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Abstract

Polycrystalline, lead free (KpsNags)NbO3; and (KosNa0.5)g.49Lio.02NbO3 ceramics
were synthesized using solid-state reaction method. X-ray diffraction studies confirmed the
formation of mono-phasic ceramics. During dielectric studies some anomalies were observed
around temperatures 155 °C and 439 °C for (KosNa0.5)0.49Li0.02NbO3;. Complex impedance
spectroscopy (CIS) technique was used to investigate the bulk (grain interior) and grain
boundary contributions to the impedance as a function of temperature and frequency. CIS
studies revealed that the electrical relaxation process was temperature dependent and non-
Debye type. AC conductivity studies revealed that conductivity was mainly due to the ionized

oxygen vacancies in (Ko sNa0.5)o.49Li0.02NbO3 ceramics.
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1. Introduction

In the modern sensor based society, functional ceramics plays a vital role. Their
applications include piezoelectric fuel injection, piezoelectric motors, piezoelectric printing
machines, piezoelectrically controlled thread guides, micro positioning systems, piezoelectric
sensors among many others. Most successful piezoelectrics, from the application point of
view, belongs to the solid solution of PbZr,Ti;.xO; (PZT) system [1]. The high
electromechanical properties in PZT were found close to the morphotrophic phase boundary
(MPB) with a composition of about x = 0.5. The major drawback of PZT is the high contents
of lead (60 wt %), which is toxic in nature and harmful for humans and environment. With
the current most restrict environment directives; there is a strong need to the search for lead
free alternatives to replace PZT.

Ko.sNosNbO3; (KNN) is currently being considered one of the most promising lead free
composition to replace PZT. KNN is a ferroelectric perovskite with a relatively high Curie
point (T¢) of ~ 420 °C [2]. KNbO3; and NaNbO3 form a solid solution of K;.xNaxNbO3; (KNN)
over the entire range of 0 < x < 1. So far, maximum of the properties were reported for the
composition with x = 0.5 [3]. KosNosNbO3; (KNN) presents two phase changes during
cooling/heating: one at about 415 °C, from cubic (C) to ferroelectric tetragonal (T) and
another one at 210 °C, from T to ferroelectric orthorhombic (O) / monoclinic (M) phase [3-7].
In 2004, Saito et al. [8] reported that, that KNN properties can be improved by multiple
doping of Li'*, Ta>* and Sb®). Later, following the work of Saito et al., many researchers
reported the significant improved room temperature electromechanical properties due to Li'*,
Ta>* , and/or Sb>* substitutions [9-15].

In polycrystalline ceramics, defects and inhomogeneities such as grain boundaries
(intrinsic defects), point defects etc. are inevitable. Major defects associated with KNN,
which can influence its conductivity are oxygen vacancies, alkaline vacancies and space
charges. These defects can interact with domain walls, which may strongly affect the
electrical properties of these ceramics [16, 17]. Indeed, understanding the nature of these
defects and charge transport is fundamental to control the electrical performance of KNN
ceramics.

Complex impedance spectroscopy (CIS) is a powerful non-destructive method, widely
used to characterize electrical materials [18, 19]. IS is a very useful technique to analyze the
electrical response of materials, and to separate bulk, grain boundary and electrode / ceramic
interface contributions from the overall electrical response. Furthermore, it can be used to
identify conduction mechanisms and even to characterize ferroelectric phase transitions [20-
22].

The display of impedance data in the complex plane plot appears in the form of a
succession of semicircles due to relaxation phenomena with different time constants of grain
(bulk), grain boundary, and interface/polarization in a polycrystalline material. On this basis,
it is easy to separate the contribution of various components in the material from overall
electrical properties.

In the present work, a detailed and comparative investigation of the conduction
behaviour, impedance, electric modulus and transport properties of polycrystalline KNN and
Li doped KNN ceramics were studied. Li is selected to substitute for the A-site. To the best
of our knowledge, detailed impedance spectroscopy studies in Li-doped KNN bulk ceramics
is still rare. Hence, the associated activation energies for conduction is carried out to reveal
the nature of defects. The insights gained with this analysis might allow designing KNN
based materials with optimized performance for selective uses.
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2. Experimental

High purity chemical reagents of K,CO3; (Merck, =99%), Na,CO3; (Chempur, =

99.5%), Nb,Os (Chempur, 99.9%), and Li,CO, (Merck, 99%) were used as starting reagents
to prepare undoped KosNagsNbOs. (KNN) and Li doped KNN; (KosNags)o.osLio ooNbOs.
(KNNL). Sample powders were first synthesized by a conventional solid-state reaction. The
starting reagents in the proper stoichiometric ratio were mixed by ball-milling in teflon pots
with ethanol as a solvent for 5 h using zirconia balls. Before weighing and mixing, reagents
were dried at 230 °C for 5 h. Then the mixture was calcined at 800 °C for 2 h to obtain the
perovskite phase. After calcination, powders were milled again for 5 h and dried. Then
ceramics were pressed by uniaxial pressure at 170 MPa followed by a cold isostatic pressing
at 200 MPa. Sintering was carried out at 1100 °C for 2 h.
The crystalline phases were evaluated by X-ray diffraction (XRD, Rigaku, D/Max-B, Cu-K,
radiation) at room temperature in 20° to 60°, 26 range with a step length of 0.02°. Prior to
electrical measurements, the pellets were coated with silver paint on either side and fired at
550 “C for an hour. The dielectric and impedance studies were performed using HP4184A
impedance analyzer.

3. Results and Discussion

Figure 1 presents the XRD patterns of undoped KNN and Li doped KNN ceramics
sintered at 1100 °C for 2 h. Undoped KNN and Li doped ceramics showed mono-phasic
perovskite structure having orthorhombic symmetry with slight monoclinic distortion and no
additional second phases have been detected within the resolution limit of the equipment. The
lattice parameters of undoped KNN ceramic with a=3.999 A, b = 3.948 A, ¢ =3.998 A, and
B=90.21° match closely to the values already reported in the literature [6, 23]. Whereas, with
the addition of Li, lattice parameters of a=4.002 A, b =3.946 A, ¢ =3.982 A, and p= 90.44°
were obtained for monoclinic (Pm space group) similar to the previously reported values of
Li doped KNN ceramics [7, 24].
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Figure 1: XRD patterns of undoped KNN and Li doped KNN ceramics.

Temperature dependence of the dielectric permittivity and tangent loss (dielectric loss) of
the samples were measured at 10 kHz , Figure 2. It wass found that the value of the dielectric
constant was not significantly affected by Li substitution at the A-site. Two anomalies
(peaks) were observed around 200 °C and 400 °C in both cases. Two peaks in the dielectric
permittivity can be correlated to the phase transition from cubic to tetragonal (C — T ; Tc¢)
and tetragonal to monoclinic (T — M) upon cooling. The To.r phase transition temperature
for KNN was found to be 213 °C, while 7, was measured as 417 °C, which are very close to
the reported values in the literature values [25, 26]. T¢ increased to 439 °C and 7.7 decreased
for KNNL 155 °C which are close to the values reported in the literature [27]. In both cases,
at higher temperatures, a strong increase of the dielectric constant was observed which could
be related to thermally-induced enhancement of the hopping conduction and/or dipole
orientation thereby enhancing the dielectric permittivity. Furthermore, both ceramics showed
low dielectric losses and values remained low upto 300 °C and increase was observed
afterwards, which might be related to movement of oxygen vacancies.
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Figure 2: (a) Dielectric permittivity and (b) dielectric loss variation as a function of
temperatures of the KNN and KNNL ceramics.

Complex impedance spectroscopy is a well known technique to describe the electrical
properties of polycrystalline electroceramics. Grain and grain boundary contributions to the
electrical properties of dielectric materials like conductivity, dielectric constant etc. are better
analysed using this technique. The variation of real part of impedance (Z') with
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frequency at various temperatures (from 310 to 470 °C) for KNNL ceramics is shown in
Figure 3a. Increase in ac conduction (c,c) in the sample was observed due to the decrease in
the magnitude of Z' with rise in temperature. This increase in ac conduction with temperature
may be due to the contribution of defects like oxygen vacancies. Generally, the contribution
due to oxygen vacancies is more prominent in perovskite structures at elevated temperatures.
Higher value of Z' at lower frequency at all temperatures and merging of Z' at higher
frequency ( > 10 kHz) for all temperatures, is an indication of the presence of space charge
polarization [28, 29]. At higher temperature the impedance seems to be independent of
frequency and temperature as pointed out by the merging of Z' at higher frequencies.

The variation of imaginary part of impedance (Z”) with frequency for KNNL at
different temperature is shown in Figure 3b. Z” value increases initially, attain a peak (Z" max)
and then decreases with frequency at all measured temperatures. Furthermore, Z"max peaks
shifts and broadening was observed at higher frequencies with increasing temperature. The
appearance of temperature dependent peaks (Z"max) at a characteristic frequency
(omax=2rfmax) indicates the presence of relaxation process, which is temperature dependent
[30]. These relaxation processes may be due to the presence of immobile species at low
temperature and defects which became mobile at high temperature. Z” versus frequency
curves were found to merge at a specific frequency in the higher frequency region, which
might be due to the reduction in space charge polarization at higher frequency.

Figure 3c shows complex impedance spectrum (Nyquist plot, a plot between the
real (Z") and imaginary (Z") of complex impedance Z*) of KNNL ceramic. The impedance
data from room temperature up to about 310 °C is not illustrated in the figure as they just
showed a straight line with large slope signifying the high insulating behaviour. However, as
the temperature increased the slope decreased and found to curve towards the major (Z’) axis
forming clear semicircular arcs. The radius of curvature was found to decrease with
increasing temperature, which indicates the increase in conductivity of the sample with
temperature. Generally, existence of a single semicircular arc represents only one
contribution e.g. grain interior (bulk) property of the material. However, in the present case,
the spectrum comprises of suppressed semicircular arcs indicating two different contributions
from the grain interior (bulk) and grain boundary. The observed semicircular arcs have their
centers lying off the real (Z') axis which is an indicative of non-Debye type relaxation with a
distribution of relaxation times instead of a single relaxation process. In general, the
relaxation time for grain boundary region is much larger than that for the grains and,
therefore, its response relaxes at lower frequencies. Thus, the low frequency arc in the
Nyquist plot corresponds to the grain boundary effects and the smaller high frequency arc to
the grain/bulk effect of the material. The resistance value for the grain (Ry) at a given
temperature is equal to the intercept of the corresponding semicircle with the x-axis. The
capacitance (Cgy) related to a grain can be calculated using Ry and the frequency of maxima
(fmax) Of the semicircle from the equation [18]

ot = 2nfmaxRC = 1
The fitted values of Ry, Cg, Rgh, Cyp for the sample at various temperatures are enlisted in
Table 1. Fitting was done by using an equivalent electric circuit consisting of two resistances
in series and capacitance in parallel by using Z-view software (Ver. 3.2c, Scribner
Associates, Inc) and values of resistance and capacitance for the bulk and grain boundary
were calculated. Fitting the data showed a good agreement with the experimental data. In all
cases, it was observed that Rgy, 1s higher than Ry,
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Figure 3: (a, b) Real and imaginary part of impedance variation with frequency and (c)
Nyquist plots between imaginary and real part of impedance at different
temperatures for KNNL sample.

Table 1. Resistance and capacitance of bulk and grain boundaries of KNNL ceramics after

fitting.

T Ry Co Reb Cep

°C Ohm F Ohm F
310 326330 2.65E-10 959490 7.68E-10
325 266630 2.69E-10 772770 7.77E-10
350 154310 2.93E-10 422000 9.43E-10
375 27658 4.39E-10 159260 8.96E-10
400 1504 4.84E-10 7192 1.18E-09
425 475.4 5.09E-10 739.6 2.62E-09
450 218.5 1.97E-09 427.7 6.30E-09
470 174.3 1.45E-09 223.7 7.70E-09

Complex modulus formalism is an alternative approach to analyze the electrical
response of the materials. The modulus formalism sometimes is more useful to distinguish
the grain / grain boundary effect as compared to the complex impedance plots [31]. The
electric modulus (M) is expressed as:

M =M +jM = jx2nf CoZ = jx21f Co(Z" +jZ°)
where C, = ¢,A/d is the geometrical capacitance, A is the electrode area and d is the distance
between the electrodes. Hence, the impedance data have been re-plotted in the modulus
formalism as shown in Figure 4 at the same temperatures as has been shown for the complex
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impedance plots. Figure 4a shows two semicircular arcs in the complex modulus plots with a
small semicircle at high frequency and a large semi-circular arc in the low frequency region
at all the temperatures. The modulus spectrum shows a marked change in the shape with rise
in temperature suggesting a probable change in the capacitance value as a function of
temperature. Figure 4b shows the complex impedance plot along with the fitting as per the
equivalent circuit as explained in the previous section. Two contributions are more obvious in
the modulus formalism.

Figure 4c shows the variation of real part of electric modulus with frequency at
higher temperatures between 310 °C to 470 °C for KNNL ceramics. It is characterized by a
low value of M’ in the low frequency region followed by a continuous dispersion with
increase in frequency. It was found that M’ values saturated to a maximum in the high
frequency region for all temperatures as shown in Figure 4c. This may be contributed to the
short range mobility of charge carriers in the studied temperature range.

Figure 4d shows the plot of imaginary part of dielectric modulus at different
temperatures for KNNL ceramics. The peak was found to shift towards higher frequency side
with increasing temperature. Physically, the peak in the imaginary part of the electric
modulus defines the regions where the carrier can move at long distances (left to the peak) or
confinement (right to the peak). Also, a peak in the M” imaginary part indicates a dielectric
relaxation process in the solid, and the frequency to the maximum indicates the mean
relaxation time of this process. As can be seen, the imaginary part of the electric modulus
pvhihite 3 very well defined peak.
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Figure 4. Graphs, (a) between real and imaginary part of modulus, (b) along with the fitting
done by Z-view at 450 °C, (c) variation of the real and (d) imaginary parts of
modulus as a function of frequency at different temperatures for KNNL sample,
respectively.

Figure 5 shows the variation of ac conductivity (c.c) with temperature (310 - 470 ‘C)
at 10 kHz. The o, can be expressed in terms of the permittivity (e;) and the dissipation factor
(tan o) as:

Oac = werg tan o

where o (=2=f) is the angular frequency and &, is free-space permittivity. As
observed, conductivity increases with increasing temperature. Moreover, the variation
exhibits a change of slope with increasing temperatures. In order to clarify the conduction
mechanisms responsible for the observed behaviour, the values of the activation energy for
conduction (o,.) were calculated assuming an Arrhenius behaviour [18]:

E,
Gac = 00 <_ KbT)

where o, stands for the pre-exponential term, kg for Bolzmann constant, T for absolute
temperature and E, for the activation energy of conduction. The activation energy values
calculated is 0.41 eV. It has been reported that for single-ionized oxygen vacancies the
activation energies fall in the range 0.3 - 0.5 eV while for doubly-ionized oxygen vacancies it
is 0.6 - 1.2 eV [32, 33]. Considering this, the results obtained for the studied sample suggest
that the conduction process could be related to single-ionized state of the oxygen vacancies.
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Figure 5. Variation of ac conductivity versus inverse of temperature for KNNL samples.

4. Conclusions

KNN and Li doped polycrystalline KNN ceramic samples have been synthesized by solid-
state reaction method.

>

>

The dielectric studies performed on the single- phase KNNL sample revealed
anomalies around 439 °C and 155 °C.

Two peaks in the dielectric permittivity were correlated to the phase transition
from cubic to tetragonal (T¢) and tetragonal to monoclinic (T — M) upon cooling,
respectively.

Complex impedance spectroscopic measurements reveal that the electrical
relaxation process was temperature dependent and of non-Debye type.

AC conductivity and values of activation energy of conduction (0.41eV) showed
that conductivity in KNNL samples was mainly due to the single-ionized oxygen
vacancies.
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