteristics indicates the response
of the material to an electric field. Different polarization may result
into variations in the dielectric constant and dielectric loss. The pur-
pose of this study is to understand the irradiation-induced changes
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in dielectric properties and damage in micro-structures of BaTizOg,
as this material exhibit suitable dielectric properties for electri-
cal applications. Ion beam with 50 MeV Li3* was chosen because
it enables higher electronic energy loss with low projected ion
implantation range in the material. This eventually resulted in the
modification of this material, which was investigated by dielec-
tric and micro-structural studies. It is very useful in the study of
phase transition taking place in the material before and after irra-
diation. The dielectric measurements as a function of frequency and
temperature can provide understanding of the material modifica-
tion due to the created defects by the irradiation. Therefore, the
present investigation is emphasized on variations in dielectric and
micro-structural properties of BaTi4Og after irradiation. The dielec-
tric properties were studied as a function of temperature using
50MeV Li3* ion at different fluences.

2. Experimental details

BaTisO9 powders were produced by Pechini method [11]. The starting reagents
used were of high-purity and these are: barium carbonate (BaCO3, 99%) and tita-
nium isopropoxide (Ti(OCH(CH3);)s, 98%) supplied from Merck. Ethylene glycol
(C2HgO,) was heated to 50°C and then added slowly with Ti(OCH(CH3);)4. After
the milk-like solution stirred to become colorless, citric acid (CsHgO7) was added
to ethylene glycol mixture in the molar ratio of 1:10 and stirred to promote dis-
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Fig. 1. TG-DTA curve of BaTisO9 powder precursor.

persion of the gel. Desired stoichiometry of BaCO3; powder was then added slowly
and highly dispersed by mechanical stirring. About 3-4 drops of nitric acid (HNOs,
65%) was added to the mixture to catalyze the esterification between citric acid and
ethylene glycol. The temperature was increased from 50 to 140°C for 10 h to evap-
orate the solvent and promote polymerization. The pH value was 3.7 as mixtures
became clear and light yellow solution. To prepare BaTi4O9 powders, the polymeric
precursors were further heated at 300°C for 1-2 h and resulted in the dark colored
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Fig. 2. XRD patterns of BaTi4Og-precursor calcined at different temperatures.

Fig. 3. TEM images of BaTi4O9 powders calcined at 1100°C.



A. Qureshi et al. / Journal of Alloys and Compounds 504 (2010) 407-412 409

Fig. 4. Variation of dielectric constant with frequency for unirradiated and irradi-
ated BaTiysOg at different fluences.

amorphous citrate gels with low viscosity. The gels were calcined at 600-1200 °C for
2 h with a rate of 10 °C/min. The calcined powder was pressed into pellets of 10 mm
in diameter and 1 mm in thickness. The pellets were then sintered at the tempera-
ture of 1200-1300°C for 2 h. The densities of the ceramic pellets were measured by
Archimedes method [12] and the relative density was observed to be 97.3%. The TGA
thermograms of BaTisOg gels were recorded by Netzsch STA 449C instrument under
nitrogen atmosphere at 10 °C/min heating rate. Phase identification and structural
analysis were performed by X-ray diffractometer (Rigaku X-ray diffractometer) with
Cu Ka radiation source (A =1.5406 A) in the 26 range of 20-60°. Surface morphol-
ogy and particle size of samples were studied by transmission electron microscopy
(TEM) (Tecnai G2 F20 S-TWIN 200kV) and scanning electron microscopy (SEM)
(JEOL-5310 LV).

The specimen pellets were irradiated in vacuum with 50 MeV Li3* ions at dif-
ferent fluences of 1 x 10! and 1 x 10'3 ions/cm? using 15 UD Pelletron at Inter
University Accelerator Centre, New Delhi, India. The electronic, nuclear energy stop-
ping power and projected range for 50 MeV Li** ions in the sample were calculated
using SRIM (Stopping and Range of lons in Matter-2003) code [13]. The electronic
stopping power (dE/dX)., nuclear stopping power (dE/dX), and projected range were
found to be 8.669 eV/A, 4.597 x 10-3 eV/A, and 341.8 um, respectively. The dielec-
tric properties of unirradiated and irradiated samples were measured using Agilent
42841 LCR meter in the frequency range 1 kHz-2 MHz as a function of temperature.
An automated measurement systems consisting of PC and a temperature chamber
was used in the measurements.

Fig. 5. Variation of dielectric loss with frequency for unirradiated and irradiated
BaTisOg at different fluences.

(a) ]
2204
200+ at 10kHz
1 —&— Pristine
180 1 2
= ] —&— 1x10" ions/cm
8 160+ —a— 1x10" ions/em®
2] i
2 1404
£ 1204
R )
Z 1004
[a) i
80+
60 -
r—T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220
Temperature (OC)
b
® 744
724
704

at 100 kHz

66 —m— Pristine

64 - —e— 1x10'" ions/em”
—a—1x10" ionsfem®

Dielectric constant
o
(%]
1

52 T T T T T T T T T 1
20 40 60 30 100 120 140 160 180 200 220

Temperature (UC)

©@
56
544
- 52_
g
= j
4
8 504
2 E at 1 MHz
b= .
o 48 —&— Pristine
L] 9
5 1 —e— 1x10"" jons/em®
A 454 —a—1x10" jons/em?
44 -
2 — S

T T 1
20 40 60 80 100 120 140 160 180 200 220

Temperature ( oCJ

Fig. 6. Variation of dielectric constant with different temperatures (a) at 10 kHz (b)
100 kHz (c) 1 MHz frequency for unirradiated and irradiated BaTisOq.

3. Results and discussion
3.1. Structure and morphology of BaTi;O9 nanoparticles

Fig. 1 shows the TG-DTA curves of powder precursor of BaTi4Og
heated from room temperature to 1200°C. The TG curve (Fig. 1)
shows a continuous small weight loss upto about 300 °C which is
possibly due to the dehydration of precursors, evaporation of ethy-
lene glycol and decomposition of citric acid. The major weight loss
occurred after 300°C is induced by carbonization or bond break-
ing of the organic moieties in the precursors [14] which gave a
broad exothermic peak at around 470°C. During this period, the
polymer network break down into smaller organic moieties, and
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some of these compounds which do not contain any metal ions are
volatilized.

Fig. 2 shows the X-ray diffraction patterns of BaTi;Og powders
after calcinated in air at 600, 700, 800, 1000 and 1200°C for 2 h. At
600 °C, the polymeric precursor was amorphous and no peak was
observed. The first phase formed from amorphous precursors was
BaTi5 011 (JCPDS Card No: 35-805) at 700 °C. At higher temperatures
of 800°C, the amount of BaTi;Oq; increased and another phase
of BaTi,O5 (JCPDS Card No: 34-133) also formed. BaTi4Og phase
(JCPDS Card no: 34-70) was also started to form at 800°C. As tem-
perature increased to 1000°C, BaTisO1; phase nearly disappeared
and converted into BaTi4Og and BasTi;303¢ (JCPDS Card No: 37-
75). At 1200°C, all the peaks belong to BaTi4Og and indicates that
the single phase of BaTi4Og formed at this temperature. Previous
studies also indicate that BaTis 01, BaTi; 05 and BasTi13039 phases
were intermediate phases during the formation of BaTizOg [14].
From the line broadening of corresponding XRD peaks, the crys-
tallite size (D) was estimated using the Scherrer formula: D=KA/b
cos 6, where A is the wavelength of the X-ray radiation, K is a con-
stant taken as 0.9, 6 is the diffraction angle and b is the full-width
at half-maximum (FWHM) [15]. The particle size was determined
to be 29 and 39 nm for the powders calcined at 1000 and 1200°C,
respectively.

The TEM images of BaTi4Og powders calcined at 1200 °C exhib-
ited the size of the particles ranging from 5 to 40 nm (Fig. 3). The
particle size obtained by XRD matched well with those of TEM
results. TEM images revealed spherical particle shape of BaTizOq
and also agglomeration of powders.

3.2. Dielectric properties of BaTi4Og before and after irradiation

The dielectric constant as a function of frequency from 1kHz
to 2MHz is shown in Fig. 4 for unirradiated and irradiated sam-
ples. The dielectric constant for unirradiated and irradiated samples
decreases with increasing frequency of the applied field, which is in
agreement with Koops’ model [16]. Comparing the dielectric results
before and after irradiation, it shows that the damage occurs during
irradiation. Generally, heavy ionirradiation produces defects due to
electronic processes and/or elastic collisions. Those defects related
with the electron-hole pair generation and are dose rate depen-
dent [5]. The variation of dielectric loss with frequency is shown in
Fig. 5. It was found that the values of dielectric loss increased with
increasing the fluence. The loss factor is the ratio of the imaginary
¢” and the real ¢’ parts of the dielectric constant,

¢’ =tan$.¢ (1)

It is observed that after irradiation, the &’ decreases and tan§
increases with the frequency (Figs. 4 and 5) which implies that
the imaginary part ¢” of the dielectric constant increases on irra-
diation [17]. At lower frequencies below 10° Hz, the dielectric
constant shows a sharp increase, this may be associated with
Maxwell-Wagner mechanism (interfacial space charge) and the
electrode polarization effect. The variation of dielectric constant
with different temperatures at 10, 100 kHz, and 1 MHz frequencies
is shown in Fig. 6. The result shows that the dielectric constant
increases with temperature for both irradiated and unirradiated
samples at 10 and 100kHz frequencies (Fig. 6a and b). At low
frequencies, the dipoles follow the field and we observed lin-
ear increase in dielectric constant with the temperature. Beyond
100kHz of a frequency, the dielectric constant is constant up to
a temperature of 80°C and then started decreasing slowly with
temperature (Fig. 6¢). The decrease in dielectric constant with
increasing frequency can be attributed to the lagging of the dipoles
present in the material, which is a typical Debye behavior exhib-
ited by most of the dielectric materials [18]. This behavior was
also observed at higher frequency and at higher fluence of irra-
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Fig. 7. Variation of dielectric loss with frequency for (a) unirradiated and (b) irradi-
ated BaTisOg at different temperatures.

diation (Fig. 6¢). Fig. 7 shows the variation of dielectric loss with
frequency for unirradiated and irradiated BaTi4Og at different tem-
peratures. It was observed that the dielectric loss increased at the
fluence of 1 x 1013 ions/cm? and also with temperature. It is possi-
bly due to increase in the number of space charges that gave rise to
polarization effect [17].

3.3. Micro-structural properties of BaTi4Og before and after
irradiation

SEM analysis was performed to yield information about the
micro-structures of the irradiated samples. Figs. 8(a-c) and 9(a-c)
shows SEM images of unirradiated and irradiated samples at the
fluences of 1 x 10! and 1 x 1013 ions/cm?2. The SEM images were
captured at two different resolutions and scales. Figs. 8 and 9 show
SEM images at resolution of x500 with scale 50 wm and x1000
with scale 10 pm, respectively. Porous structures were observed on
the surfaces of the samples upon irradiation. It is clear from Figs.
8(a-c) and 9(a-c) that the pores/holes size and number increased
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Fig. 8. The SEM images of BaTi4Og at x500 resolution of (a) unirradiated sample, and samples irradiated at (b) 1 x 10! ions/cm? and (c) at 1 x 10'3 ions/cm? fluences.

Fig. 9. The SEM images of BaTi4Og at x 1000 resolution of (a) unirradiated sample, and samples irradiated at (b) 1 x 10'! jons/cm? and (c) at 1 x 10'3 jons/cm? fluences.



412 A. Qureshi et al. / Journal of Alloys and Compounds 504 (2010) 407-412

with irradiation fluence that gave rise to volume expansion porous
defects.

4. Conclusions

In this study, single phase BaTizOg ceramic was successfully
synthesized by the polymeric precursor route and the dielectric
and micro-structural properties of BaTiqOg ceramic were investi-
gated before and after ion irradiation. The dielectric response of
BaTizOg was dependent on both temperature and fluence of irra-
diation. The values of dielectric constant was increased after the
irradiation and decreased with the increase in the frequency of
the applied field. It shows that damage occurs during irradiation
and produces defects due to electronic processes and/or inelas-
tic collisions. The value of dielectric loss was increased after the
irradiation and increases with the fluence. Micro-structural prop-
erties revealed that the pores/holes size and number increased with
irradiation fluence giving rise to volume expansion porous defects.
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