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Abstract

Perovskite ceramic of [KNbOs]o.o — [BaNio.sNbo.sO3]o.1 (KBNNO) was fabricated using
the solid-state combustion technique. KBNNO was sandwiched among different metal
electrodes to investigate the electrical conductivity behavior. From the impedance
spectroscopy, the dispersion of impedance curves was found with the increase of frequency
as well as heating temperature. This observation indicated that KBNNO ceramic exhibits
dielectric relaxation phenomenon. The equivalent grain resistance value obtained from the
impedance analysis significantly decreased after changing the electrode from indium tin oxide
(ITO) to Ag, indicating the influence of active electrode on ceramic conductivity. The possible
reason was due to the low resistivity of Ag electrode as compared with ITO. This suggested
that the electrical charge would easily transfer to external load. The presented results were
essential for making a new route to investigate the electrical properties of KBNNO-based
material, and further develop novel electroceramics.
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1. Introduction

Since the first discovery of a perovskite BaTiOs (BT) in the 1940s [1], a study of various
oxide perovskite ceramics has gained a lot of interest. Among the studied ferroelectric oxide
ceramics, Pb(Zr,Ti)Os (PZT) is outstanding material. It provides the excellent properties, i.e.,
good dielectric constant (& ~2000), high piezoelectric coefficient ds3s3 (~200 — 750 pC/N), etc.,
in which suitable for electronic devices fabrication [2-5]. However, due to the toxic nature of
PZT, searching for new lead-free ferroelectric ceramic is essential to replace a lead-based
material without losing the physical properties required for device development.
(Ko.sNaos)NbOs (KNN) is one of such lead-free ferroelectric KNbOs; (KN)-based ceramics.
The engineered KNN ceramics achieves ds; of ~425 — 570 pC/N with a rhombohedral-
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tetragonal phase coexistence [5]. This property is in the same trend as the PZT, indicating the
promising candidate to replace a PZT ceramic. For the family of KN-based ceramics, a recent
developed [KNbOs]1.x — [BaNio.sNbo.sOs-s]x (KBNNOy), where dis the oxygen deficiency, is
interesting. The highest ferroelectric properties are found at the compositions of x = 0.1 and &
= 0.25. The capability of this ceramic is to tune many properties such as optical, dielectric,
piezoelectric, pyroelectric and magnetic ones [6-8]. Owing to these properties, KBNNO: can
be used to make a multi-functional device or utilizing together with other materials.

Impedance spectroscopy (IS) is a powerful tool to investigate the electrical properties of
electroceramics [9-15]. It enables the evolution of internal responses of bulk, grain boundary
and electrode interface effects in the relaxation frequency of materials. This technique has
successfully been used for studying various kinds of electroceramics, for example, BT [11],
KNN [12], 0.85[(1-x)Bio.sNaosTiO; — xBaTiOs] — 0.15Nao.73BioosNbOs; [13] and
(Bi1.5Znos)(NbosTii.s)O7 [14], by focus on electrical conductivity at elevated temperatures.
However, until now, the mechanism of electrical conductivity studied by IS technique of
KBNN;-based ceramic has not yet been reported.

Herein, KBNNO: was designed to enhance the dielectric properties by setting x = 0.1 and
0 = 0, which was [KNbOsJoo — [BaNiosNbo.sO3]o.1 (KBNNO) [16,17]. During ceramic
synthesis, the solid-state combustion (SSC) technique was used. The added fuel used for
combustion effectively speeds up the chemical reaction. High quality of ceramics is finally
obtained with lower sintering temperature and a shorter dwell time [16-18]. The effects on the
microstructure and dielectric properties were investigated. The IS technique was applied to
investigate the electrical conductivity of KBNNO. Due to a rare report of electrode effect on
the electrical conductivity of electroceramics, thus, this work also investigated this effect on
KBNNO ceramic.

2. Experimental details

The solid-state combustion (SSC) method was used to prepare KBNNO ceramics. The
precursors of KNOs;, Ba(NOs)2, NiO and Nb2Os were weighted in their stoichiometric
proportions. The nitrates and oxides were mixed in ethanol and ball-milled for 24 h. A glycine
(C2HsNO:»), as an activator for the SSC method, was mixed with the dried powders at 1:0.61
ratio. The mixed powders were calcined in an electrical furnace at 650°C for 1.5 h to form the
perovskite phase [16]. After that, the calcined powders (1.2 g) was pressed at ~197 MPa into
pellets with a diameter of 15 mm and about 1.2 mm in thickness. The KBNNO pellets were
then sintered at 1100°C for 3 h in air atmosphere, similar to our previous work [17]. Various
kinds of electrodes, i.e., indium tin oxide (ITO), platinum (Pt) and silver (Ag), were applied
on the KBNNO surface to investigate the ceramic conductivity. The coating of ITO on
KBNNO surface was achieved by using an ion-assisted electron-beam evaporation
(DENTON-DVB SJ-26C) inside the vacuum (base pressure of 2.3 x 10 Torr) with the source
materials of ITO pellets (99.99% purity). The KBNNO ceramic was cleaned by acetone and
then dried with nitrogen gas. Prior to the thin film deposition, the ceramic was cleaned in
argon (Ar) plasma at 20 sccm for 5 minutes to remove the surface contamination. The
deposition chamber was operated at 100 W with the operated pressure of 1.9 x 10 Torr. The
ITO thickness was constantly controlled to be 150 nm. In addition, the Pt and Ag electrodes
were deposited on KBNNO ceramic surface using a pulsed dc reactive magnetron sputtering
(AJA International, Inc., ATC 2000-F). The KBNNO was cleaned by acetone and dried in
nitrogen atmosphere. After that, the ceramic was cleaned in vacuum chamber (5 x 10~ Torr)
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by Ar plasma for 5 minutes in the rate of 20 sccm in order to remove the surface
contamination. The UHV deposition chamber with the base pressure of 1 x 10 operated at
100 W was used. The nanostructured Pt and Ag films were grown by maintaining the thickness
to be the same as ITO.

To confirm the phase purity and structure of KBNNO ceramic, x-ray diffraction (XRD,
PANalytical X Pert PRO) technique was used. Field emission scanning electron microscopy
(FESEM, JSM-7001F) was taken to observe the ceramic surface. The density of ceramic was
determined by the Archimedes method. The & and loss tangent tan 6 were recorded using
LCR meter (Agilent 4263B) with a heater (measured at room temperature to 400°C).
Impedance spectroscopy measurement was carried out by using Keysight impedance
gain/phase analyzer (model 4194A). The IS data was measured at the heating temperatures
between 400°C and 500°C (25°C /step) and the frequencies ranging from 20 Hz to 1 MHz
with an operating AC voltage of 0.1 V. Measurements were recorded in air atmosphere to
investigate the spectroscopic plots of the real part (Z') and imaginary part (Z") of the
impedance data.

3. Results and discussion

The Fig. 1(a) shows the room temperature XRD pattern (26 range of 10° - 60°) of KBNNO
sintered at 1100°C for 3 h. The perovskite peaks were observed without any additional
impurity phases. This indicated a high purity of the fabricated ceramic. Main diffraction
perovskite peaks, i.e., (001), (110), (200), (210) and (211), of KBNNO ceramic matched with
the standard cubic KNbOs (KNO) Pm3m structure in JCPDS file no. 08-0212. The surface
morphology of KBNNO is shown in an inset of Fig. 1. Fully dense structure with average
grain size of ~117 + 11 nm was clearly evidenced. To investigate the physical property of the
fabricated ceramic, the percentage of theoretical density (%T.D.) was calculated. This factor
can be determined by using a percentage of the measured ceramic density D divided by the
theoretical density. For our KBNNO ceramic, the measured D was approximately 4.80 g/cm?.
The obtained D was higher than many KNO-based ceramics such as KosNaosNbO;3 (191 and
MnO: doped with (KosNaos)o94Li006NbO3 [201. The calculated theoretical density was 4.88
g/cm? [7,8]. A high value of D, which provided the %T.D. of about 98.36%, was due to the
application of ball-milling and use of SSC technique in the ceramic fabrication process. The
effective of using these techniques was that the aggregated particles could be dispersed
causing a compact ceramic before sintering in the furnace.

Generally, there is the relation of D among &, tan & and electrical conductivity of
electroceramics. For the couple of D and &, the change of grain size and the reduction in the
total grain boundary are observable due to the grain growth during sintering process [21,22].
With the increase of sintering temperature, many distinctive pores are found, and they tend to
decrease while grains are growing. In the optimum sintering temperature, high density ceramic
is obtained, coherently leading to a high value of &. Additionally, a main mechanism of
dielectric loss (or tan ) is an electric charge migration [22]. Large amount of porosity causes
a high value of tan 6 because the incoming charges can be easily migrated throughout the
ceramic. For electrical conductivity of ceramic, when the ceramic material has a higher
density, the electrical conductivity of ceramic tends to increase [23,24]. This is due to the raise
of electron density during sintering process [24]. Hence, understanding these relations is
essential in which could alter the ceramic properties for being used in the certain application.
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Fig. 1. (a) XRD pattern of KBNNO sintered at 1100°C for 3 h. Inset shows the scanning
electron microscopy (SEM) image of KBNNO ceramic. (b) Temperature dependence of the
dielectric properties of KBNNO ceramic recorded at 1, 10 and 100 kHz.

The variations of & and tan & with heating temperatures for KBNNO ceramic are shown
in Fig. 1(b). All data were recorded from 25°C to 400°C at three operating frequencies of 1,
10 and 100 kHz. It has been observed that, over 100°C, KBNNO showed the stable values of
&and tan d. The variation of these data with different frequencies was seen at low temperature
(< 100°C). This indicated a low value of Curie-Weiss temperature 7c, which affected the
phase transition of our KBNNO ceramic [25]. The anomalous result might be due to the
adding of BaNiosNbosOs into KNO structure [6]. The highest & of ~3000 was found at 1 kHz.
The obtained & of our samples was higher than the typical KBNNO. and the classical KNO
by about 5 times [6] and 3 times [26], respectively. Nevertheless, a high value of tan & (~6 at
1 kHz) was observed. Typically, the main mechanism of dielectric loss is ion migration, which
is strongly affected by temperature, especially around 7c¢ [22]. Hence, a high dissipation loss
in this case was caused by a high internal porosity of KBNNO that should be focused to
improve in the further work.

The IS analysis is an effective way to investigate the electrical and dielectric properties of
materials [9-15]. The influence of different active electrodes on the impedance value of
KBNNO ceramic was conducted using the IS technique. Four series of KBNNO structure were
designed by sandwiching KBNNO ceramic with different metal electrodes. In this case, the top
surface was fixed with the ITO electrode, while other active electrodes at the bottom were
varied. The designed structures were ITO/KBNNO/ITO (S1), ITO/KBNNO/Pt (S2) and
ITO/KBNNO/Ag (S3). The frequency dependences of Z' and Z" in each series are shown in
Figs. 2 and 3. These data were measured at the frequencies ranging between 20 Hz and 1 MHz
with the controlled heating temperatures from 400°C to 500°C. For Z' results (Fig. 2), the
magnitudes of Z' for all series tended to decrease when frequency increased. The decrease of
Z' data was a lowering of material barrier properties [11]. This leaded to an increase of
electrical conductivity at elevated frequency. Variation of Z' magnitude could be observed
incessantly until 100 kHz followed by a saturation region above this frequency. The saturation
phenomenon was due to the complete mixed natures of material polarization [12]. With
increase the heating temperature from 400°C to 600°C, the magnitude of Z' significantly
decreased especially at the frequency below 1 kHz. However, the tendency of Z' value was
contrary when the frequency was higher. There was a turning point of Z' value around 1 kHz.
The possible reason to explain the reduction of Z' value with the increase of heating
temperature was the presence of negative temperature coefficient resistance in the material [11]
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Fig. 2. Real part of impedance (Z') with frequency variation for KBNNO ceramics fabricated
in different structures: (a - ¢) ITO/KBNNO/ITO, (d - f) ITO/KBNNO/Pt and (g - i)
ITO/KBNNO/Ag at various heating temperatures. Inset shows the corresponding schematic
of the fabricated samples.

[11]. The merging of all curves at higher frequency suggested the occurrence of releasing
space charge and lowering of material barrier properties [11]. When one reduced the KBNNO
thickness (1.75 mm to 1.25 mm) for all device structures, the magnitude of Z' systematically
decreased. This was typical because the ceramic resistivity reduced, leading to an
enhancement of its conductivity. Interestingly, with the change of bottom electrodes (ITO, Pt
and Ag), the obvious reduction of Z' value was observable. By changing ITO to Pt (S2
sample), there was nothing different on the Z' value (~1 MQ). Not much change of the
impedance data on ITO and PT electrodes was because of the rather similar of their electrical
resistivity, which are 7.20 x 10 Q-m for ITO [27] and 1.06 x 10”7 Q-m for Pt [28]. Therefore,
the amount of transferred charges was no different. However, the Z’ reduction about half was
seen after changing the bottom electrode from ITO to Ag (S3 sample). This was due to a much
lower electrical resistivity of Ag (around 1.59 x 10 Q-m) [28], inducing more transferred
electric charges to the external load. This effect thus caused the numerous reduction of the Z'
value for S3 sample.

Figure 3 shows the frequency dependence of Z” spectra at various heating temperatures
for KBNNO ceramic. In the same manner as Z' results (Fig. 2), the decrease of Z" in different
bottom electrodes could be observed for all conditions of heating temperature and thickness.
By changing ITO to Ag electrode (S3 sample), the Z" data reduced about half as rather similar
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Fig. 3. Imaginary part of impedance (Z") with frequency variation for KBNNO ceramics
fabricated in different structures: (a - ¢) ITO/KBNNO/ITO, (d-f) ITO/KBNNO/Pt and (g - 1)
ITO/KBNNO/Ag at various heating temperatures. Inset of each figure shows a schematic of
the investigated sample.

to the decrease of Z'. The obtained results were considered at the frequency below 1 kHz,
while at the higher frequency, the Z" data curves tended to merge. The decrease of both Z'
and Z" data leaded to the substantial decrease of semicircular area of Cole-Cole plot, as shown
below in Fig. 4. The frequency dependence of Z" indicated the influence of an electrical
relaxation process in the material [9,11]. The shift of impedance peaks implied the decrease
of a net relaxation time with temperature raised [11,12]. The dispersive nature in the Z" spectra
demonstrated the presence of electronic, dipolar and space charge polarizations at low-
frequency region. From these results, it could be confirmed that our KBNNO behaved a
relaxor ferroelectricity [14].

Figure 4 reveals the plots of Z' versus Z", as called Nyquist or Cole-Cole plots, at different
heating temperatures. The plot results obtained from the data of Figs. 2 and 3. Only one
semicircular arc was observed, which associated with the bulk response of ceramic [9,10,12].
With the increase of heating temperature, the obtained arc features for all conditions were not
different, i.e., they still showed only a single semicircle arc. This indicated the physical
mechanism inside KBNNO ceramic was not change much at elevated temperatures. Smaller
semicircle, i.e., area under the curves decreased, was observed during the temperature
increased. Generally, the semicircle arc can be theoretically expressed in term of an equivalent
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Fig. 4. Nyquist plots (Z' - Z") plotted with the fitted spectra (red solid lines) for KBNNO
samples fabricated in different structures: (a - ¢) ITO/KBNNO/ITO, (d-f) ITO/KBNNO/Pt
and (g - i) ITO/KBNNO/Ag at various heating temperatures.

circuit. Hence, we had fitted the experimental data using EC-Lab software for all samples by
the equivalent circuit model proposed in Fig. 5(a). This circuit consists of a resistor, as
represented to a grain resistance R, in parallel with a capacitor, as represented to a grain
capacitance Cc. We found that the circuit included only the parallel ReCc could not model the
recorded semicircle arc. In this case, the series connection of a trap resistance Ruap and a
constant phase element CPE was also parallel together with R¢ and Cs. The CPE expresses
an ideal resistor (n = 0) and an ideal capacitor (» = 1) in the representation of electrical
admittance: Ycre= Ao(jw)" = Ad" + jBa@', where A = Aocos(nm'2) and B = Apsin(n/2). For this
equation, Ay and » are temperature dependent but frequency independent parameters, meaning
that Ycpe factor would change with the rising of heating temperature [13-15]. There were two
mechanisms behind the proposed circuit (Fig. 5(a)): the Rc and Cg contributed the grain (bulk)
response, and the R..,CPE series would represent the contribution of electron trap (called
electron trap section). The addition of electron trap section was required to provide the best
fit of the measured impedance data, and became the factor used to explain the trap state in
material [10]. The fitted results were shown in Fig. 4. It has been seen that there was a close
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Fig. 5. (a) Possible equivalent circuit used to fit the impedance spectra. (b - d) Variations of
grain resistance R¢ with heating temperatures of KBNNO samples for (b) ITO/KBNNO/ITO,
(c) ITO/KBNNO/Pt and (d) ITO/KBNNO/Ag structures, respectively, in the difference of
KBNNO thicknesses.

agreement between the observed and fitted data. Figs. 5(b) - (d) display the fitted Rc
parameters for all samples. The obtained Rc values corresponded to the intercept of the
semicircle in the complex impedance plane on the real axis. We found that R¢ systematically
decreased with the rise of heating temperature and the decrease of ceramic thickness. These
effects might be related to the microstructural change of material during thermal state (thermal
activated process), which suggested the relation between electrical properties and thermal-
dependent microstructure of material [12]. Since the bottom electrode was changed from ITO
to Ag (S3 sample), the R¢ substantial decreased for all conditions, which was consistent with
the previous Z' and Z" data (Figs. 2 and 3). The reduction of R¢ for the change of electrode
clearly indicated the role of more conductive electrode that was able to enhance the
conductivity of KBNNO ceramic.

4. Conclusion

The [KNbOs]os — [BaNiosNbo.sOs]Jo1 (KBNNO) has been synthesized by the solid-state
combustion technique with the sintering temperature of 1100°C for 3 h. Using FESEM, we
observed a compact structure of KBNNO ceramic, with d = 4.80 g/cm? (98.36% of %T.D.).
This was higher than a reference KBNNO. designed for = 0.25 and a classical KNbO; by
about 5 times and 3 times, respectively. The way to achieve a high density was using the ball
-
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milling technique to reduce the particle size before sintering process. A high & of ~3000 was
found and a high dissipation loss (tan 6 ~ 6 at 1 kHz) was also observable. The latter was due
to the effect of internal porosity. Electrical properties of KBNNO at various structures realized
by different metal electrodes, i.e., ITO, Pt and Ag, have been investigated. Real and imaginary
parts of impedance data for all samples obeyed a continuous dispersion with the increase of
frequency and heating temperature. This revealed the dielectric relaxation process in KBNNO
ceramic. It has been found that the impedance data could reveal the effect of bottom electrode
change on the electrical conductivity of KBNNO. By changing the bottom electrode from ITO
to Ag, real and imaginary impedances significantly decreased (approximately half). The Cole-
Cole curves also showed in the same impedance reduction trend as the Z' and Z"” data. These
curves were fitted with the circuit composed of a resistor, as represented to a grain resistance,
in parallel with a capacitor, as represented to a grain capacitance. The proposed resistance and
capacitance elements were connected together with an electron trap section, which consisted
of a trap resistance and a constant phase element. This was to provide the best fit of the Cole-
Cole plots. The decrease of the impedance data after bottom electrode change was might be
due to Ag has much lower resistivity than ITO. Hence, the present work revealed a new route
to investigate the electrical properties of KBNNOx-based material by IS technique. The role
of enhancing the amount of charge transfer was also suggested by changing a higher resistivity
of an active electrode to be lower, which was finally able to reduce the internal ceramic
resistance.
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