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Abstract:

In this work, lanthanum doped-bismuth titanate with different contents were
successfully prepared by low-temperature combustion synthesis, and subsequently, sintered at
1000 °C for 3 hours. Their structural, microstructural and electrical were systematically
studied. It was found that the structural distortion of orthorhombic structure tends to
transforms to a tetragonal with the increase in La content.This change is most probably due
to relaxations of orthorhombic distortion and octahedral tilting because of the difference in
the ionic radius of Bi** and La’*. Upon increasing of La content, the grain size remarkable
decreases resulted in uniform grain size with better relative density. Thus, the electrical
properties of La doping were greatly improved in comparison to pure sample.
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1. Introduction

Lead-free ceramics have been widely studiedfor dielectric materials due to
environmental friendly for their less toxicity. Among them, bismuth titanate, BisTi;O;, (BIT
hereafter) has received a special attention for the fabrication of dielectric devices [1]. In
general, BIT is a group of ferroelectric material with a high Curie temperature (7. = 675 °C),
high dielectric constant (&, = ~ 100) and low dielectric loss (tan ¢ = ~ 0.005) [2]. However,
several drawbacks of BIT limit its capability for advanced applications. It was reported that
Bi ions, located at A-site in ABO; BIT structure, is known to be unstable due to easily volatile
during sintering at temperature above 1000 °C [3]. Park et al. (1999) stated that the oxygen
near the Bi ions is likely to be less stable due to the volatility of the Bi ions [4]. Thus, defects,

”r

such as bismuth vacancies (VBi"") and oxygen vacancies (Vo™), could exist in the perovskite
layers and act as a space charge. The presence of space charge implies that BIT has critical
drawbacks such as high leakage current and domain pinning which then leads to low
dielectric constant and high dielectric loss. Therefore, ion doping is a feasible method to
improve the BIT structure, thus resulted in improved dielectric properties.

It was reported that the doping in BIT or ABO; can be performed on Bi ions (or A-
site), Ti ions (or B-site) or both sites [5]. However, the doping of Bi ions at A-site is more
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effective than Ti ions at B-site in enhancing the dielectric properties [6]. In addition, the
doping on A-site is more suitable by rare-earths that possess similar ion valences. In principle,
the role of doping is to displace the volatile Bi ions with dopant which in turn to suppress the
Bi vacancies accompanied by oxygen vacancies. In other words, the space charge effect can
be minimized and subsequently, resulted in high dielectric constant and low dielectric loss.
On this basis, an attempt has been made to fabricate BIT with La doping to study their
structural, morphological and electrical properties.

2. Experimental Procedure

In general, the preparation of BIT samples using low-temperature combustion
synthesis was reported in earlier work [7]. Thus, the same technique was also used for BLaT
preparation with different La content, ranging from 0.25 to 1.00 mol %. In this work, each
pellet was sintered at 1000 °C for 3 hour in an electrical furnace. Characterizations and
dielectric measurement on each sample were systematically carried out. Phase formation of
the samples was analyzed by X-ray diffraction, XRD (Bruker D8-Discovery, Germany).
Quantitative Rietveld refinement analysis was also examined by X pert High ScorePlus V.
2.2.5 program. The structural changes observed in the formation of BIT from the combustion
technique were carried out at room temperature using a Horiba Jobin-Yvon HR800UV Raman
spectrometer in backscattering geometry. Additionally, Field emission scanning electron
microscopy (FESEM) with model ZEISS SUPRA 35VP was used to investigate grain
microstructure of the sintered samples. Determination on dielectric properties at different
frequencies with an applied voltage of 500 mV was performed using LCR meter and
dielectric test fixture (Agilent 4284A). This measurement was carried out at room temperature
and the frequency range was set from 100 Hz to 1 MHz.

3. Results and Discussion
3.1. Structural analysis
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Fig. 1. XRD patterns of: (a) BIT, (b) BLaT25, (c) BLaT50, (d) BLaT75 and (e) BLaT100
powders.

Fig. 1 shows the XRD patterns of BLaT powders with different La content. For
comparison, the XRD pattern of BIT powder was also included. The entire reflection peaks
were analyzed using PDF 73-2181. As seen, the reflection peaks of BLaT powders agreed
well with the standard file and no other phases were detected during the crystallization of
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BLaT. This indicates that the BIT formation was successfully produced in BLaT regardless of
La content. In addition to that, La*" ion in the BLaT was well dissolved in the perovskite
lattice. In the view of the ionic radius, it is obvious that La** (» = 0.116 nm) can occupy the A-
site of Bi*" (= 0.117 nm), but it cannot enter into the B-site because the ionic radius of Ti*"
is rather small (0.0605 nm). This implies that La occupied Bi sites because the ionic radius of
substituted is similar to that of host element. The doping effect clearly shows the change on
peak intensity and peak width, as shown by the strong peak at 20 = 30°. As seen the intensity
became less intense and the peak width became broader, indicating that the degree of
crystallinity of BIT in substituted samples and their crystallite size decreased, respectively.
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Fig. 2. Peak splitting of (020)/(200) and (317)/(137) reflections with different samples: (a)
BIT, (b) BLaT25, (c) BLaT50, (d) BLaT75 and (e) BLaT100 powders.

Tab. | Refinement analysis of BLaT powders.
Samples BIT BLaT25 BLaT50 BLaT75 BLaT100

Refinement indexes

Space group Fmmm — Fmmm Fmmm Fmmm Fmmm
Rexp, %0 8.10 8.06 8.04 8.20 8.42
Ryp, %0 14.19 15.06 17.01 17.03 16.32
GOF 3.06 3.46 4.49 4.28 3.76

S 1.75 1.86 2.12 2.07 1.94
Lattice parameters

a, A 5.4145  5.4206 5.4227 5.4239 5.4249
b, A 5.4458 5.4384 5.4348 5.4296 5.4286
c, A 32.7847 32.8047  32.8159  32.8245  32.8272
b/a 1.0058  1.0033 1.0022 1.0011 1.0007
g?it cell volume,  966.7 967.1 967.0 966.7 966.6
Density (g/cm’) 8.05 8.05 8.05 8.06 8.09
Crystallite size, 49 36 10 8 3

nm

Fig. 2 shows the peak splitting of (020)/(200) and (317)/(137) reflections in XRD
patterns for the BLaT powders. The reflection of peaks splitting was gradually merged into a
single peak as Lacontent increased above 0.5. This implies an increase in the symmetry of
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crystal structure which is in agreement with the report by previous work [8]. It can be further
confirmed by refinement analysis on the XRD pattern of BLaT.

The lattice parameters of BLaT powders were calculated according to the XRD
patterns using the Rietveld refinement. The refinement results are summarized in Table 1.

The Ry, of BLaT particularly at high La content showed a high value than that of
BIT. The increase in R,, can be explained by the change in peak characteristics i.e. intensity
and width as a result of La doping. The increase S value for BLaT further supported the
changes in the peak characterestic. The lattice parameters of BIT for a, b and ¢ were
calculated to be 5.4145, 5.4458 and 32.7847 A, respectively, showing the formation of
orthorhombic structure in the BIT lattice parameter. By La doping, the b-parameter
approached gradually to the a-parameter with increasing La content. The convergence of the
b-parameter to the a parameter imply to the structural distortion in the BLaT lattice. The
structural distortion can be expressed by ratio of b/a, whereby the calculated ratio was almost
to be 1, indicating that the orthorhombic structure tends to transforms to a tetragonal one with
the increase in La content. The structure transformation can be explained by the increase of
structural relaxation caused by La doping. The crystal structure transformation can be
confirmed by the shrinkage of the unit cell volume as well as increased crystal density (Table
I). Another notable effect is the reduction in crystallite size in substituted powders compared
to that of BIT.
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Fig. 3. Raman spectra of: (a) BIT, (b) BLaT25 and (c) BLaT75 powders.

Fig. 3 shows the Raman spectra of BIT and selected BLaT powders with different La
content; 0.25 and 0.75. Ten Raman modes were detected at 192, 227, 267, 317, 345, 432, 527,
547, 601 and 844 cm™ in the BIT spectrum. In comparisonto the Raman spectrum of BIT, the
number of Raman modes of BLaT was reduced to become three. The peak widths of 227,
317, 432 and 601 cm™ increased with La content, and therefore identifying other modes of
BIT with La doping was not feasible. It was clearly observed that the peak intensity decreased
with increasing La contents from 0.25 to 0.75. It is believed to be associated with strong
interactions between the ionic bonds; corresponding to the smaller ionic radius of La*™ (0.116
nm) compared with Bi*"(0.117 nm). It was reported that the duplet peaks observed in Raman
spectra tend to merge into single mode when the Bi ion is substituted by rare-earth elements.
The result was also supported by other work, whereby they found in the case of Nd and Sm
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doping [9]. In the present work, the duplet peaks at 227/267 and 527/547 cm™ were found to
merged into a single peak at 255 and 523 cm™ for BLaT25 while 254 and 532 cm™ for
BLaT75. The main bands at 267, 527 and 844 cm™', which originated from TiOg4 octahedron,
became weaken and broaden with increasing La content. These changes are most probably
due to relaxations of orthorhombic distortion and octahedral tilting because of the difference
in the ionic radius of Bi’" and La*", which also supported by other researcher [10].

—_
5
=1
el
g g = |E
T g = & g2 2
Q % = ~9 =~ 17}
252 3 ~ FZS= |B
Q< 8F= S aaldTn | £
4 AQ«Q\%‘% g =92 =
o~ N o o — —i oo — N
g egEn| 12| S SEs ~o|8:§lm2g’|2
()5 S A=A s L 3= TR ~
@, R | N N
(OF A i
: : j_rd
s i
< .
(@) . w_JL
L B L B B S B L B B B A |
10 20 30 40 50 60
20 (degree)

Fig. 4. XRD patterns of: (a) BIT, (b) BLaT25, (¢) BLaT50, (d) BLaT75 and (¢) BLaT100
ceramics.

The XRD patterns of BLaT with different La content at 1000 °C are illustrated in Fig.
4. It clearly indicates that the observed patterns are similar to the BIT perovskite structure,
predominantly with (7//7)-axis orientation. The peak intensity and position are obviously
different for BLaT as compared to BIT. As seen in Fig. 5, the intensity for (7/7)-reflection of
substituted samples was reduced and the peak position was shifted to higher angles with
increasing Lacontent. The reduction of peak intensity due to low crystallinity of BLaT. The
shifted in peak position designates the structural distortion, owing to the La doping for Bi ions
in perovskite structure.
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Fig. 5. (117) had shifted to high 26 angle with increasing La content: (a) BIT, (b) BLaT25, (c)
BLaT50, (d) BLaT75 and (e) BLaT100.
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3.2. Microstructural observation

Fig. 6 shows the microstructures of BIT and BLaT ceramics with different La content.
As seen, the morphology of BLaT25 (Fig. 6 (b)) is similar to BIT (Fig. 6 (a)),that consists of
plate-like grains. However, the grain size remarkable decreases as compared to BIT.

Fig. 6. Microstructure of (a) BIT, (b) BLaT25, (c) BLaT100 ceramics.

As discussed previously, BIT composed of plate-like grains with larger grain size in
the range of 4 — 8 um in length and 1.5 — 2 pm in width, which is about four times larger than
BLaT100 (Fig. 6 (c)). It is also worth to note that high content of La (BLaT100) leads to
formation of uniform grain size with better relative density (91 %). The reduced grain size in
the range of 1.5 — 1.7 um in length and 0.25 — 0.35 pum in width. This observation could be
attributed to a greater suppresion of the Bi*" volatility by doping of low diffusivity of La*",
which eventually inhibits the grain growth.

3.3. Electrical properties

Fig. 7 shows the dielectric constant (&) of BIT and BLaT ceramicsmeasured from 100
Hz to 1 MHz at room temperature. It shows that & of substituted samples decreased with
increasing frequency particularly from 100 Hz to 50 kHz and subsequently remains constant.
Besides that, there is a significant improvement in ¢, with incorporation of La into BIT. The
improved ¢, in substituted samples is clearly shown in the inset Fig. 7. The results can be
explained by several factors. As shown in refinement data in Table I, the lattice parameters
and cell volume in substituted samples changed due to the difference in the ionic radius
within La’* and Bi**. The increase in the lattice parameters result in large octahedral volume
and hence increase in ¢,. Besides that, the increase in ¢, of BLaT samples can be ascribed to
the improved microstructures. The controlled microstructure with small grain size eventually
contributed to the formation of the 90° domains orientation, thus resulting in better &, of
ceramics.
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Fig. 7. Dielectric constant, & of: (a) BIT, (b) BLaT25, (¢) BLaT50, (d) BLaT75 and (e)
BLaT100 measured at different frequencies. Inset showing the dielectric constant at 1 MHz.

Fig. 8 shows the dielectric loss (tan J) of BIT and BLaT ceramics with different La
content as a function of frequency. As seen, the dielectric loss is dependent on frequency and
La content. The dielectric loss was significantly decreased with increasing frequency for the
entire samples. The loss in ceramics is caused by space charge and domain wall relaxation, as
reported by [11-12].
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Fig. 8. Dielectric loss, tan ¢ of BIT and BLaT ceramics as a function of frequency.

Atomic, ionic and space charge polarization are the main contributors to dielectric
loss in ceramics. Response frequencies for atomic and ionic polarization are 10" and 10" Hz,
respectively. Space charge polarization has a response frequency of 100 Hz as stated by [13].
At high frequency, space charge polarization does not exist and hence tan 0 decreases with
increasing frequency. The presence of oxygen vacancies which acts as space charge, could
also contribute to the electronic polarization which can be related to tand. As seen by inset in
Fig. 8, La doping effectively reduces the concentration of oxygen in BLaT samples. This also
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imply to low tand in substituted samples. Again, the improvement of tand dispersion of
substituted samples as a function of frequency and La content is due to fewer defects in
perovskite structure such as oxygen vacancies and bismuth vacancies.

4. Conclusion

The formation of single phase BIT in BLaT regardless of La content was successfully
produced after synthesis and sintering. Their structural analyses with La doping were
systematically studied by XRD, Refinement and Raman, where by the change of peak
characteristics were clearly observed in La doping. On the microstructural analysis, the
uniform grain size with better relative density was obtained at high La content. As a result, the
improved electrical properties were then achieved with La doping samples.
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Cadpacaj: Y osom pady, ouzmym mumanam ca paziudumum caopoicajem La je ycnewno
npunpemmen  YRompebom — HUCKO-MeMHepamypcKe CuHmese cazopesarem U HOmoM
cunmeposarwem na 1000 °C moxom 3 cama. Cmpykmypha, MUKpOCMPYKMYPHA U eeKMPUIHA
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ceojcmea cy cuHcmemamuuno npoydasana. Haheno je oa opmopombuuna cmpyxkmypa meodwcu
mpaucopmayuju y mempaconainy ca nogeharem caopocaja naumana. Osa npomena
Hacmaje ycied penaxkcayuje OpmopomOuyHe CMpYKmype U Kpuembera oKkmaeoapa ycieo
pasiuke y joHCKUM paoujycuma Bi*" u La’". Veneo noseharsa caopacaja nanmand, 3HAYaAjHO
je cmamena eenuyuna 3pHa pe3yamyjyhu yHuGopmHOj eeruuunu 3pHa u 6ehoj peramuseHoj
eycmuny. Hcmo maxo, enexmpuuna c80jcmeéa cy 3HAYAJHO NOOOWAHA €A 000aAMKOM
Jnawmana, ay nopehery ca yucmum HeOONUPAHUM Y30PYUMA.

Kuyune peuu: 6uzmym mumanam, 1aumaw, CMPYKMypd, MUKPOCMPYKMYpda, eleKmpuiHd
ceojcmea.
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