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Abstract. Nanocrystalline Barium niobate (BaNbO3) has been synthesized by a novel auto-igniting
combustion technique. The X-Ray diffraction studies reveals that BaNbO3 posses a cubic structure with
lattice constant a = 4.071 A. Phase purity and structure of the nano powder are further examined using
Fourier-Transform Infrared and Raman spectroscopy. The average particle size of the as prepared nano
particles from the Transmission Electron Microscopy is 20 nm. The UV-Vis absorption spectra of the
samples are recorded and the calculated average optical band gap is 3.74eV. The sample is sintered at an
optimized temperature of 1425°C for 2h and attained nearly 98% of the theoretical density. The morphology
of the sintered pellet is studied with Scanning Electron Microscopy. The dielectric constant and loss factor of
a well-sintered BaNbO; at 5MHz sample is found to be 32.92 and 8.09 x 10™ respectively, at room
temperature. The temperature coefficient of dielectric constant was—179pp/°C. The high dielectric constant,
low loss and negative temperature coefficient of dielectric constant makes it a potential candidate for
temperature sensitive dielectric applications.
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1. Introduction

Niobium based compounds are widely studied by the research community owing to their
exceptional optical, electrical, magnetic, dielectric and catalytic properties (Isabella et al. 2009,
Molina et al. 2009, Ensi et al. 2012, Han et al. 2012,Koduri et al. 2012). The interesting physical
properties exhibited by the compounds strongly depend on their simple crystalline structure with a
large variety of lower symmetry and non stoichiometric oxygen content. Barium niobate belongs
to this family of the perovskite structure. The perovskite BaNbO; has a high stability and
anticorrosion ability. It has been widely used in multilayer ceramic capacitors, chemical sensors,
humidity sensors, non volatile memories (Ghosh et al. 2007, Venigalla et al. 1999, Zhang et al.
2009). There are reports that BaNbO;, system with perovskite cubic structure having large oxygen
nonstoichiometry exhibit superconductivity although stoichiometric BaNbOj; is metallic (Strukova
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et al. 1997, Gasparov et al. 2001).

In microelectronics, they are used as dielectrics, non-linear optical detection devices, in
non-volatile ferroelectrics memory (FERAM), substrates for superconducting materials, as sensors
and actuators (Vanderbilt et al. 1997, Chen et al. 2002, Tinte et al. 2003, lles 2007, Tamiko et al.
2012, Xuming et al. 2012, Donglin et al. 2013).

Various techniques have been reported for the synthesis of niobium based compounds with
different stoichiometry such as hydrothermal method for barium niobate ultra-fine powders and
nanowires (Wu et al. 2008), piezoelectric ceramics of NaNbO; and KNbO; by two-step sintering
process (Xuming et al. 2012), a molten-salt synthesis route for barium iron niobate (Nattaya et al.
2012) and a solid-state route from a core-shell structured precursor for the size controlled
synthesis of KNbO; (Tamiko et al. 2012).In particular, preparation techniques reported for
BaNbO; are quick burning solid-state reaction (Strukova et al. 1997), pulsed laser ablation
(Gasparov et al. 2001), ball milling (Chen et al. 2006), calcining at high temperature (Casais et al.
1995) and composite hydroxide-mediated method (Zhang et al. 2009).

However, most of these methods involve high temperature annealing with intermediate
grindings in order to obtain an appreciable phase purity which yields large coarse-grained micron
sized powders

Single phase barium niobate is very difficult to obtain. In the present work we had synthesized
Barium niobate using a modified combustion technique after much optimization of initial
conditions. The advantage of this method is that it gives phase pure nano Barium niobate without
prolonged heating at high temperatures. The short component diffusion distance at high degree of
mixing resulted in lowering of sintering temperature than the studies reported earlier. Among the
various techniques for the preparation of nano materials, modified solution combustion route is
regarded as one of effective and economic approaches owing to its convenient processing, simple
experimental setup, time saving and homogeneity of products (Wariar et al. 2012, Vidya et al.
2012, Nair et al. 2013, Mathai et al. 2013).

2. Experimental

In a typical modified combustion synthesis, aqueous solution containing ions of Ba and Nb are
prepared by dissolving stoichiometric amount of high purity Ba(NOs), (99%, CDH, India) in
double distilled water and NbCls (99%, Alfa Aeser) in hot oxalic acid. Citric acid was added as a
complexing agent maintaining the citric acid to the cation ratio at unity. Amount of citric acid was
calculated based on total valence of the oxidizing and the reducing agents for maximum release of
energy during combustion (Patil et al. 2001). Appropriate amount of Urea which acts as fuel was
added to the precursor solution. Oxidant/fuel ratio of the system was adjusted by adding conc.
nitric acid. The precursor solution is acidic in nature. The solution containing the precursor
mixture was heated using a hot plate at ~250°C in a ventilated fume hood. The solution boils on
heating and undergoes dehydration accompanied by foam. The foam get ignites by itself on
persistent heating giving voluminous and fluffy product of combustion. The obtained powder is
annealed at oxygen atmosphere at 600°C in order to eliminate trace amount of organic impurity
that may remain in sample and the obtained pure white powder which is characterized as single
phase nanocrystals of Barium niobate ceramic.

In the preparation of samples by combustion process, the earlier workers have used poly vinyl
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alcohol and urea as the complexing agent and fuel respectively. In such case high temperature
annealing of the as-prepared powder was required to get a phase pure powder (Patil et al. 2001,
Saha and Pramanik 1997). But in the present modified combustion method, citric acid was used as
the complexing agent instead of poly vinyl alcohol. By this change of complexing agent it is
possible to obtain single phase nanoparticles in a single step combustion process without the usual
calcinations for prolonged duration at high temperature. The main advantage of this method is that
the as prepared powder itself shows phase formation and the particle size is as low as 20 nm.

Structure of the as-prepared powder was examined by powder X-ray diffraction (XRD)
technique using a Bruker D-8 X-ray Diffractometer with Nickel filtered Cu K, radiation. The
Infrared (IR) spectra of the samples were recorded in the range 400-4000 cm™ on a
Thermo-Nicolet Avatar 370 Fourier Transform Infrared (FTIR) Spectrometer using KBr pellet
method. The Fourier transform—Raman spectrum of the nanocrystalline BaNbO; was carried out at
room temperature in the wave number range 50-1200 cm™ using Bruker RFS/100S Spectrometer
at a power level of 150mW and at a resolution of 4 cm™. The samples were excited with an
Nd:YAG laser lasing at 1064 nm and the scattered radiations were detected using Ge detector.
Particulate properties of the combustion product were examined using transmission electron
microscopy (TEM, Model-Hitachi H-600 Japan) operating at 200 kV. The samples for
Transmission Electron Microscope (TEM) were prepared by ultrasonically dispersing the powder
in methanol and allowing a drop of this to dry on a carbon-coated copper grid. The
photoluminescence spectra of the samples were measured using Flurolog®-3 Spectroflurometer.
The photons from the source were filtered by an excitation spectrometer. The monochromatic
radiation was then allowed to fall on the disc samples and the resulting radiation was filtered by an
emission spectrometer and then fed to a photomultiplier detector. The variation of intensity was
recorded as a function of wavelength. The absorption spectra were also measured using a Jasco
U.V-Visible spectrophotometer.

To study the sinterability of the nanoparticles obtained by the present combustion method, the
BaNbO; nano particles were mixed with 5% polyvinyl alcohol and pressed in the form of
cylindrical pellet of 12 mm diameter and ~ 1.75 mm thickness at a pressure of about 350 MPa
using a hydraulic press. The pellet was then sintered at 1425°C for 2h. The sintered density was
determined using Archimedes method. The surface morphology of the sintered sample was
examined using scanning electron microscopy (SEM) (Model—Hitachi S 2400 Japan). For low
frequency dielectric studies the pellets were made in the form of a disc capacitor with the
specimen as the dielectric medium. Both flat surfaces of the sintered pellet were polished and then
electroded by applying silver paste. The capacitance of the sample was measured using an LCR
meter (Hioki-3532-50) for the frequency range 100 Hz - 1IMHz.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of as prepared Barium niobate nanopowder. The obtained
pattern is found to be matching with BaNbO; composition reported in the JCPDS file No. 87-0248.
All the peaks are indexed for cubic structure having the calculated lattice constant as 4.071A,
which indicate that the formation of BaNbO; phase was complete during the combustion process
itself without the need for a calcinations step. The crystalline size calculated from full width half
maximum (FWHM) using the Scherer formula for the major (011) reflection is found to be ~25 nm.

In the XRD pattern of as prepared sample very small intense peaks can also be seen. These
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Fig. 1 XRD patterns of (a) as-prepared BaNbO; (b) BaNbOsannealed at 600°C and (c)
BaNbO; heated at 1200°C
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Fig. 2 Raman spectrum of the BaNbO; nano powder annealed at 600°C
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Fig. 3 FT-IR spectrum of the BaNbO; samples annealed at 600°C
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reflections are likely due to traces of organic impurities present in the sample as the combustion
process takes place in very short duration of time these impurities may remain in the as-prepared
sample. To expel this trace amount of impurity the sample was annealed in the range 600°C for
30min. The XRD patterns of a sample heated at 600°C are shown in Fig. 1(b). It is clear from
these XRD no peaks other than cubic BaNbO; are present. The single phase Barium niobate
ceramic is obtained after annealing the as prepared powder at a temperature of 600°C for 30
minutes even though the phase formation was complete during the combustion process itself. The
particle size of the sample was increased to 38 nm on annealing at 600°C.

With the intention of finding out any chances of phase transition, the sample was heated at
1200°C for 1hour and XRD of the annealed sample is given as Fig. 1(c). There was no phase
transition on heat treatment as there are no appearances or vanishing of peaks. To investigate more
on the structural details FT-IR and Raman spectra of the samples were also recorded.

The Raman and FT-IR spectra of the sample annealed at 600°C are given in Figs. 2 and 3
respectively. The observed Raman and IR bands, their relative intensities and the band assignments
are shown in Table 1. The nanocrystalline BaNbOgs has cubic structure with space group Pm3m
(Op), with one molecule in the unit cell. The theoretically predicted vibrational modes of BaNbO;
at k=0 are given by gives the irreducible representation (Ross 1972, Fateley et al. 1972)

I'=3Fy, (IR) + Fy, (silent)

The compound has no Raman active modes and hence does not give a first order Raman
spectrum. However, the recorded Raman spectrum shows certain well defined bands. The observed
Raman bands can be assigned on the basis of the vibrations of NbOg octahedron, in the distorted
perovskite structure. The six fundamental vibrations of the NbOg octahedron with O, symmetry are
the symmetrical stretching mode v;A;4, asymmetric stretching modes v,E4 and vsFy,, asymmetric
bending mode v,F1,, symmetric bending mode vsF,g and the inactive mode veF,.

The three Raman active modes v,A;q, v,E, and vsF,, are observed at 682,561 and 125 cm™,
respectively. The v,A;q mode is observed as a weak band. The E; mode is broadened and shows a
doublet structure with the other component at 554 cm™. The interference of lattice modes along
with vsF,, mode makes the band at 125 cm™ is very strong.

The IR active vsF;, mode appears as a very strong absorption band at 652 cm™ in the absorption
spectrum. The medium intense band at 432 cm™ in the IR spectrum is due to v4Fy, Symmetric
bending mode of vibration. Both these IR active modes have become active in Raman spectrum
and are observed as triplet or doublet bands in the range 647-597 cm™ and 496-470 cm™,
respectively. The silent vgF,, mode is also observed in Raman spectrum at 295 cm™.

Table 1 Raman and IR spectral data of BaNbO; and their band assignment

Raman IR Band assignments
(cm™) (cm™) g
682 vw V1A
647 m, 604 sh, 597 m, 652 vs,771 sh VaFy,

561 5,554 sh VoE,

496 w,470 w 432 m Va1
295w VeFau
125 vs VsF,q + Lattice mode

Relative intensities: v-very, s-strong, m-medium, w-weak, sh-shoulder
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TEM images of the BaNbO; samples prepared via solution combustion processes annealed at
600°C are given in Figs. 4 and 5. TEM image of the as prepared sample shows a spherical
morphology with a narrow size of nearly 20 nm. As the temperature increased, the morphology of
the powders became facetted approximating to a cuboidal structure with an average particle size of
35 nm. Inset of Fig. 4 shows the selected area electron diffraction (SAED) pattern recorded at an
accelerating voltage of 200 kV, which corresponds to an electron wavelength of 2.508 pm and at a
camera length of 1.23 m. The BaNbO; nanocrystals exhibit sparser rings in the electron diffraction
pattern. This is indicative of the polycrystalline nature of the crystallites, but the spotty nature of
the SAED pattern can be due to the fact that the finer crystallites having related orientations are
agglomerated together resulting in a limited set of orientations.

The UV absorption spectra spectrum of the BaNbO; nanoparticles were measured in the range
200-800 nm is shown in the Fig. 6. The absorption spectrum of BaNbO; exhibits typical optical
behavior of a wide-band gap semiconducting oxide. The absorption spectra include one sharp peak

Fig. 4 TEM image of as prepared nano BaNbO; samples

Fig. 5 TEM image of nano BaNbO3 samples heated at 600°C
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Fig. 7. Reflectance spectra of BaNbO3 nano particles

at 259 nm. This indicates that samples absorbs heavily in UV region and moderately in the visible
region. The optical absorption in the shorter wavelength region is mainly attributed to the electron
transition from the top of the valence band to the bottom of the conduction band (Cahen et al.
2000). There is a blue shift in wave length with respect to the early reported value (Zhang 2009)
which can be attributed to particle size effect. Usually a blue shift in band gap is expected as
particle size reduces because of broadening of the energy levels (Yu et al. 2002, Gudiksen et al.
2002). This shows that the nano nature of the sample persist even though it was annealed at 600°C
for 30minutes. The band gap energy could be determined by extrapolating the wavelength of the
onset absorption in UV region as illustrated in the Fig. 6 and solving the relation E = hc/A.The
corresponding band-gap for the wavelength 340nm is 3.64eV.

The reflectance spectra of nano BaNbO; is shown in Fig. 7 which indicate maximum reflection
in the visible region which decreases towards the UV region where absorption becomes prominent.
Such materials found application as UV filters and sensors.
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In semiconductors the absorption coefficient near the fundamental edge depends on photo
energy. This absorption dependence on photon energy is expressed by the Tauc’s equation (Tauc
1974). According to this equation, the optical band gap energy is related with absorbance and
photon energy by the following equation:

(ahv) = By — Ey)"

where S is an energy independent constant, o is the optical absorption coefficient, h is the
Planck constant, v is the frequency of incident photon, Eg is the optical band gap and m is a
constant which characterize the nature of band transition. m=1/2 and 3/2 corresponds to direct
allowed and direct forbidden transitions, and m=2 and 3corresponds to indirect allowed and
indirect forbidden transitions, respectively. The optical band gap can be obtained from the
extrapolation of the straight-line portion of the (a#v) *™ vs hv plot to Av = 0. Fig. 8 shows the
Tauc’s plot of the BaNbO; nanopowder. Thus determined band gap of BaNbOj is 3.74eV which is
approximately equal to what we got from the absorption spectra itself. This result shows that nano
BaNbO; is wide band gap semiconductor.

The photo luminescent activity of the sample is investigated by recording the PL emission
spectra of sample annealed at 600°C. The photoluminescence spectra obtained at the excitation
wavelength 370 nm of the sample is given in Fig. 9. The sample showed good luminescent
property in the visible region. It is reported that in the niobium atoms have a d° configuration have
the d band is empty as all of the d electrons were transferred to the O 2p-band (Kurmaev et al.
2002). Thus the emission at 484 nm could be assigned to the recombination of photo excited
electrons and holes in the 4d conduction band of Nb and 2p valance band of O. The green emission
band at 550 nm is ascribed to structure defects such as distorted NbOg octahedral groups (De
Araujo et al. 1998, Fragoso et al. 2005). The degeneracy and splitting of bands in Raman studies
also confirms the distortion of NbOg octahedron which is also clear from the PL spectral
investigations.

The sintering behavior of the nanocrystals of BaNbO; powders synthesized through the present
combustion route was studied. The BaNbO; nanopowder was compressed as cylindrical discs of
diameter 12 mm and thickness 5 mm. The relative green density of the specimen used for the
sintering study was 55%. The sample was sintered at 1425°C for 2 hours at a rate of 5°C/minute.
The density of the sintered sample calculated by Archimedes’ method is 98%.The high sintered
density for BaNbO; pellets derived from nano powder synthesized through the present method
may be attributed to enhanced kinetics due to the small degree of agglomeration and ultra fine
nature of the powder.

Surface morphology of the sintered sample is analyzed using SEM micrograph shown in Fig.
10. It is evident from the SEM that the sample achieved high densification with little porosity.
From the SEM pattern long rectangular sheet like patterns can be seen with their size in the
micrometer range. Thus heat treatment resulted in grain growth up to several micrometers. The
EDAX pattern of the sintered sample is given in Fig. 11. The EDS analysis shows that all the
elements such as barium, niobium and oxygen are present in the sample in the same stoichiometric
concentrations and no other impure matter is present.

Dielectric properties such as & and tané of the BaNbOswas studied in the frequency range 100
Hz to 5 MHz at room temperature. The dielectric constant &, and loss factor tand values of the
pellets sintered from the nanopowder, synthesized through the above combustion process were
studied in the frequency range 100 Hz to 5 MHz at room temperature with silver electrodes on
both sides of the circular disc. Fig. 12 shows variation of ¢, and tand at room temperature with the
frequency. The dielectric constant ¢, and loss factor tand values of the BaNbO; pellets at 5SMHz
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Fig. 10 SEM micrograph of BaNbO;
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were 32.92 and 8.0905 x 10 respectively. The values of dielectric constant and very low loss
factor indicate the suitability of the sample as a candidate for electronic and dielectric applications.

The variation of &, and tand with temperature ranging fronm 30-250°C is shown in the Fig. 13.
It is clear from the graph that the temperature dependence of dielectric constant is very minimal in
the measured range. The loss factor decreases with increase of temperature and is of order 10-4 at
temperature above 100°C .The dielectric constant e loss factor tan of the BaNbO; pellets at 5SMHz
at 250°C are 31.68 and 2.90 x 10™ respectively.

The temperature coefficient of dielectric constant (T) is determined using the equation given

below between temperature 250°C and 30°C at 5SMHz

Tex= [{Keso-K30)/220/Kzo} x 10°] ppm/°C

where K30 and K250 are dielectric constants at 30°C and 250°C respectively, and 220 is the
temperature difference. The obtained T is -179 ppm/°C which are negative. Thus nano BaNbO;
posses relatively low temperature coefficient of dielectric constant which makes it suitable for
temperature dependent dielectric applications.

4. Conclusions

Nanocrystalline semiconducting BaNbO; was synthesized through a modified combustion
process. The X-ray diffraction studies shows that the nanopowder was single phase, crystalline,
has BaNbQO;gs composition with cubic structure having a lattice constant a = 4.07 1A. TEM and
SAED pattern confirms the nanocrystalline nature of the sample. The average particle size of as
prepared powder calculated from TEM is 20 nm. FTIR and FT-Raman studies showed that
samples posses a distorted cubic perovskite structure. The average of optical band gap determined
from the UV-Vis spectrum is 3.74eV. These nanocrystals could be sintered at a relatively low
temperature of 1425°C to a high density. The SEM image of the sintered material indicates high
densification of the material. The room temperature dielectric constant (&) and loss factor (tano) of
the sintered pellet at 5 MHz was ~32.92 and 8.0905 x10™, respectively indicates the material is
suitable for electronic applications. The temperature coefficient of dielectric constant is
-179ppm/°C.
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